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SUMMARY
Cell cycle progression through the different cell cycle stages is dictated by cyclin-dependent
kinases (Cdks) and their regulatory binding partners called cyclins. Together, these
heterodimeric cyclin-Cdk complexes coordinate the cellular events necessary to drive
cell proliferation. The cell cycle is finalized during the stage of mitosis, where the genetic
material of one cell is divided over two identical daughter cells. Perturbations of this process
may have deleterious consequences for the consecutive cell cycle events. In this chapter
we introduce the different cyclin-Cdk complexes and their relative contribution to cell cycle
progression, with particular attention to the main mitotic driver, Cdk1.
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Figure 1 | The Mammalian Cell Cycle, Driven by Different Cyclin-Cdk Complexes

Cells indicated were incorporated with EdU to detect cells in S phase (EdU is incorporated into replication foci) or,
alternatively, stained with DAPI to visualize the DNA. R, restriction point. The dashed line in mitosis reflects the
spindle checkpoint that ensures successful mitosis. See text for details.
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Cyclin-Cdk Complexes Drive Cell Cycle Transitions
During the cell cycle, a cell prepares for cell division. This cycle is subdivided over four
individual phases: G1, S, G2 (together referred to as interphase), and M phase (Figure 1).
Duplication of the entire genome occurs in S phase (S = synthesis), whereas the genetic
material is equally distributed over two daughter cells during M phase (M = mitosis). These
stages are physically separated by two gap phases, called G1 and G2 phase, which may
function as checkpoints and prepare for the successive cell cycle phase to allow time for
cellular growth, protein synthesis, and DNA repair.
Cdks are of vital importance for cell cycle continuation. These kinases contain a serine/
threonine-directed catalytic core, of which the activity and specificity relies on their cyclin
counterpart. Cyclins are typically synthesized and destroyed at specific times during the cell
cycle, thereby timing the activity of the Cdk to cell cycle events. Whereas in yeast only a
single Cdk is able to promote the cell cycle phase transitions (Coudreuse and Nurse, 2010),
the mammalian cell cycle has evolved to include additional Cdks (Table 1). Both the Cdk
and its matching cyclin vary during each cell cycle phase, while yeast uses a single Cdk that
partners with different cyclins. Such difference in Cdk complexity may have been essential
for the development from unicellular to complex multicellular organisms.
From a historical point of view, Cdks are seen as the engines that drive the cell cycle,
while cyclins function as the gears that control their activity. Together they may govern
the duration of each cell cycle phase. Remarkably, many more cyclin-Cdk complexes may
Chapter
ONE | Figure
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function independent from the cell cycle. In this chapter we will,
however,
highlight
only a
subset of cyclin-Cdk complexes that is directly involved in driving the cell cycle.
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Cyclin-Cdk
Complexes
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Control
Subunit
cyclin A
cyclin B
cyclin D
cyclin E

Partner

Cdk1 and 2
Cdk1
Cdk4 and 6
Cdk2

Cell cycle phase

S and G2 phase
G2 and M phase
G1 phase
G1 and S phase

Process or function

Control of S phase and mitotic entry
Control of mitosis
Control of G1 phase; E2F transcription
Control of G1/S phase transition; E2F transcription

Cdk2, Cdk4, and Cdk6: the Interphase Cdks
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Cdk2 and Cdk4
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Cdk2
and Cdk4 S phase entry
G1and
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Dyson,
1998).
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inhibitory
underlined,with
indicating
the principal
of this
of inhibitors.
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cyclin Cdk2
D iniscomplex
either
Cdk4 ortarget
Cdk6,
andclass
cyclin
E-Cdk2 can directly
phosphorylate pRb, thereby relieving the repression of E2F (Hinds et al., 1992). The synthesis
of D-type cyclins is dependent on mitogenic signalling and during the early stages of G1
phase mitogens are needed in order to continue to cycle. Once enough cyclin D-Cdk4/6
complexes are active, pRb is phosphorylated, thereby allowing the expression of E2F target
genes. From here, growth signals are no longer needed, and cells commit themselves to the
cell cycle. This decision point is known as the G1 restriction point.
Genes that are under the control of E2F include the cell cycle regulators CCNA/cyclin A
(Schulze et al., 1995), CCNE/cyclin E (Ohtani et al., 1995), CDK2, and CDC2/Cdk1 (Dalton,
1992). E2F also regulates the expression of target genes that direct S phase, such as POLA1/
DNA polymerase α (Pearson et al., 1991), ORC1 (Ohtani et al., 1996), and CDC6 (Yan et al.,
1998). In the classical view, cyclin D-Cdk4/6 is positioned upstream of cyclin E-Cdk2. Here,
the activation of D-type cyclin complexes leads to partial inactivation of the pocket proteins,
thereby allowing the expression of cyclin E. As a result, cyclin E binds and activates Cdk2,
which then follows their complete inactivation by further phosphorylation (Harbour et al.,
1999; Lundberg and Weinberg, 1998). Thus, cyclin D-Cdk4/6 drives progression through G1
phase, whereas cyclin E-Cdk2 directs the transition from G1 to S phase.
Inhibition of the pocket proteins, and thereby the activation of E2F target gene
expression, appears crucial for cell cycle progression. Yet, genetic studies in mice have
challenged the relative contribution of Cdk2 and Cdk4/6 in the pRb/E2F pathway. Systematic
knockout of each single Cdk revealed that they are dispensable for cell proliferation in most
cell types (Berthet et al., 2003; Malumbres et al., 2004; Ortega et al., 2003; Rane et al., 1999;
Tsutsui et al., 1999). Instead, their genetic ablation results in developmental defects in highly
specialized cell types. The combined deletion of CDK4 and CDK6 does lead to embryonic
lethality, while fibroblasts derived from these mice maintain their proliferative capacity
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Endogenous Cdk Inhibitors: the Brakes That Halt Cell Cycle Progression
The Cdk inhibitors (CKIs) represent a class of proteins that possess inhibitory activity towards
cyclin-Cdks. One class, referred to as the INK4 (inhibitors of Cdk4) family, is known for its
inhibitory action on both Cdk4 and Cdk6 kinases (Table 2). The other class of inhibitors, the
Cip/Kip (Cdk inhibitory protein/kinase inhibitory protein) family, have a somewhat broader
specificity, but their main function is to inhibit Cdk2.
The INK4 family of CKIs inhibit their respective target through direct binding to the Cdk.
By doing so, they hinder the binding of cyclin D to either Cdk4 or Cdk6. As a result, the INK4
CKIs prevent the activation of cyclin D-Cdk4/6, resulting in a G1 arrest. Of the INK4 family,
p16 is frequently inactivated by promoter methylation or homozygous deletion of the gene
(Rocco and Sidransky, 2001). The expression of p15 relies on transforming growth factor
beta (TGFβ) signalling. Since all members of the INK4 family possess the ability to inhibit
cyclin D-Cdk4/6, it is assumed that they have redundant functions.
The Cip/Kip family of CKIs consist of three members: p21, p27, and p57. All members
share sequence similarity within their amino (N) terminus, and this region is required for the
inhibition of cyclin-Cdk complexes. These CKIs can bind individual cyclin and Cdk subunits,
but, in contrast to the INK4 members, they favour the binding of cyclin-Cdk complexes. Their
mode of action is thought to involve inhibition of the catalytic cleft of the Cdk subunit, as
has been shown for p27 bound to cyclin A-Cdk2 (Russo et al., 1996). The expression of p21 is
induced following DNA damage and requires the presence of activated p53, though also p53-
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(Malumbres et al., 2004). It is thought that Cdk2 may compensate for loss of CDK4/6 by
forming a complex with D-type cyclins.
The availability of cyclin E is tightly controlled and limited to early S phase. Cyclin E is
targeted for proteasomal degradation by a multi-subunit E3 ubiquitin ligase called the Skp1Cul1-F-box protein (SCF) complex (Strohmaier et al., 2001). As a result, cyclin E-Cdk2 activity
peaks only shortly during the G1 to S phase transition. Subsequently, the E2F-mediated
expression of cyclin A activates Cdk2 at the late stages of S phase, by directing the formation
of cyclin A-Cdk2 complexes. Cyclin A, in concert with Cdk2, is needed to finalize S phase and
subsequently drive the transition into mitosis during G2 phase of the cell cycle. In contrast
to Cdk2, genetic ablation of cyclin A2, the A-type cyclin that is expressed in somatic cells,
results in early embryonic lethality (Berthet et al., 2003; Murphy et al., 1997; Ortega et
al., 2003; Tetsu and McCormick, 2003). This observation has led to the idea that the main
function of cyclin A is probably to activate Cdk1, the mitotic Cdk, rather than Cdk2. However,
other studies have suggested that cyclin A-Cdk2 is possibly a rate-limiting component
required for entry into and progression through mitosis (Furuno et al., 1999; Hu et al., 2001).
To date, the function of cyclin A-Cdk2 is thought to involve the timely accumulation of active
cyclin B-Cdk1 complexes at the end of G2 phase and establishment of mitosis by influencing
the mitotic machinery (den Elzen and Pines, 2001; Kabeche and Compton, 2013; Lukas et al.,
1999).
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Table 1 | Existing cyclin-Cdk complexes involved in cell cycle control
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INK4
Cdk4 and 6
G1 phase
p19(INK4D)
INK4
Cdk4 and 6
G1 phase
G1 and G2 phase
p21(Cip1)
Cip/Kip
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Preparing for Cell Division
Once the G1/S restriction point is passed cells enter S phase, the phase of DNA synthesis.
Here, DNA replication starts at certain genomic sites known as origins of replication, which
are predefined by the proteins of the origin recognition complex (ORC). A network consisting
of at least DNA helicases, kinases (including cyclin E/A-Cdk2) and DNA polymerases (Polα/
δε) escorts the synthesis of new DNA (reviewed in Bell and Dutta, 2002). The completion
of DNA replication takes on average about 8 hours in mammalian cells. Finalizing S phase
allows cells to enter G2 phase, where preparations are made to enter mitosis. Here, cell
growth is resumed and protein synthesis further continues with particular attention to the
production cyclin B1. In addition, a DNA damage checkpoint (G2/M checkpoint) guards the
transition from G2 phase to mitosis to prevent the segregation of for instance incompletely
replicated or damaged chromosomes. The principal target of this checkpoint is cyclin B1Cdk1: restraining its activity will prevent the onset of mitosis.
Mitosis: Triggering the Formation of Identical Daughter Cells
Mitosis, the shortest cell cycle phase, is a complicated process that has five distinguishable
phases (Morgan, 2007). During prophase, DNA starts to condense to compact and shape
the individual chromosomes. At this stage, the centrosomes (or spindle poles), that are
duplicated in S phase, start to move apart and nuclear envelope breakdown (NEB) sets
mitosis in motion. Prometaphase follows prophase, where microtubule asters originate
from the centrosomes to form a bipolar spindle (Figure 2). These microtubules start
to capture the individual chromosomes, as now the boundaries between nucleus and
cytoplasm are completely resolved. The forces generated by the microtubules promote the
19
movement of chromosomes to the spindle equator. This process, known as chromosome
alignment, results in the formation of a so-called metaphase plate. Metaphase is reached
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Figure 2 | The Different Phases of Mitosis

The purple color code indicates the activity state of the indicated process (dark purple is maximal activity). DNA
and the mitotic spindle are stained with DAPI (in red) and anti-α-Tubulin (in green), respectively. See text for details.

Cdk1: the Master Regulator of Mitosis
Different from the interphase Cdks, Cdk1 is an established cell cycle regulator, truly essential
for cell division (Diril et al., 2012; Santamaría et al., 2007). Cdk1, also known as cell division
control protein 2 (Cdc2), was the first Cdk identified and is conserved in all organisms (Nurse
and Thuriaux, 1980). Cdk1 partners with either cyclin A2 or cyclins B1 and B2, and knockout
of CCNB1 results in early embryonic lethality (Brandeis et al., 1998), similar to cyclin A2
knockout mice (Murphy et al., 1997). Cyclin B2 appears to be dispensable, as cyclin B1 can
take over most, if not all, of its functions.
The expression of B-type cyclins is restricted to late S phase and accumulates mostly
during G2 phase of the cell cycle. The forkhead transcription factors FoxO and FoxM1,
amongst others, contribute to their expression (Alvarez et al., 2001; Laoukili et al., 2005).
Of these, only FoxM1 displays a cell cycle-dependent expression, and therefore it is thought
that its contribution to B-type cyclin expression is most significant. Cyclin A-Cdk2 promotes
the activation of FoxM1, thereby contributing to the expression of cyclins B1 and B2
GENERAL INTRODUCTION
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once all requirements are met. The spindle checkpoint, a checkpoint mechanism that
operates in mitosis, ensures that all chromosomes have stable, bipolar attachments. Since
the sister chromatids within each chromosome are connected to microtubules emanating
from opposite poles, they experience pulling forces that create a certain tension across the
centromeres. This tension is thought to prevent any form of destabilizing activity on the
connecting microtubules and, once properly attached to each sister chromatid, satisfies
the spindle checkpoint. As a result, anaphase initiates the physical separation of the sister
chromatids that are pulled towards opposite poles by elongation of the mitotic spindle.
Finally, in telophase, the sister chromatids start to decondense again, the nuclear envelope
is reformed, and the cell invaginates its membrane, forming a so-called cleavage furrow.
This furrow positions a barrier between the two chromatin masses and is the place where
Chapter ONE
Figure
2
the final cut is made that triggers the formation of two identical daughter
cells.| The
physical
separation of the daughter cells is known as cytokinesis. At this point the newly formed cells
are still connected via an intercellular, microtubule-based, bridge termed the midbody. The
midbody is resolved during the process of abscission and finalizes daughter cell formation.

(Laoukili et al., 2008; Major et al., 2004). Once cyclin B-Cdk1 complexes are formed during
G2 phase, they are kept inactive by phosphorylation of the Thr14 and Tyr15 residues located
in the ATP binding site of Cdk1 (Gould and Nurse, 1989; Mueller et al., 1995; reviewed in
Lindqvist, 2009; O’Farrell, 2001). The kinases responsible for these Cdk-inhibitory actions are
Myt1 and Wee1, of which Wee1 is thought to contribute most. Removal of both inhibitory
phosphorylations is carried out by Cdc25, a family of dual-specificity phosphatases (consisting
of Cdc25A, B, and C in mammals). Dephosphorylation of Thr14 and Tyr15 generates active
cyclin B-Cdk1 complexes, which, in turn, promote their further activation by inhibiting Myt1/
Wee1 kinases. In addition, activated cyclin B-Cdk1 stimulates Cdc25 in order to remove the
Cdk1 inhibitory phosphorylations. This double positive-feedback loop allows very rapid and
robust switch-like activation of cyclin B-Cdk1, needed to promote the events necessary to
enter mitosis.
Since cyclin B1-Cdk1 is essential for cell division, it is considered the master regulator of
mitosis. Whether or not cyclin B1 is the true driving force behind the initiation of mitosis, is,
however, under debate. For example, depletion of cyclin A2, but not cyclin B1 or B2 delays
DNA condensation and NEB during prophase (Gong and Ferrell, 2010; Gong et al., 2007;
Soni et al., 2008). Thus cyclin A2 appears required to initiate the first mitotic events. The
localization of cyclin A is restricted to the nucleus, whereas cyclin B1 is cytoplasmic in G2
phase (Figure 3). The activation of cyclin B1-Cdk1 initially takes place on centrosomes, the
organizing centers of the mitotic spindle. Activated cyclin B1-Cdk1 subsequently shuttles to
the nucleus during the late stages of G2 phase, when DNA condensation already is initiated
by cyclin A. This shuttling is a dynamic process, and cyclin B is predominantly cytoplasmic in
G2 phase because nuclear export outweighs the cyclin B nuclear import (Hagting et al., 1998;
Toyoshima et al., 1998; Yang et al., 1998). A mutant form of cyclin B1 that is constitutively
nuclear is able to substitute for cyclin A2 function (Gong et al., 2007). Hence, it is thought
that cyclin A2, in concert with nuclear cyclin B1, generally promotes early mitotic events.
Once initiated, the mitotic state is maintained by cyclin B1-Cdk1–mediated phosphorylation
events, whereas cyclin A2 is rapidly degraded in early mitosis by the anaphase-promoting
complex or cyclosome (APC/C), an E3 ubiquitin ligase designed to destroy mitotic regulators
(den Elzen and Pines, 2001; reviewed in Pines, 2011).
While cyclin A activity disappears as soon as cells enter mitosis, the activity of cyclin
B-Cdk1 continues to rise further (Gavet and Pines, 2010b; Lindqvist et al., 2007; Potapova et
al., 2011). Apparently, the increasing cyclin B-Cdk1 activity is needed to promote progression
through mitosis. Indeed, RNA interference (RNAi) of cyclin B1 or partial inhibition of Cdk1
allows entry into mitosis, whilst generating mitotic defects, such as the inability to form a
stable metaphase plate (Chen et al., 2008; Yuan et al., 2006; Chapter 4). Ultimately, cells do
exit mitosis, but regularly generate non-identical daughters, indicating that the increasing
activity of cyclin B1-Cdk1 directs the completion of mitosis. In order to exit from mitosis,
cyclin B1 is, like cyclin A, targeted for proteasomal destruction by the APC/C. Hereby,
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the APC/C ensures complete removal of cyclin B1, making the decision to exit mitosis an
irreversible process (Potapova et al., 2006; Chapter 3).

cytoplasm

centrosomes

mitosis

late G2 phase

mid G2 phase

early G2 phase

cyclin B1-Cdk1 activity

nucleus

mitotic spindle
chromosomes

Figure 3 | Mitosis Critically Depends on the Master Regulator, Cyclin B1-Cdk1

The indicated localization refers to cyclin B1. DNA is shown in red and endogenous cyclin B1 is depicted in green,
respectively. See text for details.

Mitotic Phosphorylations: a Balance Between Kinase and Opposing Phosphatase Activities
Cdk1, instigator of mitosis, drives the phosphorylation of a broad range of substrates. These
phosphorylation events are the molecular requirements that govern the mitotic state. While
Cdk1 is seen as the driving force behind this, it is assisted by many other mitotic kinases. Of
these, polo-like kinase (Plk1) and Aurora A and B, members of the Aurora family of kinases,
are crucial for spindle assembly, normal chromosome alignment, and cytokinesis (reviewed
in Petronczki et al., 2008; Ruchaud et al., 2007). Without the help of these servants, mitosis
would turn into a disaster.
The necessity for certain protein kinases in order to control entry into and
passage through mitosis implies the existence of specific protein phosphatases. Since
phosphorylations determine the mitotic state, removal of these modifications will lead
to exit thereof. While some phosphatases may contribute to substrate phosphorylations
(e.g. the Cdc25 phosphatases), most of them will counteract the mitotic kinases. Therefore,
to ensure mitosis can take place, phosphatase activity needs to be minimized in order to
create the repertoire of mitotic phosphorylations. Also, to return back to interphase, all
mitotic phosphorylations, put on by mitotic kinases, need to be reverted by their opposing
phosphatases.
One of these phosphatases is known as protein phosphatase 2A (PP2A), a member of
the serine/threonine-specific phosphatases (PSTPs). This phosphatase acts as a multimeric
holoenzyme complex, consisting of a catalytic (C) subunit, a single scaffolding (A) subunit,
and one of four regulatory (B55 (B), B56 (B’), B”, or B’”) subunits (reviewed in Janssens and
Goris, 2001). The significance of this phosphatase was initially found by using a toxin called
okadaic acid (OA). Administration of this drug forced cells into mitosis, independent of the
cell cycle phase, and prevented mitotic exit (Vandré and Wills, 1992; Yamashita et al., 1990).
Later it was found that this OA-sensitive phosphatase was a Cdk1-counteracting phosphatase
that specifically dephosphorylates Cdk1 substrates. This phosphatase, PP2A, needs to be
inhibited in order for mitosis to proceed normally. Inhibition of this phosphatase requires
GENERAL INTRODUCTION
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the presence of another kinase called Greatwall (Gwl) (Castilho et al., 2009; Vigneron et al.,
2009; Zhao et al., 2008). We and others identified the human orthologue of Gwl entitled
microtubule-associated serine/threonine kinase-like (MASTL) (Burgess et al., 2010; Voets
and Wolthuis, 2010; Chapter 2). Gwl requires its kinase activity to promote the inhibition of
PP2A, but it does not bind to nor does it directly phosphorylate any of the PP2A subunits.
Instead, Gwl regulates two closely related proteins called α-Endosulfine (Ensa) and cAMPregulated phosphoprotein 19 (Arpp19) (Gharbi-Ayachi et al., 2010; Mochida et al., 2010).
These proteins are directly phosphorylated by Gwl on a single serine residue within a the
very highly conserved sequence FDSGDY (where the S represents Ser62 or Ser67 in Arpp19
and Ensa, respectively) (Chapter 2, Addendum). Gwl-mediated phosphorylation converts
these small proteins into potent PP2A inhibitors that bind specifically to the B55δ pool of
PP2A (Figure 4) (Gharbi-Ayachi et al., 2010; Mochida et al., 2010). As a result, the activity
of PP2A-B55 is inversely correlated to that of cyclin B1-Cdk1: high in interphase and low in
mitosis.
More recent work has shown that this delicate control over kinase and opposing
phosphatase activity occurs in G2 phase, at the moment cyclin B1-Cdk1 activity starts to rise
(Álvarez-Fernández et al., 2013; Wang et al., 2013). These findings pose Gwl in the double
positive-feedback loop that activates cyclin B1-Cdk1, similar to the Cdc25 phosphatases.
While activation of cyclin B1-Cdk1 activity increases the number of phosphorylation events,
inhibition of counteracting PP2A activity is probably necessary to extend the half-life of these
phosphorylations. This suggests that these Cdk1 phosphorylation sites are essentially stable
during mitosis, whereas they are rapidly turned over once cyclin B1-Cdk1 is inactivated
during mitotic exit.
Apart from PP2A, many other phosphatases are implicated in the regulation of mitosis.
One of these, protein phosphatase 1 (PP1) functions as a heterodimeric complex containing
one of three catalytic subunits (PP1α, β, or γ) and a huge range of regulatory subunits that
determine its substrate specificity, subcellular localization or phosphatase activity (Bollen et
al., 2010). The activities of PP1α and PP1γ are negatively regulated by mitotic cyclin B1-Cdk1
activity (Dohadwala et al., 1994; Kwon et al., 1997; Wu et al., 2009). In addition, a PP1specific inhibitor called inhibitor-1 can directly bind to and inhibit PP1 phosphatase activity.
Cdk1 phosphorylates PP1 on a conserved Thr320 residue, contributing to its inhibition.
Likewise, phosphorylation of Thr35 of inhibitor-1 by protein kinase A (PKA) mediates its
binding to PP1. This provides a dual mode of PP1 inhibition, which, shows similarities to
the phosphorylation-dependent inhibition of PP2A by Arpp19 and Ensa. The decrease in
Cdk1 activity during mitotic exit triggers the rapid auto-dephosphorylation of PP1, which
removes both Thr35 and Thr320 phosphorylations leading to the dissociation of inhibitor-1
and full activation of its catalytic activity (Wu et al., 2009). Unlike PP2A, PP1 does not directly
dephosphorylate Cdk1 substrates, but instead seems to counteract the activity of Aurora B
kinase (Francisco et al., 1994; Hsu et al., 2000; Sassoon et al., 1999). It is possible, however,
that PP1 may contribute to the activation of PP2A-B55.
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Figure 4 | Entry Into Mitosis Requires the Inhibition of Cdk1-Opposing PP2A Activity

Cdk1 activation occurs on 2 separate levels. First, Cdk1 is directly dephosphorylated by the Cdc25 family of
phosphatases. Next, stable Cdk1 substrate phosphorylation only occurs once the antagonizing phosphatase, PP2AB55δ, is inhibited by Greatwall kinase. See text for details.

A Comparison Between Yeast and Mammalian Cdk1
The mammalian cell cycle utilizes multiple Cdks that associate with their respective cyclin.
In the fission yeast Schizosaccharomyces pombe, a single cyclin-Cdk complex consisting
of Cdc2p and its cyclin binding partner Cdc13p is able to drive S phase and mitosis. The
activity state of the kinase complex controls the cell cycle state: low kinase levels trigger
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Like cyclin B1-Cdk1 and Aurora B, also the activity of Plk1 is counteracted by opposing
phosphatase activity. One of these is presented by PP2A-B56, which differs from PP2A-B55
in its substrate specificity. Plk1 is known to regulate the dissociation of cohesin, a ringshaped protein complex embracing the sister chromatids, from the chromosome arms
in early mitosis (Sumara et al., 2002). Complete removal of cohesin from the DNA would
result in separation of the sister chromatids. However, a protection mechanism involving
the protein Shugoshin 1 (Sgo1) ensures that cohesin at centromeric regions remains intact
until all chromosomes are perfectly aligned at metaphase (Kitajima et al., 2004; Marston
et al., 2004). Here, Sgo1 recruits PP2A-B56 to the centromeres in order to counteract the
Plk1-mediated phosphorylation of cohesion (Kitajima et al., 2006; Riedel
et al.,
2006;
Tang4
Chapter
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et al., 2006). Thus, a balance of kinase and counteracting phosphatase activities shapes the
mitotic chromosomes by establishing their cohesion.

DNA replication, whereas higher levels direct the onset of mitosis (Fisher and Nurse, 1996).
Apparently, phosphorylation of S phase substrates requires lower Cdc13p-Cdc2p kinase
activity than that of mitotic substrates (Coudreuse and Nurse, 2010).
Why do animal cells then express many more cyclin-Cdk complexes? Most likely,
the answer is that multiple cyclins have evolved with different binding affinities and
thus differences in phosphorylation targets, which has been proven for budding yeast
Saccharomyces cerevisiae B-type cyclins Clb2 and Clb5 (Loog and Morgan, 2005). A
comparison between the interactome of mammalian cyclins A, B, and E, revealed that,
despite an overlap in interactors, these cyclins clearly have unique binding partners
(Pagliuca et al., 2011). Cyclin A controls S phase by modulating the replication machinery,
including direct control of Cdt1, Cdc6, Orc1, and the human homolog of Sld3 (Pagliuca et al.,
2011). Interestingly, Wee1 may be controlled by both cyclins A and B, clarifying how cyclin
A contributes to the activation of cyclin B in G2 phase (Li et al., 2010). Moreover, cyclin A
binds components of the PP2A complex, indicating that it may inhibit Cdk1-anagonizing
phosphatase activity, too. (Pagliuca et al., 2011).
As mentioned, cyclin B directly controls its negative and positive regulators in order
to boost its own activation. Apart from that, activated cyclin B-Cdk1 triggers cell rounding,
disassembly of the nuclear and nucleolar envelope, and mitotic spindle formation. The
specific factors involved in cell rounding are most likely those related to the control of
the actin cytoskeleton, such as Filamin A (FLNA) (Cukier et al., 2007), α-actinin-1 and 4
(ACTN1/4), and alpha-spectrin-1 (SPTAN1) (Fowler and Adam, 1992; Pagliuca et al., 2011).
Phosphorylated Lamin A/C is thought to promote NEB (Blethrow et al., 2008; Heald and
McKeon, 1990; Ward and Kirschner, 1990), whereas the phosphorylation of Ncl, Npm1,
amd Nop2 may direct nucleolar disassembly (Dephoure et al., 2008; Pagliuca et al., 2011).
Cyclin B-Cdk1 is expected to drive spindle formation, possibly through phosphorylation of
at least the motor protein Eg5 (Slangy et al., 1995), β-Tubulin (Fourest-Lieuvin et al., 2006),
and Stathmin (Blethrow et al., 2008). Notably, cyclin B ensures activation of the spindle
checkpoint in mitosis, probably by its direct binding to unattached kinetochores (Bentley
and Normand, 2007; Chen et al., 2008) and the phosphorylation of checkpoint components,
such as Mad1, Mad2, BubR1 and Bub3 (Pagliuca et al., 2011; Wong and Fang, 2007).
Subsequent inactivation of cyclin B-Cdk1 activity by cyclin B1 destruction governs spindle
checkpoint satisfaction mediating exit from mitosis (Clijsters et al., 2014; D’Angiolella et al.,
2003; Kamenz and Hauf, 2014; Rattani et al., 2014; Vázquez-Novelle et al., 2014). These
cyclin B-Cdk1–directed events are summarized in Figure 5.
The evolutionary differences in the number of cyclin-Cdk complexes between yeast and
mammals possibly have important advantages for controlling the complexity of multicellular
organisms. While the ‘essential’ cell cycle is present in all organisms, the ‘specialized’ cell
cycle in higher eukaryotes is based on the unique requirements of specialized cell types for
specific cyclin-Cdk complexes (reviewed in Malumbres and Barbacid, 2009).
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Figure 5 | Cyclin A and Cyclin B Cooperate to Ensure the Onset of Mitosis

Cyclin A2 operates in prophase to direct DNA condensation, while cyclin B1-Cdk1 ensures the phosphorylation of
critical targets that control NEB, cell rounding, and spindle assembly. The destruction of cyclin A2 precedes that of
cyclin B1. Once metaphase is reached, the spindle checkpoint is satisfied leading to cyclin B1 proteolysis and mitotic
exit. Arrows and arrowheads indicate cyclin B1-Cdk1–mediated phosphorylation events. See text for details.
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Cdk Inhibitors in Cancer Therapy
Progression through the cell cycle particularly relies on the activities of different cyclin-Cdk
complexes. Any form of deregulated cyclin-Cdk activity could therefore alter normal cell
cycle continuation. This is, in particular, the case in proliferative diseases such as cancer,
due to the frequent overexpression of their positive regulators (e.g. mainly D- and E-type
cyclins) as well as the inactivation of Cdk inhibitors by promoter methylation (mainly p15,
p16 and p27) (Malumbres and Barbacid, 2001). The overexpression of cyclins could be
explained by the frequent inactivation of pRb, leading to deregulated E2F activity. Apart
from gene silencing, the Cdk subunit itself may be mutated, rendering the kinase insensitive
to endogenous Cdk inhibitors (Easton et al., 1998; Wölfel et al., 1995). Such an event is
also observed when cyclin D expression is lost, leading to the incompetence of INK4 CKIs
to inhibit Cdk4/6 (Kozar et al., 2004). Overall, this has led to an intensive search for smallmolecule Cdk inhibitors, possibly useful for therapeutic intervention.
The frequent loss of G1 regulation in human cancers, has set out a search for inhibitors
that may restore the G1 restriction point. Potentially, this could allow cancer cells to return
into a quiescent state. This approach would, however, not discard the cancerous cells, but
rather keep them in an inactive state. Another, perhaps more appealing, strategy takes
advantage of their uncontrolled proliferation in order to push them into apoptotic death
(Chen et al., 1999). In addition, one could facilitate specific cell killing by using a combination
of different cytotoxic drugs (Blagosklonny and Pardee, 2001).
To date, we have access to a wide range of Cdk inhibitors, though none of these has
been approved for clinical use. Of these, flavopiridol (Alvocidib) was the first compound
that entered human clinical trials. This compound belongs to the class of broad-range Cdk
inhibitors since it inhibits Cdk1, Cdk2, Cdk4, Cdk7, and Cdk9 (Carlson et al., 1996; Chao et al.,
2000; Kaur et al., 1992). Flavopiridol has entered many clinical studies, either used as a single
agent or in combination with other chemotherapy agents (e.g. docetaxel or gemcitabine).
The cytotoxic effects of these drug regimens has prevented flavopiridol from entering the
clinic.
Other Cdk inhibitors that entered clinical trials include roscovitine (Seliciclib) (targets
mainly Cdk1, Cdk2, Cdk5, and Cdk7) and PD-0332991 (specifically targets Cdk4/6).
Roscovitine is, like flavopiridol, a broad-range or pan-Cdk inhibitor. Its clinical potency
is still being investigated, either as a monotherapy or in combination trials (reviewed in
Fischer and Gianella-Borradori, 2005). Both flavopiridol and roscovitine are so-called ATPcompetitive (type I) inhibitors, meaning that they compete with ATP for the kinase active
site. In general, it has been assumed that this class of inhibitors lose selectivity since the
active conformation is very similar in most Cdks.
Currently, the most selective inhibitor undergoing clinical trials is PD-0332991, a highly
specific inhibitor of Cdk4 and Cdk6 (Fry et al., 2004). This inhibitor does not compete with
ATP for binding to the kinase, making it far more potent compared to its predecessors. The
effectiveness of this compound in certain cell lines is inversely correlated to the expression
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of p16, indicating that PD-0332991 may substitute for p16 function (Katsumi et al., 2011).
It also has proven its efficacy in the treatment of multiple myeloma, mostly by arresting the
cells in G1 phase (Baughn et al., 2006). The compound does not induce apoptosis when
administered alone, but the combination with a second agent (such as dexamethasone)
markedly enhances cell killing. At present, multiple clinical trials with PD-0332991 are
ongoing, both single agent studies as well as combination therapies.
While a strong mechanistic rationale supports the use of Cdk inhibitors, they have for
many years failed to reach the clinic. As with most therapies, it is assumed that biomarkerbased selection of patients will be critical to the different Cdk inhibitors, demonstrating
efficacy in different tumor types. For example, the expression of wild-type pRb may predict
whether or not a patient could benefit from PD-0332991 treatment. Such specific cases are
also known for the use of Cdk1 inhibitors, such as the treatment of Myc-overexpressing
tumors with purvalanol A (Goga et al., 2007). The success of Cdk1 inhibitor treatment may
differ from Cdk4/6 inhibition in that it may trigger cell death rather than a cell cycle arrest
(Vassilev et al., 2006). Cdk1 inhibitor treatment, using the small-molecule inhibitor RO-3306,
has also been proven successful in combination with poly(ADP-ribose) polymerase (PARP)
inhibitors for the treatment of a subtype of breast cancers (Johnson et al., 2011).
To date, none of the Cdk1 inhibitors have reached the clinical trial phase. Based on
experimental data from knockout studies, it is expected that Cdk1 inhibition has high
toxicity due to its significance for cell division. Biomarker-based selection also applies for
the application of small-molecules that specifically target Cdk1. The search for biomarkers
therefore continues and may prove therapeutic benefits for the use of selective Cdk1
inhibitors (see also Chapter 4).

THESIS OUTLINE
Driving Mitosis by Cdk1 and Greatwall
Blocking the activity of cyclin B1-Cdk1 is an effective strategy to prevent the onset of mitosis.
The aim of this thesis was to study the role of potential cyclin B1-Cdk1 regulators and how
they influence the mitotic decision process.
In Chapter 2 we identify MASTL, a novel serine/threonine-protein kinase that acts as
a downstream regulator of cyclin B1-Cdk1. We present evidence that MASTL is the human
orthologue of the Greatwall kinase. The identification of this kinase provides novel insights
into the activation of cyclin B1-Cdk1, and answers the long-standing question as to how
Cdk1-antagonizing phosphatase activity is suppressed once cells commit to mitosis.
We now know that the major Cdk1-counteracting phosphatase, PP2A-B55, is effectively kept
inactive by MASTL and this requires the phosphorylation of its effector proteins Arpp19
and Ensa on a single serine residue (Chapter 2, Addendum). We show that the shutdown
of PP2A-B55 activity during mitosis is necessary for maximal cyclin B1-Cdk1 substrate
phosphorylation and thereby maintenance of the mitotic state. Unscheduled mitotic
PP2A-B55 activity leads to inefficient degradation of cyclin B1 and obstructs normal exit
from mitosis (Chapter 3).
How exactly cyclin B1-Cdk1 executes the mitotic program was still an open-ended
question. Therefore, we set out to perform an unbiased genome-wide RNAi screen to identify
potential effectors of cyclin B1-Cdk1 (Chapter 4). This approach reveals that cyclin B1-Cdk1
needs not only to repress PP2A-B55, but also other factors directly involved in mitotic exit.
We identify splice variant 1 of PRC1 (PRC1-1) and its binding parter, the chromokinesin KIF4,
as crucial factors that require direct control by cyclin B1-Cdk1. PRC1-1 and KIF4 suppress
normal chromosome alignment when Cdk1 activity fails to reach its maximal level in mitosis.
As a result, cells exit from mitosis with numerous lagging chromosomes, severely impacting
on genomic integrity and cell viability.
In the general discussion (Chapter 5) we speculate about the threats that are associated
with Cdk1 inactivation. We also highlight how cyclin B1 inactivation results in the activation
of mitotic exit phosphatases such as PP2A-B55. Finally, we discuss the contribution of
cancerous lesions in the cyclin-Cdk pathway and how this may affect tumorigenesis.
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