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Abstract 

In mitosis, the spindle assembly checkpoint (SAC) monitors the formation of 

microtubule-kinetochore attachments during capture of chromosomes by the mitotic 

spindle. Spindle assembly is complete once there are no longer any unattached 

kinetochores. Here, we will discuss the mechanism and key components of spindle 

checkpoint signalling. Unattached kinetochores bind the principal spindle checkpoint 

kinase MPS1. MPS1 triggers the recruitment of other spindle checkpoint proteins and 

the formation of a soluble inhibitor of anaphase, thus preventing exit from mitosis. On 

microtubule attachment, kinetochores become checkpoint silent due to the actions of 

PP2A-B56 and PP1. This SAC responsive period has to be coordinated with mitotic 

spindle formation to ensure timely mitotic exit and accurate chromosome segregation. 

We focus on the molecular mechanisms by which the SAC permissive state is created, 

describing a central role for CDK1-cyclin B1 and its counteracting phosphatase PP2A-

B55. Furthermore, we discuss how CDK1-cyclin B1, through its interaction with MAD1, 

acts as an integral component of the SAC, and actively orchestrates checkpoint 

signalling and thus contributes to the faithful execution of mitosis. 
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The concept of the spindle assembly checkpoint 

Effective chromosome segregation requires the duplicated sister chromatids to 

attach via their kinetochores to microtubules from opposite poles before their 

separation at anaphase onset. The successful execution of this process is monitored 

by a kinetochore-localised signal transduction machinery – the spindle assembly 

checkpoint pathway. Like many key concepts in cell cycle research, the spindle 

assembly checkpoint was first discovered using genetic screens in yeast. Landmark 

work on budding yeast mutants defective in arresting their cell cycle after faulty DNA 

replication had led to the idea that cells have control mechanisms or ‘checkpoints’ 

monitoring the completion of one cell cycle event before the initiation of the next. 

Mutations that allowed commencement of a cell cycle event even when the 

preceding process was prevented were termed ‘relief of inhibition’ mutants [1, 2]. 

This idea was used to investigate the regulatory mechanisms that safeguard correct 

chromosome segregation. It was known at the time that treatment of yeast cells with 

microtubule depolymerising drugs such as nocodazole or methyl benzimidazole 

carbamate resulted in a mitotic cell cycle arrest without chromosome segregation [3]. 

Since cells lacking functional microtubules cannot divide their chromosomes 

effectively, unrestrained progress into anaphase in this situation would lead to high 

numbers of aneuploid offspring and cell death. The cell cycle arrest thus prevents 

this adverse outcome. Ground-breaking studies by the labs of Andrew Murray and 

Andrew Hoyt led to the identification of yeast mutants that progressed through cell 

division despite severe problems with the mitotic spindle apparatus [4, 5]. The 

mutants that showed the phenotype of budding, indicative of cell cycle progression, 

in the presence of the microtubule depolymerising drug benzimidazole (BUB; 

budding uninhibited by benzimidazole, Hoyt lab) instead of arresting in mitosis (MAD; 
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mitotic arrest deficient, Murray lab) were thus the founding members of the spindle 

assembly checkpoint - abbreviated to SAC - the signalling network that halts 

anaphase entry when spindle defects are detected. The initial two screens identified 

three MAD (MAD1-3) and three BUB (BUB1-3) proteins, one of which, BUB1, is a 

protein kinase. Of note, the mammalian homologue of MAD3 was found to have a C-

terminal extension with a kinase domain similar to BUB1 and is referred to as 

BUBR1 in mammalian cells [6, 7]. Despite the presence of a kinase domain it is 

currently unclear whether BUBR1 operates as an active kinase during mitosis [8, 9].  

BUB2 was later identified to have a yeast specific function in mitotic exit rather than 

acting as a core component of the SAC [10-13] and will therefore not be discussed 

further here. Interestingly, the MAD and BUB proteins are not essential in yeast, thus 

conforming to the original definition of checkpoint proteins as factors providing “relief 

of dependence” when mutated. In an unperturbed cell cycle, the loss of such a 

protein would be without consequence and would not constitute an essential 

function. While this is true in yeast for SAC proteins, subsequent research revealed 

that the mammalian homologues are essential proteins required for normal mitotic 

timing [14-18]. Despite this difference, the overall core wiring of the SAC is largely 

conserved between yeast and mammalian cells. However, since the original 

discovery of spindle assembly checkpoint proteins several more metazoan specific 

molecular players of the spindle assembly checkpoint have been identified. These 

additional factors are the components of the ROD-Zwilch-ZW10 (RZZ) complex. This 

large (800 kD) protein complex is named after the Drosophila gene products (ROD, 

rough deal; Zwilch; ZW10, Zest White 10) and assembles a fibrous corona at the 

outer kinetochore during mitosis to promote microtubule attachment and SAC 

signalling by helping to recruit core SAC proteins [19-22]. After microtubule 
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attachment has been achieved, interaction of the RZZ complex with the dynein 

adaptor Spindly mediates the dynein-dependent disassembly of the fibrous corona 

and thus contributes to SAC inactivation [23-27]. 

Apart from this metazoan specialisation, the mechanisms of the cell cycle arrest that 

the core SAC gene products jointly control have been largely elucidated and are for 

the most part conserved from yeast to man [28, 29], although many details still 

require clarification. Understanding the particulars of the SAC has attracted a lot of 

attention because of the importance of faithful chromosome segregation for the 

development and maintenance of tissues and organisms. Aneuploidy is considered 

both a hallmark and a driving force of cancer, and the SAC is one of the key cellular 

mechanisms preventing aneuploidy [30]. Elucidating the precise details of how the 

SAC works may therefore hold useful information for cancer therapy. 

 

Key components of the SAC and their spatio-temporal localisation 

We now understand that the purpose of the spindle assembly checkpoint is to 

ensure that all kinetochores are attached to microtubules emanating from opposite 

spindle poles before duplicated sister chromatids are separated at the metaphase-to-

anaphase onset. Only this geometry will result in the optimal orientation of the sister 

chromatids for effective segregation. Unattached kinetochores are detected by the 

spindle assembly checkpoint machinery and catalyse the formation of a diffusible cell 

cycle inhibitor, the Mitotic Checkpoint Complex (MCC) [31-33] (Figure 1). The key 

organiser of the SAC signalling cascade is the protein Monopolar Spindle 1 (MPS1) 

[34-36]. MPS1 was first identified in budding yeast as an essential gene for the 

duplication of the yeast centrosome, the spindle pole body, and was named 

accordingly  [37]. Remarkably, in contrast to other genes required for spindle pole 



 6 

body duplication, yeast cells in which MPS1 had been inactivated progressed 

through the cell cycle despite their inability to form a bipolar mitotic spindle [38, 39] 

similar to the behaviour of the mitotic checkpoint mutants identified by Hoyt and 

Murray. It was thus realised that MPS1 had a dual function in controlling spindle pole 

body duplication as well as the mitotic checkpoint arrest in response to spindle 

damage. This dual functionality may be restricted to yeast; while the function of 

MPS1 in the spindle assembly checkpoint is conserved from yeast to human cells, it 

is less clear whether MPS1 also has a role in centrosome duplication in organisms 

other than yeast [35, 40-42]. The universal role of MPS1 in the spindle assembly 

checkpoint, however, is well understood. MPS1 marks unattached, microtubule-free 

kinetochores, possibly through competition with microtubules for binding sites [43, 

44]. Additionally, MPS1 recruitment to kinetochores is promoted by CDK1-Cyclin B1 

and the Aurora B kinase [41, 45-48]. Aurora B is the catalytic subunit of the 

Chromosomal Passenger Complex (CPC), also containing survivin, borealin and 

INCENP, which is located on centromeric chromatin during early mitosis and plays a 

pivotal role in resolving erroneous microtubule-kinetochore attachments [49, 50]. 

This error correction process relies on the fact that centromeric Aurora B can only 

phosphorylate the outer kinetochore KNL1-MIS12-NDC80 complex (KMN), the main 

platform for end-on microtubule binding by the kinetochore [51], in situations when 

microtubule attachment has not created tension [52]. Phosphorylation of the nuclear 

division cycle (NDC80) complex in particular, lowers the affinity of NDC80 for 

microtubules so that these are released [53, 54]. Aurora B thus helps to create 

unattached kinetochores and hence indirectly promotes MPS1 recruitment. In 

addition, Aurora B has a direct role in facilitating MPS1 localisation to kinetochores 

made evident by the fact that Aurora B activity is required for MPS1 recruitment even 
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when microtubules have been depolymerised with nocodazole [45-48, 55]. Although 

there is some evidence to suggest that NDC80 phosphorylation by Aurora B is 

required to enable MPS1 binding to the NDC80 complex [44], it is not entirely clear 

whether the Aurora B phosphorylations that promote MPS1 recruitment are the same 

as the ones that destabilise microtubule attachment and this issue will require further 

investigation.  

Once at an unattached kinetochore, MPS1 phosphorylates the outer kinetochore 

protein KNL1 at specific Met-Glu-Leu-Thr (MELT) motifs, generating docking sites for 

BUB1-BUB3 complexes which in turn recruit BUBR1-BUB3 heterodimers [56-60] 

(Figure 1). Further MPS1 phosphorylations on BUB1 and MAD1 lead to the 

recruitment of the MAD1-MAD2 complex and catalyse the formation of the diffusible 

MCC [61-64]. In mammalian cells, maintenance of MAD1-MAD2 at kinetochores 

additionally requires the RZZ complex [21, 65] previously alluded to. The inhibitory 

MCC protein complex consists of the SAC proteins MAD2, BUBR1 and BUB3, and 

Cell Division Cycle 20 (CDC20), a co-activator of the 1.2 MDa ubiquitin E3 ligase 

anaphase promoting complex/cyclosome (APC/C) [33, 66]. APC/C is the key 

enzyme catalysing the metaphase-to-anaphase transition, and inhibition of this 

activity by the MCC prevents progression into anaphase. An important aspect of 

MCC formation is that MAD2 can only contribute to MCC generation in one of its 

possible structural states, the closed or C state (C-MAD2) [67-69]. The catalytic 

conversion of open (O-MAD2) MAD2 to closed (C-MAD2) happens at MAD1-(C-

MAD2) complexes bound to unattached kinetochores, and the vicinity of the other 

MCC components assembled at unattached kinetochores then allows efficient 

assembly of the MCC [69, 70]. Interestingly, at least a subset of APC/C molecules is 

also found at unattached kinetochores, possibly aiding the rapid inhibition of APC/C 
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by MCC [71-73]. The MCC binds to the APC/C and inhibits its function in at least two 

ways: MCC acts as a pseudo-substrate preventing substrates from gaining access to 

the ubiquitin E3 ligase. MCC also affects the conformation of the APC/C and 

promotes a form of the APC/C that is less able to associate with its E2 enzyme, 

UBE2C/UBCH10, also preventing substrate ubiquitination. Together, these effects 

stop the APC/C from ubiquitinating cyclin B (also often referred to by its gene name 

CCNB1) and securin, both critical substrates for cell cycle progression [74, 75]. 

Cyclin B1 is part of the cyclin dependent kinase (CDK1-cyclin B1) which drives cells 

into mitosis and is required for maintaining the mitotic state, while securin is the 

inhibitor of the protease separase which cleaves sister chromatid cohesion at the 

metaphase-to-anaphase transition. In addition, in vertebrate cells cyclin B1 has been 

reported to interact directly with separase. The interaction between cyclin B1 and 

separase is dependent on prior phosphorylation of separase by CDK1-cyclin B1 and 

contributes to the inhibition of separase until the onset of anaphase [76, 77]. 

Stabilising cyclin B1 and securin by preventing APC/C-mediated ubiquitination thus 

results in the extension of mitosis until inhibition of the APC/C is relieved. Because 

production of MCC is triggered by the continued presence of unattached 

kinetochores, successful completion of microtubule attachment and chromosome 

alignment stops the generation of further MCC molecules and allows the 

disassembly of existing APC/C-MCC complexes. This is achieved through the 

concerted action of at least two pathways. The SAC antagonist p31comet (also called 

MAD2L1BP) and the AAA+ ATPase TRIP13 act together to extract MAD2 from 

MCC. Binding of p31 comet to the N-terminal domain of the AAA+ ATPase TRIP13 

places MAD2 N-terminus in the correct constellation to interact with TRIP13, which 

results in a conformational change from C-MAD2 to O-MAD2 and ultimately results 
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in the restoration of the O-MAD2 pool [78-82]. Despite this important role in the 

dismantling of the MCC, TRIP13 and p31comet are not essential for cell cycle 

progression, suggesting that there are alternative pathways for MCC disassembly 

[83, 84].  One of these is the ubiquitination of CDC20 in the MCC by APC/C-CDC20 

itself, promoting the dismantling of MCC. This second pathway requires the 

presence of the small APC/C subunit APC15 [85-88]. As a consequence of the 

synergistic action of p31comet/TRIP13 and APC15 mediated MCC disassembly, 

APC/C becomes active and catalyses the ubiquitination of cyclin B1 and securin [89]. 

 

Integration with cell cycle progression: CDK1-cyclin B1 licenses the SAC  

The kinetochore is a highly conserved, multi-layered proteinaceous structure 

composed of more than 100 proteins in vertebrate cells, which assembles on the 

centromeric chromatin and forms the physical connection between chromosomes 

and microtubules. Based on their spatial localization and functions these proteins 

can be grouped into three categories: (1) outer kinetochore proteins that interact with 

microtubules, (2) inner kinetochore proteins that interact with centromeric DNA, and 

(3) regulatory proteins that control the activities of the kinetochore [90, 91].  The 

binding of microtubules is mediated by the ten proteins of the KNL1-MIS12-NDC80 

(KMN) complex at the outer kinetochore and is critical for the coupling of 

chromosome movement to microtubule dynamics [51, 53, 92]. The outer kinetochore 

also forms the platform for the assembly of the molecules that monitor the capture of 

chromosomes by microtubules, the spindle assembly checkpoint machinery, 

introduced above. Since the activation of the SAC is critical for safeguarding correct 

chromosome segregation but at the same time has drastic consequences for cell 

cycle progression, it is of utmost importance that the SAC remains responsive until 
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the point of chromosome segregation but does not re-activate and impede 

chromosome segregation during anaphase [93]. This requirement raises the 

question of which molecular control mechanisms license SAC responsiveness to the 

correct time window during mitosis. One possible regulatory mechanism is the 

availability of kinetochores for the SAC proteins to assemble on. Whereas the inner 

part of the kinetochore is present on centromeric chromatin throughout the cell cycle, 

the outer kinetochore only assembles upon mitotic entry in a CDK1-cyclin B1 

dependent manner [94] and is disassembled at the end of mitosis when cyclin B1 

levels drop. Interestingly, a number of observations indicated that the presence and 

activity of CDK1-cyclin B1 is important for spindle assembly checkpoint function 

beyond simply promoting the assembly of the platform for SAC factor recruitment, 

making CDK1-cyclin B1 a plausible candidate for a SAC licensing factor. Using 

Xenopus egg extract made spindle checkpoint competent by the addition of 

demembranated sperm nuclei and nocodazole as an experimental system, Grieco 

and co-workers demonstrated in 2003 that sustained CDK activity was required to 

keep the extract in a mitotic state [95]. Addition of the CDK inhibitor roscovitine 

resulted in disassembly of the MCC and cyclin B1 degradation. These data 

suggested that CDK activity in some way was required to promote the production of 

MCC or the maintenance of its levels, independently of its role in kinetochore 

assembly. One possible CDK target at the level of MCC maintenance identified by 

this study was the APC/C co-activator CDC20. The CDK phosphorylated form of 

CDC20 has been suggested to bind more tightly to MCC than to APC/C and may 

thus bias the system to MCC production. Inhibition of CDK activity would thus lead to 

dephosphorylation of CDC20 and promote MCC disassembly, as observed in this 

study [95]. Other reports indicated the presence of further CDK dependent SAC 
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activating phosphorylations at the level of MCC production [96, 97]. Specifically, it 

was demonstrated that the prevention of cyclin B1 degradation enabled the re-

accumulation of SAC proteins including MPS1 at anaphase kinetochores in both 

somatic and meiotic cells [96, 97]. These observations suggested that CDK activity 

was required for an early step in SAC activation, which had to be reversed to allow 

anaphase entry. While these insights presented an important advance in our 

understanding of SAC regulation, neither study pinpointed the critical CDK targets 

which had to be phosphorylated and dephosphorylated for SAC signalling to take 

place and anaphase to be initiated, respectively. Recent studies, though, have 

started to change this picture and have begun to identify molecular targets within the 

spindle assembly checkpoint that are phosphorylated by CDK1. Table 1 lists the 

known CDK1-cyclin B1 targets and CDK1-counteracting phosphatases at the 

kinetochore and in the SAC. 

 

Molecular targets of CDK1-cyclin B1 

The presence or absence of CDK1 activity affects the kinetochore recruitment of all 

core SAC proteins implying that one or more upstream components of the SAC are 

regulated by CDK1 [97]. In line with this idea, it has been suggested that both 

localisation and activation of MPS1 are controlled by CDK1-cyclin B1 [45, 98, 99]. It 

has recently been demonstrated that phosphorylation of MPS1 by CDK1-cyclin B1 

controls recruitment of MPS1 to the kinetochore in human cells [45]. MPS1 has an N-

terminal kinetochore binding domain which associates with the NDC80/NUF2 complex 

at the kinetochore [40, 43, 44]. It has now been shown that the N-terminal Ser281 

within the kinetochore binding domain of MPS1 has to be phosphorylated to allow 

efficient kinetochore recruitment of MPS1 [45]. These data are consistent with 
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biochemical data showing an improved binding of Ser281-phosphorylated MPS1 to 

purified NDC80 complex [44]. Dephosphorylation of pSer281 therefore abrogates 

MPS1 accumulation and hence checkpoint signalling at unattached kinetochores. The 

SAC permissive period is thus defined by the phosphorylation status of MPS1-Ser281 

[45] (Figure 2). Interestingly, in amphibians the homologous residue Ser283 seems to 

control MPS1 activity, rather than localisation [98], pointing to subtle differences in the 

regulation of checkpoint signalling by CDK1 between different model organisms. In 

mammals, CDK1-cyclin B1 has also been suggested to regulate MPS1 activity in 

addition to controlling MPS1 localisation by phosphorylation of residue Ser821 in the 

C-terminal MPS1 kinase domain [99]. MPS1 localisation and activation are thus both 

controlled by CDK1-cyclin B1. Of note, CDK1-cyclin B1 also regulates the centromeric 

localisation of the chromosomal passenger complex including Aurora B, essential for 

MPS1 recruitment [45, 100, 101], so that MPS1 kinetochore recruitment is regulated 

both directly and indirectly by CDK1. This aspect will be discussed later in more detail. 

Apart from regulating MPS1 and Aurora B, CDK1-cyclin B1 has recently also been 

shown to control at least one specific step in the recruitment of other SAC proteins 

downstream of MPS1. CDK1-cyclin B1 phosphorylation of BUB1 is required to 

promote the initial recruitment of MAD1 to the kinetochore [61, 62, 64]. The mechanism 

of this step is interesting; the CDK1 phosphorylation of Ser459 in the sequence Pro-

Ser-Pro-Thr in BUB1 creates a “pseudo-MELT”-motif which then allows MPS1 to 

phosphorylate Thr461, creating a MAD1 binding site [62, 64]. The cooperative 

phosphorylation of BUB1 by CDK1-cyclin B1 and MPS1 is reminiscent of the 

relationship of CDK1-cyclin B1 and Polo like kinase 1 (PLK1), in which CDK1-cyclin 

B1 creates priming docking phosphorylations for PLK1. These allow PLK1 to bind and 

subsequently phosphorylate its targets  [102, 103]. In the case of BUB1, though, 
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CDK1-cyclin B1 seems to create a substrate target sequence for MPS1 rather than a 

binding motif. It is possible that there are other recruitment steps within the SAC 

signalling cascade that are governed by a co-operative CDK1/MPS1 two-step 

phosphorylation. 

CDK1’s aforementioned partnership with PLK1 is also used in the SAC through the 

phosphorylation of BUBR1. CDK1 phosphorylates BUBR1 at Thr620 which creates a 

PLK1 docking site. Plk1 then in turn phosphorylates Ser676 and Thr680 of BUBR1, 

and both sites in conjunction with a further CDK1 phosphorylation at Ser670 contribute 

to the recruitment of the PP2A-family phosphatase PP2A-B56 to BUBR1 [104, 105]. 

BUBR1-bound PP2A-B56 is an important phosphatase for modulating Aurora B-

mediated error correction as well as for the silencing of the SAC [104-108]. By binding 

to BUBR1 PP2A-B56 is pre-loaded to the correct location to trigger SAC silencing 

when MPS1 activity locally drops due to incoming microtubules. The fact that CDK1 

promotes the SAC by phosphorylating MPS1 and simultaneously prepares the 

scenario for the silencing of the SAC through the recruitment of PP2A-B56 underpins 

the overarching role of CDK1 in orchestrating cell cycle progression. 

A similar double act is achieved through CDK1 phosphorylation of the APC/C activator 

and MCC component CDC20. As an integral part of the MCC, CDC20 is a pivotal 

player in the SAC. At the same time, CDC20 acts an essential APC/C co-activator, 

promoting mitotic exit [29, 81]. Recent, ground-breaking work revealed that in fact 

CDC20 carries out both functions simultaneously, and APC/C is bound both to an 

activatory molecule of CDC20 as well as the inhibitory MCC containing CDC20 [74, 

109] (Figure 3). This arrangement enables MCC to inhibit an ‘activated’ (i.e. CDC20-

bound) APC/C, and explains how it is possible at all to prevent any APC/C activity 

towards cyclin B1 and securin before anaphase onset. CDK1-dependent 
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phosphorylation of the N-terminus of CDC20 influences the fate of CDC20 by 

promoting incorporation of phosphorylated CDC20 into MCC, whereas 

unphosphorylated CDC20 preferentially binds to APC/C [95, 110-112]. CDK1-cyclin 

B1 also phosphorylates core APC/C itself, and these phosphorylations are essential 

to relieve an autoinhibitory interaction within the APC/C and enable CDC20 binding 

[113-115]. The phosphorylation of APC/C is facilitated by the binding of CDK-cyclin 

complexes to the APC/C, and this is mediated by the CDK regulatory protein Cks [116] 

(Figure 3). Differential dephosphorylation of CDC20 and APC/C has been suggested 

to create a time window in which CDC20 and APC/C can interact [111], and this will 

be discussed later. 

 

Cyclin B1 is a spindle checkpoint protein 

The multiple CDK1-cyclin B1 targets within the SAC discussed above highlight that 

CDK1-cyclin B1 is more intimately involved in the regulation of the SAC than a 

superficial analysis of SAC wiring may suggest. A further demonstration of the close 

relationship of CDK1-cyclin B1 with its substrates in the mitotic checkpoint signalling 

cascade is the finding that cyclin B1 itself is localised to unattached kinetochores and 

displaced from these upon microtubule binding, just like a bona fide SAC protein [117-

119] (Figure 4). Complementary proteomic and cell biological analysis demonstrated 

that MAD1 is one of the major components of cyclin B1 complexes in mitosis. Indeed, 

cyclin B1 failed to localize to unattached kinetochores in MAD1 depleted cells, 

suggesting that MAD1 is the main MPS1 regulated kinetochore receptor for cyclin B1 

[117, 120]. Further analysis showed that cyclin B1 is bound to the kinetochore via the 

first 100 amino acids of the N-terminus of MAD1. When endogenous MAD1 was 

replaced with a version of MAD1 lacking the cyclin-binding domain, the kinetochore 
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recruitment of cyclin B1 was abrogated. As a consequence, the length of the mitotic 

arrest was impaired. In keeping with these findings, the spindle checkpoint was 

strongly compromised in cyclin B1 depleted cells [117-119]. These observations 

support the idea that the cyclin B1-MAD1 interaction creates a positive feedback loop 

because the local concentration of MAD1-bound CDK1-cyclin B1 at an unattached 

kinetochore allows for more efficient phosphorylation and kinetochore localisation of 

MPS1, in turn recruiting more MAD1. This mechanism is particularly important at the 

onset of mitosis when it is critical to rapidly establish the SAC to prevent APC/C 

activation [117]. On the other hand, accumulation and concentration of cyclin B1 

through MAD1 will enable local re-establishment of MPS1 and downstream SAC 

signalling even in an environment of globally falling cyclin B1 levels in metaphase, 

should isolated microtubule-kinetochore connections be disrupted. This mechanism 

ensures that the SAC remains responsive to potential failures of microtubule-

kinetochore attachments for as long as possible before the onset of anaphase. 

Replacement of endogenous MAD1 with a version lacking the cyclin-binding domain 

impairs the length of the mitotic arrest that cells can maintain in nocodazole, further in 

line with the idea that the local concentration of cyclin B1 at kinetochores may be a 

mechanism to impart robustness to the checkpoint signalling network [117]. 

 

Mitotic phosphorylations are counteracted by phosphoprotein phosphatases 

So far, we have considered the generation of phosphorylations by CDK1-cyclin B1 

and the functional consequences thereof. We will now review the removal or dynamic 

modulation of these sites by phosphatases. During mitosis, enzymes of the 

phosphoprotein phosphatase (PPP) family of serine/threonine phosphatases 

containing PP1 and PP2A are of particular importance for counteracting mitotic 
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kinases of the CDK, as well as Aurora, Plk1 and MPS1 families [121-123]. PPPs are 

generally multimeric enzyme complexes containing either a catalytic and a regulatory 

subunit in the case of PP1, or these two subunits as well as a scaffolding subunit in 

the case of PP2A [121, 122]. Since the catalytic subunits of the PPP enzyme 

complexes are all closely related, substrate specificity is achieved by the actions of 

the specific regulatory subunits, rather than the catalytic subunits alone. In the case of 

PP1 more than 150 regulatory subunits associate with the three mammalian PP1 

catalytic subunits PP1a, PP1b, PP1g  (the last of which has two splice variants PP1g1 

and PP1g2), whereas for PP2A holoenzyme complexes the regulatory subunits fall 

into four different families, denoted as B55, B or PP2R2A-D; B56, B’ or PP2R5A-E; B’’ 

or PPP2R3A-C and B’’’ or striatins, and associate with either one of the two catalytic 

and two scaffolding subunits expressed in human cells [122-126]. The regulatory 

subunits of the B55 and B56 families, comprising four (B55a-d or PP2R2A-D) and five 

members (B56a-e or PP2R5A-E), respectively, are the most important for the control 

of mitotic progression by PP2A. They impart very different properties on the resulting 

PP2A holoenzyme complexes which affect localisation, activity and substrate 

selection, and will be discussed in detail below. 

CDK1 phosphorylations have been suggested to be counteracted by phosphatases 

of both the PP1 and the PP2A-B55 families, and recently significant advances have 

been made in particular in the identification of specific CDK1-phosphorylated PP2A-

B55 substrates [127-132]. At this point it should be noted that in budding yeast, in 

contrast to mammalian cells, the turn-over of CDK1 substrates important for the 

metaphase-to-anaphase transition is predominantly governed by the dual specificity 

phosphatase CDC14 [133]. Although CDC14 is conserved in mammalian cells, it 

does not have a role at the metaphase-to-anaphase transition or mitotic exit in 
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mammals [134]. The use of CDC14 instead of a PP phosphatase therefore seems to 

be a budding yeast specific adaptation. Here we will focus on the phosphatases 

opposing CDK1 in mitosis in mammalian cells. Table 1 lists the known CDK1-

counteracting phosphatases at the kinetochore and in the SAC. 

 

The spindle checkpoint permissive period is terminated by PP2A-B55 

Microtubule attachment to kinetochores results in the silencing of the SAC. Should a 

specific microtubule attachment be lost after initial silencing, the SAC can be re-

instated as long as CDK1 activity is still high enough, but not if CDK1 is inhibited [45, 

97]. As described earlier, one reason for this is the requirement of MPS1 to be 

phosphorylated by CDK1 for kinetochore localisation and full activation [45, 99]. 

Recently, PP2A-B55 has been identified as the key phosphatase opposing CDK1 

acting on MPS1 [45]. PP2A-B55 is thus the phosphatase that terminates the SAC 

permissive time window. Once MPS1-Ser281 is dephosphorylated by PP2A-B55, 

MPS1 cannot be recruited to the kinetochore anymore, and consequently the SAC 

cannot be reactivated anymore (Figure 2). Interestingly, PP2A-B55 itself is indirectly 

inhibited by CDK1-cyclin B1 via the MASTL-ENSA system outlined below, creating a 

situation where PP2A-B55 can only become active once cyclin B1 levels are falling. 

The ability of a cell to be capable of raising a spindle checkpoint signal when 

challenged by nocodazole exposure can thus be deduced from the level of cyclin B1 

present in the cell at a given time [45]. 

 

Regulation of PP2A-B55 activity by the MASTL-ENSA system 

PP2A-B55 activity is tightly regulated by the binding of the small, unstructured 

phospho-proteins Arpp19 and ENSA [135, 136]. The ability of these proteins to inhibit 
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PP2A-B55 is entirely dependent on phosphorylation of the conserved FDSGDY motif 

in ENSA and Arpp19 by the Greatwall (Gwl) kinase, also known as MASTL in 

mammalian cells [137]. In their phosphorylated forms Arpp19 and ENSA bind with high 

affinity to the PP2A-B55 catalytic site and act as extremely effective competitive 

inhibitors [135, 136, 138]. Their specific mode of inhibition, characterised by high 

binding affinity to PP2A-B55 and very slow dephosphorylation kinetics, has been 

termed “unfair inhibition” [138]. The MASTL kinase is activated by CDK1 

phosphorylation of its activation loop, and PP2A-B55 activity is hence indirectly 

determined by the level of cyclin B1 and active CDK1-cyclin B1 complex [45, 139]. 

 

Regulation of CDC20 by CDK1 and opposing phosphatases 

Apart from dephosphorylating MPS1, PP2A-B55 has also been proposed to be a key 

phosphatase for CDC20 at the metaphase to anaphase transition. CDC20 is highly 

phosphorylated in mitosis by CDK1-cyclin B1, MAPK1, BUB1 and Plk1. The 

CDK1/MAPK1 phosphorylations in particular have been described to modulate the 

interaction between CDC20 and MCC or APC/C, respectively [110, 140-142]. For 

efficient interaction of CDC20 with the APC/C, CDC20 has to be in its 

dephosphorylated form whereas APC/C has to remain phosphorylated [112, 115]. It 

has been suggested that the requirement for differential dephosphorylation of these 

two molecules could be explained because the crucial phosphorylation sites are 

mainly threonines in CDC20, whereas they are serines in APC/C. Due to the known 

preference of PP2A-B55 for phospho-threonine over phospho-serine [131, 143], 

CDC20 would be dephosphorylated first and APC/C later, resulting in a time window 

allowing the productive interaction of the two molecules. While this appears an 

appealing explanation for the observed kinetics of dephosphorylation, depletion of 
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PP2A-B55 did not result in delays at the metaphase-to-anaphase transition in an 

unperturbed mitosis, suggesting that there may be other phosphatases contributing to 

CDC20 dephosphorylation at this specific point in the cell cycle. Potential candidates 

are PP1, as suggested by work in C. elegans, or the RNA polymerase II-carboxy-

terminal domain phosphatase Fcp1 [45, 144-146]. 

 

Comparison of PP2A-B55 to other phosphatases modulating the SAC 

While CDK1 and PP2A-B55 are important for demarcating the spindle checkpoint 

permissive period, within the SAC licensed period a large number of phosphorylations 

are deposited by MPS1 and have to be dynamically controlled and removed before 

the metaphase-to-anaphase transition to enable SAC silencing and mitotic exit. 

Because of the specific regulation of PP2A-B55, outlined above, which means that 

PP2A-B55 will only become active once cyclin B1 levels drop, it is unlikely that PP2A-

B55 is also one of the phosphatases dynamically opposing MPS1. Indeed, increasing 

evidence indicates that the major MPS1 opposing phosphatase is another PP2A 

family phosphatase, PP2A-B56. Specifically, PP2A-B56 has been shown to 

dephosphorylate MPS1 phosphorylated MELT motifs in KNL1, the MAD1 docking 

motif in BUB1, the Ska complex mediating microtubule-kinetochore attachments, 

autophosphorylation sites on MPS1 itself as well as the MPS1 activation loop 

important for MPS1 activity [61, 108, 147, 148].  PP2A-B56 exists in different pools in 

mitotic mammalian cells, one of which is located to the kinetochore via an association 

with the SAC protein BUBR1 [104-106], as mentioned before. PP2A-B56 binds to a 

conserved linear LxxIxE motif in BUBR1 [149-151]. It is this specific pool of PP2A-B56 

that has been shown to counteract the kinase activities of MPS1 [61, 108, 147]. 

Interestingly, the same sub-group of PP2A-B56 also opposes Aurora B [104-106].  
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Loss of this sub-group of PP2A-B56 consequently interferes with both error correction 

and SAC silencing and hence leads to a penetrant mitotic arrest [107, 108]. Another 

pool of PP2A-B56 is localised to the centromere via association with the shugoshin 

proteins that protect centromeric cohesion and is important for the maintenance of 

centromeric sister chromatid cohesion until the onset of anaphase but is not relevant 

for the regulation of the SAC [152, 153]. Of note, these mitotic activities of PP2A-B56 

are only possible because PP2A-B56 is active throughout mitosis, whereas PP2A-B55 

activity is largely suppressed through the Greatwall-ENSA pathway (Figure 2B). This 

distinct property of PP2A-B56 enables it to modulate both error correction and the 

SAC dynamically throughout mitosis. 

PP1, the third phosphatase important for cell division, is also mostly shut down in 

mitosis through inhibitory CDK1 phosphorylation on a conserved residue in the C-

terminus of the catalytic subunit [154, 155]. However, clustering of PP1 at specific 

cellular localisations could result in autoactivation of PP1, explaining how some PP1 

activity can be observed even in mitosis. In human cells, PP1 has been shown to 

localise to the mitotic spindle, centrosomes and chromatin. PP1 also accumulates at 

attached kinetochores in metaphase [156, 157]. In general, PP1 binds to docking 

proteins via short linear motifs, such as the well-characterised RVxF motif [124, 125]. 

The outer kinetochore proteins KNL1 and SKA3, as well as the kinetochore localised 

motor proteins CENP-E and KIF18A have all been described as interaction partners 

for PP1 at the kinetochore, and in KNL1, CENP-E and KIF18A RVxF motifs have been 

identified that mediate the interaction [157-160]. RVxF motifs often contain serine or 

threonine residues in the “x” position, turning them into potential target sequences for 

basophilic Aurora kinases [161]. As phosphorylation of an RV[S/T]F motif prevents 

PP1 binding, PP1 recruitment to certain targets is limited as long as Aurora A or B are 
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active [157, 162]. This mechanism has been shown to regulate PP1 binding to KNL1 

and CENP-E, and could explain why PP1 preferentially localises to attached 

kinetochores where tension has been established and the outer kinetochore has been 

moved out of the reach of centromeric Aurora B [157, 159, 163]. At attached 

kinetochores, PP1 has been proposed to promote the metaphase-to-anaphase 

transition by contributing to SAC silencing by either directly dephosphorylating MELT 

motifs on KNL1 or dampening MPS1 activity by dephosphorylating the MPS1 

activation loop [60, 163, 164]. 

 

Relationship between cyclin B1 levels and PP2A-B55 activation status 

As the discussion above outlined, the spindle checkpoint permissive period is initiated 

by CDK1-cyclin B1 and terminated by PP2A-B55, and both Aurora B and the key SAC 

kinase MPS1 are affected by this form of regulation. Since PP2A-B55 is indirectly 

inhibited by CDK1-cyclin B1, the SAC permissive time window is determined by the 

level of cyclin B1 at a given time point and can only be effectively shut down by PP2A-

B55 once cyclin B1 levels begin to fall. Experimental measurements of the minimal 

cellular level of cyclin B1 required to support a SAC response indicated that the 

threshold for effective SAC signalling is located at approximately 75 nM cyclin B1 

(Figure 2) [45]. This relationship allows the SAC to be responsive until the point of 

chromosome segregation. Live cell imaging of cells under conditions of experimental 

down- or upregulation of the activity of PP2A-B55 by depletion of PP2A-B55 or 

depletion of the inhibitory kinase MASTL, respectively, revealed the effect of PP2A-

B55 activity on the spindle checkpoint response. When cells have higher than 

physiological levels of PP2A-B55 activity, the SAC, once silenced, can never be re-

activated if microtubule-kinetochore connections are disrupted after the original 
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silencing event. On the other hand, decreased PP2A-B55 activity results in an 

extended SAC permissive period, and thus makes cells more likely to re-activate the 

SAC [45]. This becomes particularly relevant under conditions that slightly impair the 

efficiency of microtubule-kinetochore attachment formation, such as low level 

nocodazole or low temperature.  An increased ability to re-activate the SAC thus 

impairs the robustness of the metaphase-to-anaphase transition. In summary, the 

CDK1-PP2A-B55 interplay seems to have evolved to hit the “Goldilocks” zone with 

regards to the kinetics with which the spindle assembly checkpoint moves from re-

activatable to un-re-activatable. 

 

CDK1 and PP2A-B55 act on both the chromosomal passenger complex and 

MPS1 

In addition to the requirement for phosphorylation of MPS1 by CDK1, we have already 

explained that the Aurora B kinase is another critical factor for the recruitment of MPS1 

to unattached kinetochores. Interestingly, the centromere localisation of Aurora B is 

regulated by CDK1-cyclin B1 and PP2A-B55 as well (Figure 2). CDK1 promotes CPC 

localisation to the centromere by multiple mechanisms acting via the different subunits 

of the CPC: the survivin subunit of the CPC binds to a mitosis-specific phosphorylation 

of histone H3 at amino acid threonine 3 [165-167]. This phosphorylation is deposited 

by the Haspin kinase [168]. Haspin is autoinhibited in interphase, and CDK1-CCNB1 

triggers a phosphorylation cascade that results in relief of autoinhibition and activation 

of Haspin, thus restricting Haspin activity to mitosis and therefore CPC recruitment to 

mitotic chromatin [169, 170].  The Borealin subunit of the CPC is also phosphorylated 

by CDK1-CCNB1 enabling Borealin to bind to the centromeric shugoshin proteins 

[101, 171]. Lastly, phosphorylation of Thr59 in INCENP by CDK1 prevents the 



 23 

interaction of the CPC with the mitotic motor protein MKLP2 [100]. MKLP2 is critical 

for the extraction of Aurora B from centromeric chromatin at the metaphase to 

anaphase transition and its transport to the anaphase central spindle [172]. The 

Inhibition of contact between INCENP and MKLP2 prevents transport of the CPC away 

from chromatin until anaphase onset, hence contributing to the centromeric 

accumulation of CPC during mitosis [100]. PP2A-B55 has been shown to be a key 

phosphatase opposing the influence of CDK1 in localising the CPC [45, 111] and thus 

contributes to curtailing error correction and SAC signalling by removing the SAC 

promoting activity of Aurora B. 

MPS1 kinetochore association is therefore controlled by CDK1-cyclin B1 in a two-fold 

fashion. First, direct phosphorylation of the MPS1 kinetochore binding domain by 

CDK1-cyclin B1 promotes its docking to kinetochore partner proteins. Second, CDK1-

cyclin B1 regulating the targeting of Aurora B to the centromere indirectly controls 

MPS1 kinetochore recruitment. Understanding the relative importance of these two 

activities is important to accurately appreciate how the SAC is triggered and revoked. 

Experimentally, the actions of CDK1 and Aurora B on SAC signalling can be separated 

by the depletion of MKLP2 in mitotic cells. Loss of MKLP2 results in retention of Aurora 

B on centromeric chromatin, even in the presence of CDK1 inhibitor, and makes it 

possible to assess the influence of Aurora B activity on MPS1 in isolation of CDK1. 

Importantly, this experimental situation showed that Aurora B alone, in the absence of 

CDK1 activity, is not sufficient to promote efficient MPS1 recruitment and SAC 

signalling [45, 173]. Aurora B and CDK1 activities are thus required to act 

synergistically to control MPS1 kinetochore localisation. This dual control presumably 

evolved to ensure that MPS1 is only recruited when all conditions for spindle 

checkpoint signalling are met. 
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Dynamic regulation of the SAC by kinase-phosphatase modules 

As highlighted here, the regulation of the SAC by distinct kinase-phosphatase modules 

is both critical for the integration of the SAC into the cell cycle as well as the dynamic 

response of the SAC to changing microtubule attachment conditions within the SAC 

permissive period. It is important to realise that the different kinds of kinase-

phosphatase modules exert fundamentally distinct roles in the regulation of the mitotic 

checkpoint: CDK1-cyclin B1 and its counteracting phosphatase PP2A-B55 set the 

scene for SAC signalling as well as error correction by granting a molecular license to 

Aurora B and MPS1 to act hand-in-hand in a specified time window during mitosis. 

This time window is terminated by PP2A-B55, itself under the regulation of CDK1-

CCNB1. Within this CDK1 licensed period, Aurora B and MPS1 drive error correction 

and SAC signalling, and both kinases are dynamically opposed by PP2A-B56. A useful 

analogy for this relationship is the functioning of a car: Aurora B and MPS1 jointly act 

as the gas pedal for the connected activities of error correction and the spindle 

assembly checkpoint and are dynamically opposed by the brake PP2A-B56. The key 

to the ignition switch for the entire system, however, is CDK1-cyclin B1. Once cyclin 

B1 is destroyed and PP2A-B55 has terminated the SAC permissive time window, 

neither Aurora B or MPS1 can act anymore. 

 

Conclusions and Perspectives 

How spindle checkpoint signalling is limited to a specific period during mitosis has 

been a long-standing but elusive question in the cell cycle field. Recent evidence 

demonstrates that a spindle checkpoint licensed period during mitosis is established 

by the interplay of CDK1-cyclin B1 and its opposing phosphatase PP2A-B55. These 



 25 

counteracting forces both converge on the key spindle checkpoint kinase, MPS1, 

and determine whether MPS1 is able to localise to unattached kinetochores or not. 

In addition to MPS1, several other important players in the SAC, including the 

upstream kinase Aurora B, are also regulated by CDK1-cyclin B1. Of particular 

interest, cyclin B1 not only sets the temporal boundaries of spindle checkpoint 

signalling but also directly influences the spindle checkpoint by localising to 

unattached kinetochores itself, like a bona fide spindle checkpoint protein. In this 

way a positive feedback loop is established that promotes spindle checkpoint 

signalling. These new findings provide novel insight into how spindle checkpoint 

signalling is integrated with cell cycle progression and set the scene for further 

analysis of the role of CDK1-cyclin B1 in orchestrating spindle checkpoint signalling. 
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Table 1 

CDK1 target Phospho-site Function Phosphatase Reference 

MPS1 

MPS1 

S281 (H. 
sapiens) 

S283 (X. 
laevis) 

S821 

Kinetochore 
localisation 

Activity 

Activity 

PP2A-B55 

N.D.

PP2A-B55 

[45] 

[98] 

[99] 
BUB1 S459 MAD1 

recruitment 
N.D. [61, 62, 64] 

BUBR1 T620 

T670 

PLK1 
recruitment 

PP2A-B56 
recruitment 

N.D

N.D.

[174] 

[175] 

CDC20 S41, S51, T55, 
T59, T70, 
T106, T157, 
S487 

Regulation of 
CDC20-MAD2 
and CDC20-
APC/C 
interaction 

PP2A-B55; 
PP1; Fcp1 

[110-112, 130, 
144, 145, 176]  

APC1 S362, S364, 
S372, S373, 
S377 and 
other sites 

Regulation of 
APC/C-CDC20 
interaction 

N.D. [113-115] 

APC3 ~50 sites on 
APC3 

Regulation of 
APC/C-CDC20 
interaction 

PP2A-B55 [111, 113-115] 

INCENP 
(CPC) 

T59 Regulation of 
CPC interaction 
with MKLP2 

PP2A-B55 [100, 111] 

Borealin 
(CPC) 

T106, T172, 
T185, T189, 
T199, T204 
S219 

Recruitment of 
the 
chromosomal 
passenger 
complex to 
centromeres 

N.D. [101] 

Haspin T128 (H. 
sapiens), T206 
(X. laevis) 

Initiation of 
Haspin 
activation by 
creation of PLK1 
docking site 

N.D. [169, 170] 

N.D.; not determined
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Figure Legends 
 
Figure 1. Overview of the Spindle Assembly Checkpoint 

A. Key of phosphorylations by CDK1, MPS1 and Aurora B, and dephosphorylation 

by PP2A-B56. B. Diagram of the Spindle Assembly Checkpoint at an unattached 

kinetochore. i. MPS1 is recruited to the NDC80 complex as a result of Aurora B 

phosphorylations of the NDC80 N-terminus and CDK1 phosphorylation of MPS1 at 

S281. ii. MPS1 phosphorylates multiple MELT motifs on KNL1 leading to recruitment 

of BUB3, BUB1 and BUBR1 to the outer kinetochore. iii. Phosphorylation of BUB1 

by CDK1 allows MPS1 to phosphorylate BUB1-T461, leading to MAD1 recruitment, 

which in complex with MAD2 acts to catalyse the conversion of open MAD2 (O-

MAD2) to closed MAD2 (C-MAD2). MAD1 also localises CDK1-cyclin B1 to the 

kinetochore. iv. C-MAD2, BUBR1 and BUB3 form the Mitotic Checkpoint Complex 

(MCC) alongside the Anaphase Promoting Complex (APC/C) co-activator CDC20, 

blocking APC/C activation. Phosphorylation of the CDC20 N-terminus by CDK1 

increases its affinity to the MCC, whilst CDK1 phosphorylations of the APC/C are 

critical to enable CDC20 binding. v. PP2A-B56, which dephosphorylates the KNL1 

MELT motifs, is recruited to the kinetochore in a CDK1 and MPS1 dependent 

manner, whilst PP1 recruitment is promoted by PP2A-B56 mediated 

dephosphorylation of the KNL1 N-terminal RVSF motif C. Microtubule attachments at 

kinetochores lead to the loss of SAC proteins from the kinetochore. Once all 

kinetochores are attached to microtubules, the MCC no longer inhibits the APC/C, 

which now, active, targets cyclin B1 and Securin for degradation leading to 

chromosome segregation.  
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Figure 2. Opposing activities of CDK1-Cyclin B1 and PP2A-B55 limit the 

spindle checkpoint licensed period 

A. i. At cyclin B1 levels above 75 nM, PP2A-B55 is inhibited, and cytoplasmic MPS1 

is phosphorylated at S281 and can localise to unattached kinetochores [45]. Should 

a metaphase microtubule-kinetochore detachment occur in this situation, MPS1 is 

still phosphorylated at S281 and re-localises to kinetochores. MPS1 generates a 

SAC response at that kinetochore, inhibiting the APC/C and halting cyclin B1 

degradation. ii. At cyclin B1 concentrations below 75 nM, PP2A-B55 activity 

surpasses that of CDK1, leading to MPS1 S281 dephosphorylation. The CPC is also 

dephosphorylated, triggering Aurora B translocation away from centromeres. The 

combination of these changes prevents MPS1 from localising to kinetochores and 

initiating an APC/C inhibiting SAC signal. B. Graphical illustration of relative activity 

levels of CDK1-cyclin B1 and PP2A-B55 and levels of APC/C inhibition and MPS1-

S281 phosphorylation throughout mitosis.  

 

Figure 3. Regulation of the APC/C by phosphorylation and two distinct pools 

of CDC20 

i. APC/C is phosphorylated by CDK-cyclin. ii. This reaction is enhanced by CDK-

cyclin binding to CDK-phosphorylated APC/C, mediated by Cks proteins (not 

shown). iii. The phosphorylation of APC/C allows CDC20 binding, and thus 

activation of APC/C. iv. At the same time, CDC20 is phosphorylated by CDK-cyclin. 

This reaction may favour CDC20 incorporation into MCC. v. MCC, containing 

phosphorylated CDC20, binds and inhibits APC/C with a bound molecule of CDC20. 

In mitosis, APC/C is thus associated with two functionally distinct molecules of 

CDC20. 



 44 

Figure 4. Cyclin B1 is a spindle assembly checkpoint protein 

A-B. Cyclin B1 localizes to unattached SAC positive kinetochores and is excluded 

from attached kinetochores. Images of HeLa cells expressing cyclin B1 

endogenously tagged with GFP at the C-terminus (in green) are shown. Single 

kinetochore pairs are enlarged. SAC protein MAD1 labels unattached kinetochores 

(A) and kinetochore protein Astrin marks attached kinetochores (B) in red.   
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