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The cell cycle 

Cell reproduction is fundamental to the development and function of all life. When 
unicellular organisms undertake cell division, the process produces an entire, new 

organism. Multicellular organisms depend on cell division for growth and regeneration 
of damaged tissue. The highly ordered series of complex events of cell reproduction is 
referred to as ‘the cell cycle’. The cell cycle coordinates the duplication of the genome and 
subsequent distribution of each replicate genome into a new daughter cell. The eukaryotic 
cell cycle is divided into discreet phases (Figure 1). During the first gap-phase, or G1, a 
cell grows and prepares for DNA replication. The start of replication marks the beginning of 
S (for synthesis) phase that results in duplication of the chromosomes. During this phase, 
cohesin ring complexes, deposited along the duplicated chromosomes mediate tight linkage 
between duplicated chromosomes (now referred to as sister chromatids). As the cell cycle 
progresses the cell is provided with additional time in the second gap phase (G2) to grow 
and prepare for the ‘grand finale’ of the cell cycle: mitosis, or M-phase. Mitosis ensures 
equal distribution of the sister chromatids into two newly formed daughter cells. Successful 
completion of the cell cycle depends on the strict regulation of the cell cycle control system, 
which governs progression at the correct time and in the correct order. 

Cyclin dependent kinases and checkpoints.

The cell cycle is propelled by changes in activity of a particular type of protein kinase, 
Cyclin dependent kinases or CDKs. Although concentrations of the CDK proteins are 
constant throughout the cell-cycle, their activity is controlled by oscillating levels of their 
regulatory subunits known as Cyclins 1,2. These oscillations are determined by synthesis 
and proteolysis of Cyclins. Specific Cyclins associate with and activate specific CDKs. As 
such, oscillations in the level of specific Cyclins allows temporally controlled activation of 
specific CDKs and hence ordered progression through the various phases of the cell cycle. 
For example, mitosis in likely all eukaryotes is triggered by the Cyclin B-CDK1 complex. 
Synthesis of Cyclin B occurs throughout S- and G2 phases and once it reaches a particular 
threshold it will have provided sufficient CDK1 activity to initiate a rapid feedback loop that 
causes peak activity of CDK1 and subsequent entry into mitosis. Cyclin B-CDK1 activation 
results in the phosphorylation of a wide range of substrates, thereby promoting nuclear 
envelope breakdown (NEBD) and a multitude of other mitotic processes 3.  Conversely, the 
moment cells are ready to segregate their chromosomes, CDK1 needs to be inactivated, 
which occurs by rapid, proteasome-dependent degradation of Cyclin B. 
The cell cycle can be modulated by strategically placed checkpoints that impinge on the 
Cyclin-CDK system. Cell cycle checkpoints monitor if a process has been successfully 
completed before entry into the next phase is allowed. Several checkpoints are known, 
of which the best studied ones monitor S-phase entry, M-phase entry and M-phase exit. 
‘Start’ or the G1/S-checkpoint represents an irreversible commitment to cell cycle entry. 
Cell cycle entry is only permitted when conditions are ideal for cell proliferation. After DNA 
replication, entry into mitosis is allowed by the G2 checkpoint, which prevents cells from 
initiating mitosis if their DNA is damaged or part of it is unreplicated. And finally, the Spindle 
Assembly Checkpoint (SAC) ensures correct distribution of sister chromatids to the two to-
be-formed daughter cells. Mitosis and the SAC are central in the research described here. 
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Mitosis

In mitosis the duplicated, paired chromosomes are equally distributed into two newly formed 
daughter cells. Entry into mitosis is accompanied by dramatic cellular rearrangements like 
chromosome condensation, nuclear envelope breakdown and formation of a dynamic, 
bipolar, microtubule-based spindle. Mitosis is defined by distinct phases. The first phase, 
prophase, is marked by the rapid activation of Cyclin B1 - CDK1. Sister chromatids are 
tightly condensed in rod-like structures and centrosomes move apart to opposite sides of 
the nucleus (Figure 1). Nuclear envelope break down marks the start of the next phase, 
prometaphase. Centrosomal microtubules rapidly assemble and disassemble in search 
of defined sites named kinetochores, on sister chromatids (Figure 1). More details on this 
subject can be found in the section ‘Kinetochores’ below. Once attached and oriented with 
each sister to an opposite centrosome (referred to as ‘biorientation’), the pair of sister 
chromatids congress to the spindle center. When all sister chromatid pairs are correctly 
bioriented and have aligned on the cell equator, the cell has achieved metaphase (Figure 
1). The abrupt separation of sister chromatids to opposite sides marks the metaphase-to-
anaphase transition (Figure 1). This separation is caused by removal of the cohesion ring 
complexes that were holding the sisters together, and is accompanied by the degradation of 
Cyclin B, which will eventually ensure exit from the mitotic state and entry into a new round 
of cell division. Mitosis ends with two final stages. In telophase the nuclear envelope is re-

Prophase Prometaphase Metaphase Telophase/CytokinesisAnaphase

S

G
1

M

G2

The Cell Cycle

Figure 1. The cell cycle and mitosis
Schematic representation of the different stages of the cell cycle including the different stages of mitosis: After 
chromosomes have condensed in prophase, the nuclear envelope breaks down and spindle microtubules capture the 
chromosomes in prometaphase. Metaphase is achieved when all chromosomes are correctly attached in a bioriented 
fashion. After the physical separation of sister chromatids in anaphase, cell division is finished by telophase and 
cytokinesis. 
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formed around the separated sister chromatids. Actual division of the cell mass into two new 
daughter cells is achieved during cytokinesis (Figure 1) (reviewed in 4).

Kinetochore

Accurate chromosome segregation requires each sister chromatid to interact with spindle 
microtubules. This interaction is mediated by a macromolecular protein assembly called 
the kinetochore. Kinetochores assemble on the centromere, a region of heterochromatin at 
the central constriction of the sister chromatids. Human centromeric regions are marked by 
the presence of 171-bp repetitive sequences named alpha-satellites, which are packaged 
by specialized nucleosomes containing a centromere specific histone H3 variant, CENP-A 
(Centromere associated protein-A) 5. CENP-A defines the site of kinetochore formation 6,7. 
One of the primary functions of kinetochores is to create load-bearing attachments between 
the sister chromatids and microtubules. The kinetochore region that forms the interaction 
surface for spindle microtubules is known as the outer kinetochore. Microtubule attachment 
is predominantly mediated by the KMN-network, which is composed of KNL1 and the 
NDC80 and MIS12 complexes (Figure 2). This central hub of the outer kinetochore serves 
as the core microtubule-binding interface and is assembled onto kinetochores in prophase 
8,9. The NDC80 and KNL1 complexes individually have microtubule binding activities 9-13, 
while the MIS12 complex is required to ensure synergy in microtubule binding of the two 
complexes (Figure 2) 14. The NDC80 complex is comprised of four proteins that form a 
rod-like structure. One end of the rod is composed of the globular regions of HEC1/NDC80 
and NUF2 proteins that are folded into calponin-homology (CH) domains and that point 
outward to bind microtubules (reviewed in15). Extending beyond the CH domain of HEC1/
NDC80 is a 80-amino acid unstructured sequence known as the tail that is essential for 
kinetochore-microtubule attachment 12,13. This tail can be heavily modified by phosphorylation 
to regulate microtubule-binding affinity of the kinetochore (More on this below, in the section 
‘Kinetochore-Microtubule attachment stability’). In parallel to the KMN network, the SKA 
complex 14,16,17, the microtubule motor CENP-E 18-20, and CLIP-170 21,22 facilitate the formation 
of kinetochore-microtubule attachments. It remains unclear, however, how these additional 
microtubule binding modules cooperate with the KMN-network to bind microtubules (Figure 

AurB

Outer kinetochore

NDC80

CENP-E

Inner
kinetochore

Microtubules

SKA

KNL1
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Figure 2. Kinetochore-microtubule 
attachment
The inner kinetochore, consisting of the 
CCAN (not shown), recruits microtubule 
binding proteins to the outer kinetochore. 
These include the kinesin-7 family 
microtubule motor protein CENP-E and 
the KMN network that together form 
the main microtubule binding sites of 
kinetochores. The KMN network consists 
of KNL1, MIS12 (M12) and NDC80/HEC1 
(NDC80) subcomplexes, of which the 
NDC80 and KNL1 complexes possess  
microtubule-binding affinity. Aurora B 
(AurB) resides in the inner centromere 

and can destabilize microtubule attachment by phosphorylation of proteins of the KMN network and of CENP-E.
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The inner kinetochore provides linkage between the CENP-A containing chromatin and 
the outer kinetochore. A large group of proteins known as the constitutive centromere 
associated network (CCAN) make up the interface between the centromeric chromatin and 
the outer kinetochore and are required for proper kinetochore formation (reviewed in 23 and 
24). Two parallel pathways drive assembly of a functional kinetochore capable of binding 
microtubules. Firstly, a heterotetrameric complex of CENP-T-W-S-X binds and wraps 
centromeric DNA 25 and one of its components, CENP-T, associates via its N-terminus with 
the SPC24 and SPC25 subunits of the NDC80 complex 25,26. Secondly, CENP-C directly 
interacts with CENPA as well as with the MIS12 complex, thereby linking the centromeric 
CENP-A nucleosome to the microtubule binding complex on the outer kinetochore 27.
 
Kinetochore-Microtubule attachment stability

Error-free chromosome alignment and segregation requires sister chromatid biorientation. 
Sister kinetochore biorientation is achieved through an error prone mechanism known as 
“search and capture” 28. Dynamic microtubule plus ends grow and shrink from opposing 
spindle poles until they are captured and stabilized by a kinetochore. This process is not 
entirely random, as it is aided by molecular gradients that direct microtubules to kinetochores, 
as well as by microtubule growth from kinetochores and the so-called ‘polar wind’ that pushes 
chromosomes away from a pole closer to the opposite pole (reviewed in 29). Despite these 
fast and regulated events of chromosome capture by the spindle, incomplete or incorrect 
microtubule attachments occur. These include chromosomes with one (monotelic) or two 
(syntelic) kinetochores attached to one spindle pole or one kinetochore attached to both 
poles (merotelic) (Figure 3) 30,31. To ensure proper chromosome segregation in anaphase, 
correction of such erroneous attachments is carefully regulated. The inner centromeric 
chromosomal passenger complex (CPC) promotes biorientation by specifically destabilizing 
erroneous attachments, providing the chromosomes with a fresh opportunity to biorient 32-34.
The current view is that the CPC accomplishes this via its kinase component Aurora B that 
destabilizes kinetochore microtubule attachments that are not under tension from spindle-
based pulling forces. In the absence of tension, Aurora B-mediated phosphorylation of the 

KMN network including the NDC80 tail and the SKA complex strongly reduces microtubule-
binding affinity of kinetochores (Figure 2) 9,10,13,14,17,35,36. Establishment of tension between 
bioriented sister kinetochores spatially separates Aurora B at the inner centromere from its 
outer kinetochore substrates 37. This view was recently challenged by a study in S. cerevisiae 

Monotelic Syntelic Merotelic Amphitelic
Figure 3. Types of chromosome attachments
Schematic representation of correct (Amphitelic) and incorrect (Monotelic, Syntelic and Merotelic) microtubule 
attachments by chromosomes.
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that showed that error-correction by the CPC did not rely specifically on inner-centromere-
localized CPC but could also be accomplished when it accumulates on the spindle 38. As 
a result, it is currently unclear how CPC-based error-correction distinguishes bioriented 
attachments from erroneous ones.  
A growing amount of evidence suggests that a dynamic balance between phosphorylation 
and dephosphorylation regulates biorientation. Protein phosphatase 1 (PP1) interacts with 
a conserved motif in the KMN-network member KNL1. PP1 recruitment opposes Aurora 
B activity at kinetochores by dephosphorylating Aurora B substrates and thus stabilizing 
microtubule attachment. Recruitment of PP1 to KNL1 is prevented by phosphorylation 
of Aurora B 39. A similar mechanism is found for the outer kinetochore protein CENP-E: 
Phosphorylation of CENP-E by Aurora B decreases its affinity for microtubules and 
disrupts PP1 binding 40. Finally, protein phosphatase 2a (PP2A) similarly counters Aurora 
B-dependent phosphorylation when it is bound to the BUBR1 protein 41,42. It will be important 
to determine how, where and when the activity of PP1 and PP2A are coordinated to ensure 
proper biorientation.

The SAC and the APC/C

Besides facilitating microtubule attachment, the kinetochore also plays an essential role in 
relaying the microtubule binding status to a cell cycle surveillance mechanism that delays exit 
from mitosis when unattached kinetochores remain. Pioneering laser-ablation experiments 
in the 90’s revealed that a mitotic checkpoint originating from unattached kinetochores 
delays anaphase progression until all kinetochores have attached spindle microtubules 43-

45. These experiments, performed in rat-kangaroo PtK2 cells, further showed that a single 
unattached kinetochore was sufficient to hold off anaphase onset for hours. The goal of the 
SAC therefore is to maintain sister chromatid cohesion and the mitotic state in order to buy 
time for the spindle to capture all chromosomes. We now know that the SAC accomplishes 
this by producing an inhibitor of the E3 ubiquitin ligase that specifically degrades Securin and 
Cyclin B, to cause sister separation and mitotic exit, respectively. This E3 ubiquitin ligase is 
known as the anaphase promoting complex or APC/C. 

APC/C

The APC/C is a large E3 ubiquitin ligase which is composed of 15 subunits, which are 
conserved throughout evolution 46. The core subunits form two subcomplexes that are held 
together by the large APC1 scaffold. One module containing APC2 and APC11 accounts 
for the catalytic activity, while the other subcomplex is involved in co-activator binding 
mediated by multiple tetratricopeptide repeats (TPR) containing subunits (reviewed in 47) 
that include APC3, APC6, APC7 and APC8 46. The APC/C requires multiple E2 conjugating 
enzymes. UBCH5 and UBCH10 48,49 prime APC/C substrates while UBE2S is responsible 
for elongation of the ubiquitin chains 50-52. Substrate recognition by the APC/C relies on 
motif-based degrons within proteins. Although a large set of degron sequences exist, most 
can be divided into two classes, the Destruction or D-box (Arg-x-x-Leu) and the KEN box 
(Lys-Glu-Asn). Both D- and KEN-box containing substrates are recognized by the two main 
APC/C co-activators, CDC20 and CDC20-homologue1 (CDH1) that recruit and position 
substrates to the APC/C core for ubiquitination 53,54. These structurally related co-activators 
contain WD40 domains that interact with the D-box degrons and act as co-receptors with the 
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APC/C subunit APC10 55-57. The sequential actions of the two co-activators provide temporal 
regulation of degradation of specific sets of APC/C substrates. CDC20 activates the APC/C 
during early mitosis to degrade among others Cyclin A 58,59 in prometaphase and Cyclin B and 
Securin at metaphase 60,61, while CDH1 directs APC/C activity at the last phases of mitosis 
and the subsequent G1 62,63 to specific late-mitotic substrates such as Plk1 and Aurora B 64,65. 
Upon entry in mitosis the APC/C is activated through phosphorylation by CDK1 and PLK1 66. 
Despite this, though, the APC/C needs to be kept from targeting its metaphase substrates 
until all kinetochores are correctly attached to the microtubule spindle, and that is the job of 
the SAC.

The SAC

The SAC, which is conserved across eukaryotes 67, prevents premature degradation of 
Securin and Cyclin B by inactivation of the APC/C co-activator CDC20. The first components 
of the SAC were identified in the early 90’s in yeast. Two independent budding yeast screens 
identified mitotic arrest deficient (MAD) and budding uninhibited by benzimidazole (BUB) 
genes, which are essential for survival after treatment with spindle poisons 68,69. Unattached 
kinetochores have a central role in the establishment and maintenance of APC/C inhibition 
by the production of a soluble inhibitory complex. The pseudokinase BUBR1, BUB3 and 
MAD2 mediate the inactivation of APC/C through their association with CDC20. BUBR1, 
BUB3, MAD2 and CDC20 form the mitotic checkpoint complex (MCC), which directly 
interacts with the APC/C. The MCC complex binds a site that partially overlaps with the 
CDC20 binding site and locks the otherwise flexible APC/C in a closed state preventing 
binding and ubiquitination of APC/C substrates 70,71. The recently resolved crystal structure 
of fission yeast MCC, showed that the BUBR1 KEN box is positioned toward the KEN-box 
receptor of the CDC20 WD40 domain, which agrees with a previously proposed role for 
BUBR1 as a pseudosubstate inhibitor of the APC/C 72-74.

Unattached kinetochores are essential for SAC signaling and catalyze the production of 
the MCC 75. Upon mitotic entry the protein kinase MPS1 is recruited and activated at the 
kinetochore, and is subsequently responsible for the recruitment of most of the other key 
SAC proteins, including MAD1, MAD2, BUBR1, BUB3, the kinase BUB1 and the RZZ 
complex (Figure 4) 76. For more detail on MPS1 function, see the section ‘MPS1’ below. Key 
for MCC production is the recruitment of MAD1 and MAD2 to kinetochores, which, besides 
MPS1, additionally requires BUB1 and the RZZ complex (Figure 4) 77-80. MAD1 forms a 
stable homodimer that binds two MAD2 molecules 81. The MAD1/MAD2 hetero-tetramer 
then serves as a platform for structural MAD2 conversion from an inactive ‘open’ (O-MAD2) 
to an active ‘closed’ (C-MAD2) conformation (reviewed in 75,82) which is essential for the 
production of the MCC. C-MAD2 binds CDC20, and MAD2-bound CDC20 is then capable of 
binding the BUBR1-BUB3 complex, thus forming the MCC (Figure 4) 83,84. While both 

MAD2 and BUBR1-BUB3 independently can inhibit the APC/C, they are a far more potent 
inhibitor when complexed in the MCC 62,71,83,85. Despite this, recent evidence suggests that 
the main function of C-MAD2 is to create a CDC20-BUBR1 complex, which may represent 
the true SAC effector complex 84,86. While C-MAD2, BUBR1 and BUB3 all have been found 
to be complexed with CDC20 during SAC mediated arrest 24,71, evidence from the Pines lab 
showed that most CDC20 is complexed with BUBR1, rather than MAD2 86. MAD2 can 
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enhance the association between BUBR1 and CDC20 83,87, possibly because this promotes 
a functional switch in CDC20 that exposes a previously inaccessible site for BUBR1 binding.  
Once the BUBR1-CDC20 binding is established C-MAD2 becomes dispensible for the 
inhibition of the APC/C 84. MAD2 might thus function as a catalytic amplifier of BUBR1-
CDC20 formation, but may not take part in APC/C inhibition directly. 
MCC-mediated inhibition of the APC/C relies on several addition molecular mechanisms. 
During mitosis, CDC20 is continuously synthesized and degraded, and several studies have 
shown that destruction of CDC20 is required for efficient APC/C inhibition, since stabilization 
of CDC20 causes SAC override 86,88. Additionally, BUB1 has been proposed to phosphorylate 
CDC20, thereby directly inhibiting its APC/C-activating ability 89. This function is however 
debated since other studies have shown that BUB1 catalytic activity is dispensable for SAC 
regulation 77. Finally, MPS1 activity promotes MCC formation by mediating MAD2 structural 
conversion 90 while simultaneously ensuring MCC stability (Figure 4) 91. The underlying 
molecular mechanisms, however, remain to be elucidated. A more detailed description of 
MPS1 function in the SAC and mitosis can be found below. 

Silencing the SAC

Although it is of great importance to maintain SAC activity while kinetochores are unattached, 
rapid extinguishing of the SAC signaling pathway and the breakdown of the SAC effector 
- the MCC - is of equal importance once kinetochores become attached. Evidence for an 
essential role of extinguishing the signal from kinetochores comes from the observation that 
failure to remove the MAD1 scaffold by artificially maintaining MAD1 on attached, bioriented 
kinetochores strongly delays anaphase onset 92. Removal of MAD1 and MAD2 is, at least in 
part, done by dynein. In prometaphase dynein is localized to unattached kinetochores until 
microtubule attachment is established. Subsequently, dynein disconnects from kinetochores 
carrying SAC proteins as cargo and moves towards the spindle poles where its cargo is 
released (Figure 5A) 93. This process is commonly referred to as stripping or streaming. 
Interfering with dynein activity consequently results in SAC silencing defects and a prolonged 
time spent in metaphase 93. Besides MAD1 and MAD2, dynein has been shown to remove 
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Figure 4. The SAC
In the absence of microtubule attachment, the SAC signaling network at kinetochores produces MCC complexes to 
inhibit the APC/C. The MCC consists of MAD2 (M2), CDC20 (C20), BUBR1 (BR1) and BUB3 (B3). Central in the 
regulation of the SAC is MPS1, which recruits RZZ/SPINDLY (SPDL) and BUB1 (B1) to unattached kinetochores 
as well as the MAD1/MAD2 platform that catalyzes the production of the MCC. MPS1 also promotes structural 
conversion of MAD2 from an open (square) to a closed (circle) form. 
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several other SAC proteins including MPS1, BUBR1, the RZZ complex and SPINDLY 
(Figure 5A) 93,94. Dynein is recruited to the kinetochore by proteins like NDE, NDEL1, the RZZ 
complex and SPINDLY and all have been proposed to be essential for dynein-dependent 
SAC silencing (reviewed in 95). However, due to a role for dynein in kinetochore-microtubule 
attachment 96,97 and chromosome movement 98,99, depletion of dynein recruiters creates 
spindle assembly problems that indirectly stimulate a SAC response, making a role for 
these recruiters in the direct removal of SAC proteins difficult to interpret. Two recent studies 
however circumvented these issues elegantly. Dynein recruitment is mediated by a conserved 
motif within SPINDLY, known as the spindly box. Although unknown how this spindly box is 
involved, mutations in its sequence cause failure to recruit dynein to kinetochores without 
apparent effects on chromosome alignment, and cause a significant delay in the onset of 
anaphase with high levels of MAD1 and MAD2 on attached kinetochores. As stated above, 
SPINDLY depletion also results in dynein recruitment defects and spindle assembly issues. 
Interestingly, however, MAD1 and MAD2 removal from kinetochores once chromosomes 
finally align appears normal. SAC silening and SAC protein removal from kinetochores 
upon microtubule attachment may thus occur by a mechanism independent of kinetochore 
dynein 100,101. Therefore, the removal of SPINDLY by dynein seems to be important for the 
extinguishing of SAC signaling at kinetochores. The RZZ complex plays an intriguing role in 
SAC signaling. By recruiting MAD1 to unattached kinetochores it serves in SAC activation, 
while indirectly, by localizing SPINDLY and dynein to kinetochores, is also responsible for 
MAD1 stripping and the subsequent inactivation of the SAC.
Besides the removal of SAC proteins from attached kinetochores, the dissociation of the 

SAC effector, the MCC, is also required to rapidly exit mitosis after all kinetochores have 
attached. While the exact mechanisms are still unclear, it is generally accepted that the 
APC/C itself drives the disassembly of the MCC. Even though CDC20 ubiquitination and 
degradation has been proposed to maintain the SAC 86, it was recently shown that multi-
ubiquitination of CDC20 by the APC/C causes dissociation of the MCC 102. The current model 
therefore is that continuous, non-degradative CDC20 ubiquitination and MCC turnover on the 
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Figure 5. SAC silencing
A) Kinetochore-microtubule attachment causes dynein-dependent poleward stripping of SAC proteins such as 
MAD1, MAD2 (M2), SPINDLY (SPDL), the RZZ complex and MPS1. In addition, microtubule attachment further 
promotes the recruitment of PP1-like phosphatases that bind the N-terminus of KNL1 and dephosphorylate key SAC 
substrates. B) Once all kinetochores have made stable attachments, parallel and possibly intertwined activities of 
both p31comet  (P31) and APC15 (A15) promote the disassembly of the MCC and the MCC-APC/C complexes. 
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APC/C allows the SAC to rapidly respond to the attachment status of kinetochores 103-105. The 
APC/C subunit APC15 plays a crucial role in this, as APC15 depletion was shown to prevent 
SAC silencing by locking MCC (including ubiquitinated CDC20) onto the APC/C. Since no 
defects in APC/C activity per se were seen upon APC15 depletion, APC15 may therefore 
be a subunit specifically required only for SAC silencing (Figure 5B) 104,105. Removal of MCC 
from APC/C further requires the actions of a C-MAD2 mimetic, p31comet. Since it directly binds 
C-MAD2 106-108 and competes with O-MAD2 109, it was first proposed to act as an inhibitory 
cap on the MAD1-C-MAD2 scaffold at kinetochores, preventing MAD2 conversion and thus 
MCC assembly. Evidence for this is lacking, however, and recent studies suggested that 
p31comet extracts MAD2 from the MCC 110 to somehow facilitate ubiquitination of CDC20  and 
subsequent MCC disassembly (Figure 5B) 111,112. As is clear from the discussion above, it 
is by no means clear how MCC disassembly comes about or how this is regulated, and a 
proper understanding of this likely requires in vitro reconstitution of the process.
Protein phosphatases participate in various aspects of mitosis and mitotic exit. In human 
cells, protein phosphatases at kinetochores dephosphorylate Aurora B substrates to stabilize 
kinetochore microtubule attachments 39,41. PP2A-B56 is thought to dampen excessive Auroroa 
B activity in prometaphase, allowing establishment of attachments, while PP1 is thought to 
stabilize attachments on bioriented chromosomes specifically in metaphase 39,41,42,113,114. The 
interplay between these phosphatases is an interesting line for future research. PP1-like 
phosphatases in yeast are also involved in mitotic control, but this appears more related to 
SAC silencing. S. pombe cells require PP1 to exit mitosis after forced mitotic exit by Aurora 
B inhibition 115, and S. cerevisiae cannot exit from mitosis in the absence of the PP1-like 
Glc7 phosphatase 116,117. In addition to dephosphorylation of Aurora B substrates, Glc7 also 
counteracts Mps1 activity and thereby regulates recruitment of Bub1 to the KNL1/Spc105/
Spc7 scaffold (Figure 5A)118-120. Though not yet proven, conservation of this mechanism 
in humans seems likely since the recruitment of PP1 to kinetochores in both yeast and 
human cells is virtually identical, occuring through PP1 docking motifs within the N-terminal 
part of KNL1 117,121,122. In addition to its role in PP1 recruitment, KNL1 may also regulate 
SAC silencing via its microtubule-binding site. Removal of microtubule-binding capacity of 
C. elegans KNL1 did not affect the ability of kinetochores to form load-bearing attachment 
formation but prevented SAC silencing 123 Lastly, the role of PP1 in SAC silencing in S. 
pombe also relies on the kinesin-8 family members KLP5-KLP6. Interestingly, KLP5-KLP6 
motor activity is non essential for its function in SAC silencing suggesting that this role is 
independent of its role in chromosome segregation 122. An important avenue for research 
will be the identification of PP1 substrates in the SAC. Does PP1 shut off MCC formation 
at kinetochores, does it assist in MCC disassembly, or both? It is in this regard of interest 
to note that phosphorylation of dynein intermediate chain (DIC) mediates dynein binding 
to the kinetochore and failure to dephosphorylate DIC causes retention of dynein at the 
kinetochore upon attachment and reduced stripping of SAC proteins 124.

MPS1
 
Although not part of the MCC, mitotic protein kinases are essential for MCC production 
and SAC signaling. Protein kinase such as BUB1 and MPS1 are known to promote SAC 
signaling in multiple ways and their signaling pathways are often intertwined with multiple 
other protein kinases. We here will focus on the role of MPS1 in the SAC and mitosis.
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The protein kinase MPS1 was originally identified as an allele required for spindle pole 
duplication in budding yeast, hence its name Monopolar spindle 1 125, While inactivation of 
MPS1 in yeast clearly results in monopolar spindle formation 125,126, it is debated whether 
this function is conserved in higher eukaryotes. MPS1 localizes to centrosomes and MPS1 
overexpression in both mouse and human cells results in over duplication of centrosomes 
127,128. Other studies, however, were unable to reproduce these data 129,130, and detailed MPS1 
RNAi and inhibitor studies have not reported overt centrosome defects 90,131-134. In contrast 
to its proposed role in centrosome function, the importance of MPS1 to SAC signaling and 
to chromosome biorientation are undisputed 121,129,131-133,135-138. MPS1 most likely carries out 
these functions at the kinetochore, and hence, spatiotemporal regulation of MPS1 localization 
and activation is critical. In human cells MPS1 protein, although present throughout the cell 
cycle, is upregulated as cells approach mitosis 129 and decline after anaphase onset 139,140. As 
cells enter mitosis MPS1 accumulates in prophase at unattached kinetochores 129,131,135,141. 
This is mediated by an N-terminal localization module in MPS1 130,142,143 and further requires 
PRP4 144, HEC1 78,142,145,146 and Aurora B activity 142,146. N-terminal deletion mutants defective 
in kinetochore localization are unable to activate the SAC in response to unattached 
kinetochores 142,143. It is believed that kinetochore localization is important for two aspects 
of MPS1 function. First, kinetochore localization is important for MPS1 activation since 
local clustering of MPS1 promotes activating in trans and in cis autophosphorylation events 
131,147,148. Second, kinetochore localization is critical for function. The N-terminal truncation 
mutant mentioned before does not localize to kinetochores but is active when overexpressed 
(presumably by facilitating cross-phosphorylation in the cytoplasm) yet cannot sustain SAC 
activity 142. Interestingly, MPS1 inhibition results in an accumulation of MPS1 at unattached 
kinetochores suggesting that MPS1 promotes its own release from kinetochores 90,149. This 
is likely important to allow efficient shut-off of MCC production once kinetochores attach, as 
preventing MPS1 release by constitutively tethering it to kinetochores results in sustained 
SAC activation 149. MPS1 inhibition has also been implication in irreversible SAC shut-off at 
anaphase onset. In yeast, Mps1 is degraded at anaphase and this was essential to allow 
proper anaphase progression and APC/C substrate degradation. In human cells, too, MPS1 
appears to be degraded in mitosis and failure to do so properly caused mitotic abnormalities 
140.
Once localized and activated, MPS1 exerts its control of the SAC in multiple ways. First, MPS1 
regulates recruitment of multiple SAC proteins, including MAD1, MAD2, BUBR1, BUB1 and 
the RZZ complex (Figure 4) (reviewed in 76). Second, MPS1 promotes MAD2 dimerization 90 
and thus release of soluble C-MAD2 that is indispensible for MCC assembly. Finally, MPS1 
activity maintains MCC stability (Figure 4) 91. For most of these functions, it is unclear how 
MPS1 accomplishes its influence, since few functional phosphorylation sites in substrates 
have been reported. MPS1 has been shown to phosphorylate MAD1 and NDC80 in budding 
yeast but the molecular consequences of this have not been reported and these events do 
not appear to be conserved. A few notable relevant phosphorylations that explain aspects of 
MPS1 function have recently been reported, however. The first is the mechanism by which 
MPS1 controls BUB1 localization. Several recent studies showed that MPS1 phosphorylates 
conserved MELT-like motifs within KNL1. BUB1 recruitment to kinetochores relies on KNL1, 
most likely via direct interactions, and MPS1-dependent phosphorylation of these motifs is 
an essential component in this recruitment 118-120. The second is phosphorylation of MAD2 
by MPS1 in fission yeast. Mps1 was found to phosphorylate Mad2 on several residues. 
While a C-terminal phosphorylation promotes the dissociation of Mad2 from Mad1, a more 
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N-terminally located serine is phosphorylated to promote MCC stability 150. It remains to be 
uncovered if these mechanism are conserved in humans.

Like the SAC, the conserved role of MPS1 in biorientation also likely involves multiple 
pathways. In human cells MPS1 phosphorylates the CPC member Borealin to promote 
Aurora B activity 131,132,151,152, and additionally contributes to centromere localization of Aurora 
B by promoting the BUB1-dependent phosphorylation of histone H2A 153. It is moreover highly 
likely that the control of MPS1 over BUBR1 localization affects PP2A levels at kinetochores, 
with ensuing alterations to Aurora B substrate phosphorylation and stability of kinetochore-
microtubule interactions 41. In yeast, phosphorylation of Dam1p by Mps1 has been shown to 
regulate efficient coupling of kinetochores to microtubules 154. Although Dam1p is not present 
in animals, an analogous function may be performed by the vertebrate SKA complex, and 
it would be interesting to examine whether regulation of SKA by MPS1 exists in human 
cells. Finally, Xenopus CENP-E, which is important for chromosome congression, is heavily 
phosphorylated by MPS1 in the C-terminal tail in vitro, and this relieves auto-inhibition of the 
recombinant kinesin motor protein 155. It is, again, unknown, if this occurs in cells and if this 
type of regulation is present in other species.
Besides regulation of the SAC and biorientation, some studies have implicated MPS1 in 
G2-phase DNA damage signaling through phosphorylation of multiple targets including 
BLM, CHK2 and p53 156-158. For sake of focus, however, this role of MPS1 will not be further 
discussed.

Outline of this thesis

Although the importance for MPS1 activity in the regulation of the SAC is well established, 
the underlying molecular mechanisms remain largely unknown. With the exception of KNL1, 
many MPS1 substrates that would explain its central role in SAC signaling remain elusive. The 
research described in this thesis focuses on the elucidation of the molecular mechanisms of 
MPS1 signaling in the SAC. Chapter 2 describes the use of chemical genetics to specifically 
inhibit an engineered version of MPS1 in a penetrant and reversible manner, in order to probe 
MPS1 function in mitosis. This study showed for the first time which mitotic roles of MPS1 
depend on its catalytic activity. In Chapter 3 we investigated the pathways that were reported 
to control MAD1 kinetochore recruitment. We reveal that feedback control between MPS1, 
BUB1 and ZW10 regulates MAD1 localization and subsequently SAC activity. In Chapter 4 
we describe a way to find novel auxiliary SAC regulators. We provide evidence that PLK1, 
although dispensable for SAC signaling per se, modulates the SAC by promoting MCC 
stability when SAC activity is low. Chapter 5 describes the application of several quantitative 
mass spectrometry-based proteomics approaches to identify novel MPS1 substrates. Finally 
we summarize the result of this thesis in Chapter 6 and will discuss our findings in the light 
of current literature and propose future research directions. 
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Abstract

Background: Proper execution of chromosome segregation relies on tight control of 
attachment of chromosomes to spindle microtubules. This is monitored by the mitotic 
checkpoint that allows chromosome segregation only when all chromosomes are stably 
attached. Proper functioning of the attachment and checkpoint processes is thus important 
to prevent chromosomal instability. Both processes rely on the mitotic kinase MPS1.

Principal finding: We present here two cell lines in which endogenous MPS1 has been 
stably replaced with a mutant kinase (MPS1-as) that is specifically inhibited by bulky PP1 
analogs. MPS1 inhibition in these cell lines is highly penetrant and reversible. Timed inhibition 
during bipolar spindle assembly shows that MPS1 is critical for attachment error-correction 
and confirms its role in Aurora B regulation. We furthermore show that MPS1 has multiple 
controls over mitotic checkpoint activity. MPS1 inhibition precludes MAD1 localization to 
unattached kinetochores but also accelerates mitosis. This acceleration correlates with 
absence of detectable mitotic checkpoint complex after MPS1 inhibition. Finally, we show 
that short-term inhibition of MPS1 catalytic activity is sufficient to kill cells. 

Conclusions/Significance: MPS1 is involved in the regulation of multiple key processes 
that ensure correct chromosome segregation and is a promising target for inhibition in anti-
cancer strategies. We report here two cell lines that allow specific and highly penetrant 
inhibition of MPS1 in a reproducible manner through the use of chemical genetics. Using 
these cell lines we confirm previously suggested roles for MPS1 activity in mitosis, present 
evidence for novel functions and examine cell viability after short and prolonged MPS1 
inhibition. These cell lines present the best cellular model system to date for investigations 
into MPS1 biology and the effects of penetrance and duration of MPS1 inhibition on cell 
viability.
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Introduction

To maintain a stable genome, cells have evolved a variety of processes that ensure 
accurate chromosome segregation. In early mitosis, kinetochores of sister chromatids 
attach to microtubules emanating from opposite spindle poles. Correct end-on attachment 
of microtubules to kinetochores relies on the error-correction machinery that destabilizes 
improper attachments through the actions of the Aurora B kinase 58,59,159. As long as 
unattached kinetochores persist, the onset of anaphase is prevented by a surveillance 
mechanism called the mitotic checkpoint that will halt cell cycle progression until all 
chromosomes are stably attached to the mitotic spindle 60,61,75. The mitotic checkpoint will be 
satisfied upon stable biorientation of all chromosomes, after which chromosome segregation 
is allowed to proceed. Proper execution of chromosome biorientation and mitotic checkpoint 
signaling relies on a set of multifunctional kinases, one of which is the dual specificity kinase 
MPS129,62,63. First discovered to regulate spindle pole body duplication in budding yeast 
64,65,125, MPS1 was subsequently found to additionally regulate the mitotic checkpoint 66,136 
and spindle assembly 67,160. Regulation of the mitotic checkpoint by MPS1 is evolutionary 
conserved and has been shown in fission yeast, fruit flies, Xenopus egg extracts and human 
cells 68,69,129,135,161-163. MPS1 exerts this control, at least in part, through regulating kinetochore 
localization of several checkpoint proteins including MAD1 and MAD2 70,71,135,163,164. Recently, 
MPS1 was also reported to regulate sister chromatid biorientation in both budding yeast 
and humans 72-74,138,164. In human cells, MPS1 promotes biorientation by regulating Aurora 
B activity through phosphorylation of the chromosomal passenger complex (CPC) member 
Borealin 75,152,164.
Due to its central role in mitosis, misregulation of MPS1 kinase activity results in chromosomal 
instability (CIN) and subsequent aneuploidy, a hallmark shared by cells from solid tumors 
76,131,165. Inefficient activation of MPS1 results in weakened mitotic checkpoint activity and the 
persistence of falsely attached chromosomes, causing frequent but non-lethal chromosome 
segregation errors 77-80,131. Conversely, reduction of MPS1 activity has recently been shown 
to sensitize tumor cells but not normal cells to low doses of taxol by elevating the frequency 
of chromosome missegregations to near-lethal levels 81,166. Partial inhibition of MPS1 might 
therefore be an effective anti-cancer therapy.
Although RNAi studies have uncovered several aspects of human MPS1 biology, the 
multifunctional character of MPS1 has prevented detailed and temporally controlled 
investigations into the different roles MPS1 might play in mitosis. Inhibition using the small 
molecules SP600125 and cincreasin has proved to be useful 75,82,134,167, but cincreasin does 
not inhibit MPS1 in human cells 83,84,167 and the non-specific nature of SP600125 makes it 
an unfavorable choice to study MPS1. A more controlled approach is the use of chemical 
genetics, in which endogenous kinase is replaced by an engineered protein containing 
a mutated gatekeeper residue 62,71,83,85,168. These gatekeeper mutants render the kinase 
specifically sensitive to inhibition by non-hydrolysable bulky ATP analogs such as chemically 
modified variants of the Src inhibitor PP1. This approach has previously been described 
for MPS1 in budding yeast 84,86,138,160 and in human cells in combination with transient RNAi 
24,71,169. The use of transient RNAi, however, introduces uncertainties regarding efficiency of 
knock down and reproducibility. 
We present two cell lines in which endogenous MPS1 has been stably replaced with 
gatekeeper mutants. In-depth analysis of these clonal cell lines showed that addition of 
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bulky PP1 analogs allowed rapid and reversible inhibition of MPS1 kinase activity in a highly 
penetrant and reproducible manner. Using these cell lines we dissected the different roles 
of MPS1 in mitosis, further establishing known functions in checkpoint regulation and error-
correction and providing novel insights in the function of MPS1 catalytic activity in checkpoint 
regulation.

Results 

MPS1 is selectively inhibitable in two engineered cell lines
To study the role of MPS1 in different mitotic processes, we created cell lines in which 
MPS1 kinase activity could specifically and reversibly be inhibited. For this, we engineered 
the ATP-binding pocket of MPS1 to create a kinase with unique preference for bulky ATP-
like small molecules 86,168. As previously shown for MPS1 in a transient expression system 
83,87,169, MPS1M602A signifies such an analog sensitive (as) version. In addition to M602A, 
we also tested M602G, which similarly enlarges the ATP-binding pocket of MPS1 and may 
provide stronger inhibition 84,160. To ensure that mutation of the gatekeeper residue did not 
affect MPS1 functionality, the ability of both MPS1M602A and MPS1M602G to sustain an active 
checkpoint in MPS1 RNAi cells was investigated. Similar to LAP-MpsWT, both LAP-MPS1M602A 
and LAP-MPS1M602G reconstituted checkpoint signaling in response to nocodazole when 
endogenous MPS1 was transiently replaced with these proteins (Figure S1A). 

Figure 1. Stable expression of LAP-MPS1as renders selective sensitivity to 23dMB-PP1
(A) MPS1 and tubulin immunoblots of lysates of UTRM10 and HCT-TRM cells in which endogenous MPS1 is 
removed by doxycycline-induced expression of MPS1 shRNA and replaced with the indicated LAP-MPS1 mutants.
(B-D) pT676-MPS1 and MPS1 immunoblots of UTR-MPS1as (B) and HCT-MPS1as (B-D) cell lines treated with 
nocodazole and MG132 in combination DMSO/23dMB-PP1 for 1 hour (B), with nocodazole and MG132 for 1 hour 
in combination with an additional 23dMB-PP1 treatment for the indicated amounts of time (C), or with nocodazole 
and MG132 in combination with 23dMB-PP1 for 1 hour, followed by PBS wash after which cells were left for 15 or 30 
minutes in media without 23dMB-PP1 (D).
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To create stable cell systems in which MPS1 could be inhibited in a potent and reproducible 
manner, we stably expressed LAP-MPS1M602A (hereafter referred to as MPS1as) or LAP-
MPS1M602G in UTRM10 (U2OS-derived) and HCT-TRM (HCT116-derived) cell lines in which 
endogenous MPS1 could be removed by doxycycline-induced expression of MPS1 shRNA 
86,88,166. Continuous growth in doxycycline and clonal selection resulted in stable, viable 
clonal cell lines in which endogenous MPS1 was undetectable and replaced with MPS1WT 
or MPS1as (Figure 1A). No HCT-TRM clones expressing MPS1M602G were obtained and only 
one such UTRM10 clone grew out. We suspect that the low activity of MPS1M602G (see below) 
significantly decreased the chance of survival of cells expressing only this form of MPS1. 
Nevertheless, one UTRM10 cell line expressing MPS1M602G was established, showing that 
under certain circumstances, MPS1M602G can support viability. All cell clones (renamed HCT-
MPS1WT, HCT-MPS1as, UTR-MPS1WT, UTR-MPS1as and UTR-MPS1M602G) have been kept in 
culture for months, showing that replacement of MPS1 is stable. 

Human MPS1 auto-activates by phosphorylating T676 in its activation loop. T676 
phosphorylation is essential for full kinase activity 89,131,147,148, and the phosphorylation status 
of T676 serves as a read-out for MPS1 kinase activity 77,131. To investigate if MPS1as activity 
could be inhibited by bulky PP1 analogs in our engineered cell lines, we examined MPS1 
T676 phosphorylation in different conditions. Following tests on the potency of different PP1 
analogs to inhibit MPS1as (Figure S1B), we settled on 23dMB-PP1 (1-(tert-butyl)-3-(2,3-
dimethylbenzyl)-1H-pyrazolo[3,4-d]pyrimidin-4-amine) as the MPS1as inhibitor of choice. 
As expected, MPS1WT and MPS1as displayed a mobility shift and phosphorylation of T676 
upon nocodazole addition in both HCT and UTR cell types (Figure 1B). Whereas addition 
of 23dMB-PP1 did not affect the mobility or T676 phosphorylation of MPS1WT, 23dMB-PP1 
prevented hyperphosphorylation as well as T676 phosphorylation of MPS1as (Figure 1B). 
Full inhibition of MPS1as was established within 5 minutes after addition of 23dMB-PP1 
(Figure 1C). Furthermore, T676 phosphorylation could be detected 15 minutes after removal 
of 23dMB-PP1, showing that this rapid inhibition was reversible (Figure 1D). Interestingly, 
very little T676 phosphorylation and weak mobility shift was detected in the UTR-MPS1M602G 
clone, indicating this engineered MPS1 kinase has strongly reduced activity compared to 
MPS1WT and MPS1as (Figure S2A). Although any residual activity and all MPS1 functions 
could be efficiently inhibited by treatment of the UTR-MPS1M602G cells with PP1 inhibitors 
(Figure S2 and S3B), we focused our investigations on studies with the MPS1as clones. 

MPS1as inhibition by 23dMB-PP1 disables mitotic checkpoint signaling 
MPS1 kinase activity is needed for the mitotic checkpoint to delay mitosis when unattached 
kinetochores persist 90,134,135,160,164,169. We next studied the ability of the cell lines to maintain 
a mitotic checkpoint response in the presence of 23dMB-PP1. In absence of 23dMB-PP1, 
all HCT-MPS1WT and HCT-MPS1as cell lines sustained checkpoint activity in the presence 
of nocodazole as scored by mitotic index (Figure 2A). The ability to maintain a nocodazole-
induced mitotic delay was not lost in MPS1WT cells upon treatment with 23dMB-PP1, showing 
23dMB-PP1 did not have off-target effects that could disable the mitotic checkpoint. In 
contrast to MPS1WT-expressing cells, 23dMB-PP1 completely abolished mitotic checkpoint 
activity in MPS1as cells. Similar results were obtained with the UTR-MPS1M602G cells (Figure 
S2B). 
To ensure that MPS1 inhibition decreased mitotic index by inhibiting mitotic checkpoint 
activity rather than, for instance, preventing entry into mitosis, mitotic progression in the 
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presence of spindle poisons was monitored by live cell differential interference contrast 
(DIC) microscopy. As a measure for time spent in mitosis, the time from nuclear envelope 
breakdown (NEB) to the first signs of furrow ingression was scored. Engaging the mitotic 
checkpoint in these cells by treatment with the spindle drugs nocodazole or taxol, or the 
Eg5 inhibitor STLC caused all cell lines to delay mitosis for hours (Figure 2B-F and S3). 
Delays were most pronounced in cells with the HCT-TRM background where ~95% of cells 
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Figure 2. MPS1 activity is essential for the mitotic checkpoint
(A) Quantification of flow cytometric analysis of the fraction of mitotic cells treated with DMSO or 23dMB-PP1 alone 
or in combination with nocodazole for 14 hours. Graph represents average of three experiments (+/-SD).
(B-F) Time-lapse analysis by DIC microscopy of HCT- and UTR-derived cells treated with taxol (HCT-derived cells) 
or STLC (UTR-derived cells) in combination with DMSO or 23dMB-PP1. Images in B display morphology of HCT-
MPS1as cells imaged at the indicated timepoints after addition of taxol in combination with DMSO or 23dMB-PP1. 
Graphs in (C) and (E) represent percentages of cells delayed in mitosis for 4 hours or longer. Percentages are 
indicated at top of each column. Line graphs in (D) and (F) show cumulative percentages of cells that display first 
signs of furrowing at indicated times after NEB. Dashed lines indicate half-time to furrowing of inhibited drug-treated 
MPS1as cells.
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maintained the arrest for at least 4 hours (Figure 2C, D and S3A, C) and ~55% for at least 
10 hours (data not shown). In stark contrast, addition of 23dMB-PP1 caused all HCT-MPS1as 
but not HCT-MPS1WT cells to exit mitosis within 60 minutes (Figure 2D and S3A, C). These 
data show that the ability of cells to delay mitotic progression absolutely requires MPS1 
kinase activity. Moreover, the finding that all 23dMB-PP1-treated HCT-MPS1as cells had lost 
this ability illustrated the clonality of this cell line.

MPS1 kinase activity promotes localization of MAD1, MAD2, CDC20 and BUB1 to 
unattached kinetochores. 
Proper functioning of the mitotic checkpoint requires the recruitment of checkpoint proteins 
to the kinetochore. Kinase activity of MPS1 is required for the recruitment of MAD2 to 
unattached kinetochores, at least partly explaining its necessity for checkpoint signaling 
91,135,164,169. There is, however, discrepancy between reports on the requirement of MPS1 for 
the recruitment of MAD1 92,145,163,164,169, BUB1 93,145,163,164,170, BUBR1 93,121,134,147,164 and CENP-E 
93,94,128,135,145,164,169 to kinetochores.
To examine how MPS1 catalytic activity contributes to recruitment of these and other 
checkpoint proteins, we assayed their kinetochore association after inhibition of MPS1as 
in our cell lines. Like the ability to delay mitosis, kinetochore recruitment of MAD1, MAD2, 
BUBR1, BUB1, CENP-E and CDC20 was altered neither in DMSO-treated MPS1WT or 
MPS1as cells, nor in 23dMB-PP1-treated MPS1-WT cells (Figure 3 and S4). However, addition 
of 23dMB-PP1 to MPS1as cells significantly reduced the level of MAD1, MAD2, BUB1 and 
CDC20 at unattached kinetochores, but only marginally affected BUBR1 levels and did not 
influence CENP-E levels (Figure 3). These data show that MPS1 kinase activity promotes 
kinetochore-binding of MAD1, MAD2, BUB1 and CDC20. 

MPS1 inhibition strongly diminishes MCC levels in mitotic cells 
The mitotic checkpoint functions through the production of an inhibitory complex called 
the mitotic checkpoint complex (MCC). The MCC targets CDC20, the main activator of the 
anaphase promoting complex or cyclosome (APC/C) in prometaphase, thereby preventing 
exit from mitosis 75,95. The amplification of MCC assembly by unattached kinetochores is 
dependent on kinetochore localization of MAD1 and MAD2  83,96,97,171. Since inhibition of 
MPS1 resulted in loss of kinetochore-bound MAD1/MAD2, we set out to investigate if 
MPS1 inhibition influences the amount of MCC in nocodazole-treated cells. As expected, 
CDC20 immunoprecipitations from cells treated with DMSO contained the MCC subunits 
MAD2, BUBR1 and BUB3 (Figure 4A). Although inhibition of MPS1 did not alter the levels of 
coprecipitated BUBR1 and BUB3, the amount of CDC20-bound MAD2 in mitotic cells was 
reduced to interphase levels after treatment with 23dMB-PP1 (Figure 4A). Similarly, MAD2 
immunoprecipitations displayed little bound CDC20 in cells treated with 23dMB-PP1 when 
compared to DMSO-treated cells (Figure 4B). These data show that MPS1 catalytic activity 
is needed for formation and/or stability of MCC. 

MPS1 inhibition decreases the time spent in mitosis
To get more detailed insight in the functions of MPS1 kinase activity during mitosis, we 
examined various aspects of chromosome segregation in our cell lines by time-lapse 
microscopy. MPS1WT cells treated with DMSO or 23dMB-PP1 progressed through mitosis 
normally. In addition, 23dMB-PP1 treatment of MPS1as-expressing cells caused no overt 
problems in mitotic entry, bipolar spindle formation or cytokinesis in neither cell line. 
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Strikingly, however, 23dMB-PP1-treated MPS1as cells sped through mitosis (Figure 5A). To 
more carefully quantify this phenotype, the time from NEB to the first signs of furrowing was 
measured. Half of DMSO-treated HCT-MPS1WT and HCT-MPS1as cells had proceeded to 
furrow ingression 26 and 22 minutes after NEB, respectively (Figure 5B). Strikingly, whereas 
addition of 23dMB-PP1 had no effect on the time to furrow ingression of HCT-MPS1WT cells, 
half the 23dMB-PP1-treated HCT-MPS1as cells showed signs of furrow ingression in as little 
as 10 minutes and no cell took longer than 20 minutes to reach this furrowing stage of 
mitosis (Figure 5A, B). Further evidence for the high penetrance of MPS1 inhibition in these 
cells was illustrated by the fact that exit from mitosis in taxol was within a similar timeframe 
as these unperturbed mitosis: 13 vs. 10 minutes, respectively (Figure 2D). A similar, albeit 
less consistent effect was apparent in the UTR-derived cell lines: Half-time to furrowing 
in UTR-MPS1as cells was reduced from 18 to 12 minutes by treatment with 23dMB-PP1, 
whereas this was not altered by 23dMB-PP1 in UTR-MPS1WT cells (Figure 5C). 
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Figure 3. MPS1 kinase activity promotes localization 
of MAD1, MAD2, BUB1 and CDC20 to unattached 
kinetochores
(A, B) Immunolocalization of MAD1, MAD2, BUB1, 
BUBR1, CENP-E, CDC20, and centromeres (ACA) 
in HCT-derived (A) or UTR-derived (B) cells treated 
with nocodazole and MG132 for 1 hour in combination 
with DMSO or 23dMB-PP1. Graphs represent 
quantifications of kinetochore signal intensities for the 
investigated proteins at all kinetochores in a single 
cell as a ratio of the ACA signal.  Data are average of 
three experiments, 10 cells per experiment (+/- SD). 
Representative images are shown.
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MPS1 activity facilitates attachment error-correction
MPS1 is critical for chromosome biorientation in yeast and humans 98,99,138,164 and our previous 
results using MPS1 RNAi supported the hypothesis that MPS1 facilitates error-correction by 
promoting Aurora B activity at inner centromeres 100,101,164. Nevertheless, a true display of the 
role for MPS1 in error-correction requires inhibition of MPS1 activity solely during the error-
correction process. Our analog-sensitive cell lines provided the opportunity to test this. We 
first verified that MPS1 inhibition prevented efficient chromosome alignment on the cell’s 
equator. Cells were treated with MG132 for 60 minutes to prevent exit from mitosis and 
provide cells with sufficient time to align all chromosomes. Roughly 30% of DMSO- or 23dMB-
PP1-treated HCT-MPS1WT cells or DMSO-treated HCT-MPS1as cells displayed misaligned 
chromosomes within this time (Figure 6A). In agreement with our previous studies 86,164, 
addition of 23dMB-PP1 to HCT-MPS1as cells caused severe alignment problems in ~70% of 
cells. Similar results were obtained by MPS1 inhibition in UTR-MPS1M602G cells (Fig S2C). 
We next investigated if the generated cells lines were able to correct faulty attachments 
when MPS1 was inhibited during error-correction rather than prior to the establishment of 
errors. To this end, cells were treated with the Eg5-inhibitor monastrol to create monopolar 
spindles with large numbers of chromosomes that have syntelic or monotelic attachments 
102,172. Monastrol can efficiently be removed from cell, which allows the formation of a bipolar 
spindle in which full chromosome alignment requires correction of the improper attachments 
by Aurora B 34,103-105,173. All attachment errors were corrected and full chromosome alignment 
was restored in 87% of HCT-MPS1WT cells 50 minutes after removal of monastrol (Figure 
6B, C). Addition of 23dMB-PP1 during monastrol washout of MPS1as cells however, caused 
significant problems with chromosome alignment (Figure 6B, C). Importantly, the non-
aligned chromosomes were often seen to have retained syntelic attachments, indicative of 
error-correction deficiency. These data solidify the notion that MPS1 activity is needed for 
efficient correction of erroneous attachments. 

MPS1 enhances Aurora B activity
Erroneous kinetochore-microtubule attachments cause a lack of tension between sister 
centromeres which allows Aurora B kinase activity to destabilize such attachments 32-

34,37,104,105,174,175. We and others previously found that MPS1 enhances Aurora B activity up to 
4-fold by phosphorylating the CPC component Borealin, explaining the contribution of MPS1 
to error-correction 106-108,152,164. We next set out to examine the link between MPS1 and Aurora 
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(A, B) Immunoblots of the indicated 
proteins in immunoprecipitations of CDC20 
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cells treated with DMSO or 23dMB-PP1 
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immunoprecipitates, relative to interphase 
levels, is indicated in (A), right panel.
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B activity in our analog-sensitive cell lines. Using phosphate-affinity gel electrophoresis 109,176, 
Borealin displayed a prominent mobility shift in mitotic samples of nocodazole-treated cells 
(Figure 6D). This shift was reduced upon inhibition of MPS1as by 23DMB-PP1, showing for 
the first time that phosphorylation of endogenous Borealin is under control of MPS1 activity.
To investigate the consequences of MPS1 inhibition on Aurora B activity, mitotic cells were 
collected by shake-off after 14 hours of taxol treatment and subsequently treated with 23dMB-
PP1 or DMSO in combination with MG132 for an additional hour, after which mitotic lysates 
were examined for phosphorylation of Serine 10 in Histone H3 (pS10-H3) by immunoblot. 
Surprisingly, addition of 23dMB-PP1 to UTR- or HCT-MPS1as cells that had been arrested 
in mitosis for hours did not significantly reduce pS10-H3, even though MPS1 activity, as 
measured by mobility shift, was inhibited (Fig 6E, F). These findings are in seeming contrast 
to our previous report, in which MPS1 RNAi reduced pS10-H3 levels in HeLa cells 110,164. 
Since one difference between these experiments is whether or not cells entered mitosis with 
intact MPS1 activity, we next examined pS10-H3 levels in cells that had seen 23dMB-PP1 
prior to mitotic entry. For this, cells were treated with DMSO or 23dMB-PP1 for 1 hour, after 
which taxol/MG132 was added for an additional 2 hours. Analysis of these mitotic samples 
showed significant reduction of pS10-H3 levels in 23dMB-PP1-treated MPS1as cells but not 
MPS1WT cells (Figure 6E, F and S5). The magnitude of this decrease is less prominent than 
direct inhibition of Aurora B activity using ZM447439 (Figure 6E, F and S5) 33,111,112, which is 
in line with our previous observations that showed that while MPS1 could enhance Aurora B 
activity, it was not absolutely critical 39,41,164.

Selective, short-term inhibition of MPS1 kills cells
Long-term MPS1 RNAi kills U2OS, HCT116 and LS174T cells [16, 17] and MPS1 inhibition 
has been proposed as an effective way to induce a lethal dose of chromosome segregation 
errors 39,41,42,79,113,114,166,177. To examine if selective and penetrant inhibition of the catalytic 
activity of MPS1 is lethal, UTR- and HCT-derived MPS1wt and MPS1as cells were treated 
with 23dMB-PP1 for 8 days after which colony outgrowth was scored. 23dMB-PP1 had no 
off-target effect on viability during this period, as MPS1wt cells remained fully viable despite 
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Figure 5. MPS1 inhibition accelerates mitosis
(A-C) Time-lapse analysis by DIC microscopy of 
mitotic progression of HCT-derived (A, B) and UTR-
derived (C) cells treated with DMSO or 23dMB-PP1. 
Images in A display morphology of HCT-derived 
cells imaged at the indicated timepoints after NEB 
(nuclear envelope breakdown). Graphs in B and C 
show cumulative percentages of cells that display 
first signs of furrowing at indicated times after NEB. 
Dashed lines indicate half-time to furrowing.
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Figure 6. MPS1 activity is required for efficient correction of erroneous attachments
(A) Chromosome alignment in HCT- and UTR-MPS1WT and -MPS1as cell lines treated with MG132 for 60 minutes in 
combination with DMSO or 23dMB-PP1. Graphs display percentages of cells with misaligned chromosomes, 
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2 prolonged exposure to 23dMB-PP1 (Figure 7A). As shown in Figure 7B, however, no MPS1as 
cells survived prolonged MPS1 inhibition. To approach a more relevant duration of inhibition 
in potential future clinical settings, we next tested the effect of short-term inhibition of MPS1 
on cell viability. Addition of 23dMB-PP1 for 2 days and subsequent removal of the inhibitor 
until day 8 left no (HCT-MPS1as) or very few (UTR-MPS1as) cells alive (Figure 7B). These 
data show that efficient inhibition of MPS1 for a relatively short period of time is sufficient to 
kill cells  

Discussion

In the present study we investigated the different roles of MPS1 in mitosis of human cells 
through the use of chemical genetics. We report here two clonal cell lines expressing analog-
sensitive versions of MPS1 in which endogenous MPS1 was stably removed by doxycycline-
induced shRNA expression. Use of these cell lines circumvents experimental limitation in 
reproductivity and penetrance associated with transient RNAi reconstitutions 115,169 and 
allows temporal control of MPS1 activity. 
Chemical genetic inhibition of MPS1 was previously used to uncover novel aspects of 
MPS1 in S. cerevisiae mitosis  138,160. A yeast strain carrying the analog-sensitive M516G 
mutation (similar to the M602G mutation in human MPS1, included in the present study) 
allowed analysis of MPS1 functions after the moment of spindle pole body duplication, 
a critical function of MPS1 in budding yeast 125,160. Using this strain (MPS1-as1), it was 
verified that MPS1 inhibition prevents mitotic checkpoint activity and causes cell death 160. 
In addition, MPS1-inhibited yeast cells were found to display spindle morphology defects 
and chromosome mispositioning 160, possibly as a consequence of errors in chromosome 
biorientation 138. 
In agreement with these and other reports 138,160,164, chemical genetic inhibition of MPS1 
in our human cell lines verified that MPS1 kinase activity is critical for chromosome 
biorientation. Although our data using MPS1 RNAi supported the hypothesis that MPS1 
facilitated error-correction by promoting Aurora B activity at inner centromeres 164, we now 
show that error-correction is also prevented when MPS1 kinase activity is inhibited only 
during the error-correction process in cells undergoing spindle bipolarisation after monastrol 
wash-out. Additionally, through the use of phosphate-affinity gel electrophoresis we show 
that phosphorylation of endogenous Borealin is under the control of MPS1. Borealin 
phosphorylation enhances Aurora B activity 152,164 yet inhibition of MPS1 did not affect 
pS10-H3 levels under conditions that showed an increase in Borealin mobility. pS10-H3 was 
only found reduced when cells entered mitosis without MPS1 activity. These results suggest 

averages of three experiments, at least 50 mitotic cells per experiment (+/-SD). (B, C) Immunostainings of HCT-
MPS1WT and HCT-MPS1as cells treated with monastrol for 30 min followed by a release from monastrol into MG132 
with or without 23dMB-PP1 for 50 minutes. Cells in B were immunostained for tubulin (green) and centromeres (ACA, 
red). DNA (DAPI) is in blue. Graph in (C) indicates the percentage of mitotic cells with misaligned chromosomes 50 
minutes after monastrol washout, averages of two experiments, at least 100 mitotic cells per experiment (+/-SD). (D) 
Immunoblots of Borealin after phosphate-affinity gel electrophoresis of lysates from nocodazole-treated HCT-MPS1as 
cells to which DMSO or 23dMB-PP1 and MG132 was added during the final hour. (E, F) Immunoblots of the indicated 
proteins in lysates of the UTR- (E) and HCT-MPS1 (F) variant cell lines. Cells were treated either with thymidine (thy), 
with taxol for 14 hours followed by the indicated inhibitors for an additional 2hrs, or with the indicated inhibitors for 1 
hour followed by taxol/MG132 treatment for an additional 2 hrs ZM, ZM447439. Arrow in F points to Cyclin B. Asteriks 
indicates aspecific band in thymidine sample. 
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that partial reduction in Aurora B activity caused by MPS1 inhibition is difficult to detect once 
pS10-H3 is fully established, possibly because of low turnover of the phosphate group on 
S10-H3. In support of this, inactivation of Aurora B by a 2 hour exposure of our HCT-derived 
cells to ZM447439 only caused a moderate reduction of pS10-H3 levels. These data indicate 
that pS10-H3 serves as a good readout for MPS1-dependent regulation of Aurora B activity 
when pS10-H3 is not fully established at mitotic entry. Nevertheless, since MPS1 inhibition 
during mitosis affects Borealin phosphorylation and error-correction, it is likely that acute 
effects on Aurora B activity by MPS1 inhibition can be visualised with antibodies to the 
relevant error-correction substrates. 
The function of MPS1 kinase activity in the regulation of the mitotic checkpoint has previously 
been established by various labs including ours, and the present data fully agree with this 
134,135,160,164,169. As expected 145,163,164, MPS1 inhibition in our cell lines caused mislocalization 
of MAD1 and MAD2. This disagrees with the study by Tighe et al., in which chemical genetic 
inhibition of MPS1 in cells transiently transfected with MPS1 shRNA plasmids had little 
effect on MAD1 recruitment 169. This discrepancy may be due to differences in penetrance 
of MPS1 inhibition. Whereas inhibition of MPS1 with 1NM-PP1 in the Tighe et al. study left 
mitotic progression unaffected in a large proportion of cells, mitosis was disturbed in the 
vast majority (UTR-MPS1as) or all (HCT-MPS1as) cells in our cell lines (Figure 2 and 5). This 
difference in penetrance may be due to inefficient RNAi by transient shRNA transfection 
or potency of 1NM-PP1 in the Tighe et al., study. In our hands, 1NM-PP1 was significantly 
less capable of inhibiting MPS1 than 23dMB-PP1 or 3MB-PP1 (Figure S2). Besides MAD1/
MAD2, our data further indicate that MPS1 
is essential for recruitment of CDC20 as 
well as BUB1 to unattached kinetochores, 
in agreement with some 163,170 but not other 
145,164 previous reports using MPS1 RNAi or 
MPS1 protein depletion. 
MPS1 inactivation affects the quality of 
chromosome segregation in unperturbed 
mitosis 131,169. Using time-lapse microscopy 
we show that inactivation of MPS1 
accelerates mitosis. A similar phenotype 
was reported for cells depleted of MAD2 or 
BUBR1 78. The regulation of mitotic timing 
by MAD2 and BUBR1 is kinetochore-
independent, since MAD1 depletion, while 
disabling the mitotic checkpoint, did not 
affect normal mitotic timing 78. It is therefore 
unlikely that lack of recruitment of MAD1 
and MAD2 to kinetochores in MPS1-
inhibited cells contributes to accelerated 
mitosis. An explanation for the timing 
phenotype, proposed by Meraldi et al., and 
in agreement with experimental data 71, is 
the possibility that sufficient MCC exists 
in interphase to constrain APC/C activity 
long enough to allow full chromosome 

UTR-MPS1as

HCT-MPS1as

23dMB - 8d
2d
wash out

UTR-MPS1WT

HCT-MPS1WT

23dMB - 8d

A

B

Figure 7. Specific inhibition of MPS1 enzymatic activity 
causes cell death
HCT-MPS1WT and UTR-MPS1WT cells (A) and HCT-MPS1as 
and UTR-MPS1as cell (B) were treated with or without (-) 
23dMB-PP1 for 8 days (8d), or with 23dMB-PP1 for 2 days 
(2d) followed by wash-out and continued growth until day 8. 
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biorientation in the majority of cells. In this model, only presence of persistent unattached 
kinetochores requires additional MCC formation to further prolong mitosis. Given the 
timing phenotype of MPS1-inhibited cells, it is therefore possible that MPS1, in addition to 
influencing MAD1-dependent MCC formation, affects stability or inhibitory potential of pre-
assembled MCC. Further studies are needed to examine this hypothesis. 
Due to its central role in mitosis, MPS1 is an attractive target for anti-cancer therapies. A 
recent study from our lab proposed that elevating the frequency of chromosome segregation 
errors by partial MPS1 reduction can be of clinical relevance, especially with other treatments 
that affect fidelity of chromosome segregation 166. We show here for the first time that specific 
inhibition of MPS1 enzymatic activity efficiently kills human cells. Moreover, a short pulse 
of inhibition followed by recovery caused lethality in a significant fraction of cells. As such a 
pulse of MPS1 inhibition is more relevant to potential future clinical situations than potent, 
long-term kinase inhibition, these data illustrate that specific and penetrant inhibition of 
MPS1 activity might indeed be a promising anti-cancer strategy.  

Material & Methods

Tissue Culture and Treatments 
UTR-MPS1WT, UTR-MPS1as, HCT-MPS1 WT and HCT-MPS1 as cells were derived from 
UTRM10 131,164,166 and HCT-TRM (named HCT-116-TetRMPS1 clone#2 in Ref. 166) cell lines, 
respectively. Briefly, these cell lines stably express TetR and carry pSuperior-retro-puro-
MPS1, resulting in depletion of MPS1 protein upon addition of doxycycline. To generate the 
derivative cell lines that express MPS1WT and MPS1as, UTRM10 and HCT-TRM cells were 
transfected using the calcium phosphate method with the different LAP-MPS1 alleles and 
selected with doxycycline (1 mg/ml). Single colonies were selected after limiting dilution.  HCT-
TRM-derivative cells were grown in RPMI (Lonza) with 6% Tet-approved FCS (Clontech), 
supplemented with pen/strep (Invitrogen). UTRM10-derivative cells were grown in DMEM 
(Lonza) with 8% Tet-approved FCS (Clontech), supplemented with pen/strep (Invitrogen) 
and Ultra-Glutamine (Lonza). 
Thymidine (2.5 mM), nocodazole (660 nM), taxol (1 µM), MG132 (10 µM), monastrol (200 
µM), STLC (10 µM), doxycycline and puromycin (1 µg•ml-1) were all from Sigma, ZM447449  
(Tocris Bioscience) was added at 2 µM and 23dMB-PP1 at 1 µM. 

Antibodies
The following primary antibodies were used for immunoblotting, immunofluorescence 
imaging and FACS analyses: MPS1-NT (Upstate), pT676-MPS1 [16], BUBR1-300A (Bethyl), 
MAD2 (custom polyclonal Rb antibody. Briefly, His6-MAD2 (pQE80L-hMAD2) was expressed 
in BL21 cells, purified using Ni-agarose (Qiagen) and injected into New Zealand rabbits 
(Covance). MAD2 antibody was affinity purified from rabbit serum using His6-MAD2), BUB1 
(Abcam), MAD1 (SantaCruz Biotechnology), a-tubulin (Sigma), CREST (Cortex Biochem), 
MPM2 (Upstate), CDC20 (SantaCruz Biotechnology), BUB3 (BD Trans Lab) and Borealin 
(a gift of W. Earnshaw). Secondary antibodies included anti-human Alexafluor647 and 
anti-rabbit Alexafluor488 (Molecular Probes) for immunofluorescence studies, anti-mouse-
Cy5 (Jackson) for FACS and anti-Mouse/Rabbit Alexa680/800 (Molecular Probes) for 
immunoblotting.

Flow cytometry
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HCT- and UTR-derived cell lines were released from a 24 hours thymidine block into 
nocodazole or 23dMB-PP1 or a combination of both for 18 hours, harvested and fixed in 
70% ice-cold ethanol for 24 hours, and analyzed using MPM2 immunostains as described 79.

Immunofluorescence and live cell imaging
For immunolocalization studies, cells were plated on 12 mm coverslips, pre-extracted with 
0.2% TritonX-100 in warm PEM (100 mM PIPES pH6.8, 1mM MgCl2 and 5mM EGTA) for 1 
minute, fixed with 3% PFA in PBS, blocked with 3% BSA in PBS for 1 hour, incubated with 
primary antibody for 16 hrs at 4°C, washed with PBS/0.1% TritonX-100 and incubated with 
secondary antibodies for an additional 1 hour at room temperature. Coverslips were washed 
and submerged in PBS containing DAPI, washed again and mounted using ProLong Antifade 
(Molecular Probes). All images were acquired on a DeltaVision RT system (Applied Precision) 
with a 100X/1.40NA UPlanSApo objective (Olympus) using SoftWorx software. Images 
are maximum intensity projections of deconvolved stacks. For quantification, all images of 
similarly stained experiments and acquired with identical illumination-settings were analyzed 
using ImageJ. Average pixel intensities of the total of all regions encompassing centromeres 
plus kinetochores were determined in the various channels and corrected for background.
For live cell imaging, cells were plated in 4-well chambered glass-bottom slides (LabTekII) or 
24-well glass bottom plates (MatTek), transfected and imaged in a heated chamber (37°C and 
5% CO2) using a 20X/0.5NA UPLFLN objective on a Olympus IX-81 microscope, controlled 
by Cell-M software (Olympus). 16 bits DIC (5 msec exposure) images were acquired every 
2 minutes using a Hamamatsu ORCA-ER camera. Images were processed using Cell-M 
software. 

Immunoprecipitation
HCT-MPS1as cells were released from a 24 hours thymidine block into nocodazole for 18 
hours, harvested and lysed in 50 mM Tris 7.5, 150 mM NaCl, 1% TX-100, 2 mM MgCl2, 5 mM 
EDTA, supplemented with protease inhibitors and phosphatase inhibitors for 10 minutes on 
ice. The cleared extract was incubated with 10% protein A-agarose beads (Roche)/antibody 
mix for 2 hours at 4°C on a rotating wheel. The beads were washed twice with lysis buffer. 
Supernatant and beads were processed for SDS-PAGE and the proteins were transferred to 
nitrocellulose membranes for immunoblotting. 

Colony Formation Assays
Cells (50,000/well) were plated in 6-well plates (Costar). Cells were grown in media 
supplemented with DMSO or 23dMB-PP1 (1 mM) for 8 days or for 2 days followed by 
inhibitor wash-out and continued incubation in media without 23dMB-PP1 for an additional 
6 days. At day 8, plates were washed with PBS, fixed for 5 minutes with 96% methanol and 
stained with 0.1% crystal violet in water for 30 minutes.
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Figure S1
(A) Quantification of flow cytometric analysis of fraction of mitotic cells treated with nocodazole for 18 hours. Cells 
were transiently transfected with indicated LAP-MPS1 constructs. D664A is an enzymatically inactive mutant. (B) 
Box-and-whisker diagrams of time spent in mitosis of UTR-MPS1as cell treated with taxol in combination with 
increasing concentrations of different bulky PP1 inhibitors. ND; not determined. (molecular structures displayed in 
right panel). 
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(A) pT676-MPS1 and MPS1 immunoblot of UTR-MPS1WT, UTR-MPS1as and UTR-MPS1M602G cells treated with 
thymidine (thy) for 20 hours or with taxol and MG132 in combination with indicated inhibitors for 1 hour. 1NM, 1NM-
PP1; 3MB, 3MB-PP1; SP, SP600125. (B) Quantification of flow cytometric analysis of fraction of mitotic UTRM10, 
UTR-MPS1WT, UTR-MPS1as and UTR-MPS1M602G cells treated with taxol in combination with indicated inhibitors 
for 17 hours. (C) Chromosome alignment in UTRM10, UTR-MPS1WT, UTR-MPS1as and UTR-MPS1M602G cells 
treated with MG132 for 50 minutes in combination with the indicated inhibitors. Graph displays percentages of cells 
with misaligned chromosomes.
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Figure S3:
(A-C) Time-lapse analysis by DIC microscopy of HCT- and UTR-derived cells treated with (A) taxol (HCT-derived 
cells) or STLC (UTR-derived cells) in combination with DMSO or 23dMB-PP1, or nocodazole (B, C) in combination 
with DMSO or 23dMB-PP1. Graphs in A display the time from NEB to the first signs of furrow ingression for individual 
cells. Black bars indicate end of time-lapse acquisition. Line graphs in B and C show cumulative percentages of UTR-
derived cells (B) and HCT-derived cells (C) displaying first signs of furrowing at indicated times after NEB.
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Figure S4:
Immunolocalization of MAD1, MAD2, BUB1, BUBR1, CDC20 and CENP-E and centromeres (ACA) in HCT-MPS1WT 
(A) and UTR-MPS1WT (B) cells treated with nocodazole and MG132 for 1 hour in combination with DMSO or 
23dMB-PP1. Graphs represent quantifications of kinetochore signal intensities for the investigated proteins at all 
kinetochores in a single cell as a ratio of the ACA signal.  Data are average of three experiments, 10 cells per 
experiment (+/- SD). Representative images are shown. DNA (DAPI) is in blue.
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Abstract

Correct chromosome distribution during mitosis is facilitated by the spindle assembly 
checkpoint (SAC) that restrains anaphase until all chromosomes are attached to the 

mitotic spindle. Essential for SAC activity is kinetochore localization of MAD1 that catalyzes 
the production of an anaphase inhibitor by conformationally activating MAD2. MPS1, the 
ROD-ZW10-ZWILCH (RZZ) complex and BUB1 control MAD1 kinetochore binding, but their 
relative contributions are unknown. We show that MAD1 localization by MPS1 is mediated 
by BUB1 and ZW10. BUB1 regulates ZW10 localization, and ZW10 in turn controls MAD1 
kinetochore binding. This pathway is complemented by a feedback in which ZW10 additionally 
controls MPS1 levels at kinetochores through stabilization of the KMN network. Finally, SAC 
defects resulting from the absence of BUB1 or ZW10 can be rescued by artificially tethering 
MAD1 to kinetochores. We thus propose the existence of an MPS1-BUB1-RZZ pathway that 
is reinforced by feedback stabilization of the KMN network and that promotes SAC activity 
predominantly by establishing MAD1 kinetochore binding. 
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Introduction

To maintain genomic stability during cell divisions, a cell must faithfully segregate its 
chromosomes in mitosis. The evolutionary conserved SAC has evolved to safeguard against 
errors in chromosome segregation by preventing premature mitotic exit. Chromosomes 
that are unattached to microtubules of the mitotic spindle activate the SAC by producing a 
diffusible inhibitor, the mitotic checkpoint complex (MCC). The MCC then inhibits CDC20-
dependent activation of the E3 ubiquitin ligase anaphase-promoting complex/cyclosome 
(APC/C) towards key mitotic substrates. This ensures persistent CDK1 activity and sister 
chromatid cohesion, thus allowing cells more time to connect to spindle microtubules 46,67. A 
key step in MCC formation is the recruitment of the checkpoint protein MAD1 to kinetochores 
of unattached chromosomes 141,171,178-180. MAD1 forms a stable homodimer that binds two 
MAD2 molecules, enabling catalysis of MAD2 structural conversion from an inactive ‘open’ 
to an active ‘closed’ form (reviewed in 82). Although the exact composition of the MCC is 
debated 70,72,83,84,86, a core component is BUBR1, a pseudokinase that prevents substrate 
access to APC/C-CDC20 in a pseudosubstrate manner73,74,181,182. Closed MAD2 is critical for 
establishing 83,84 and possibly also maintaining 70,72 BUBR1 binding to APC/C-CDC20.
SAC activation relies on MAD1 binding to unattached kinetochores, but it is unknown what 
the MAD1 receptor at kinetochores is. Nevertheless, several proteins contribute to MAD1 
kinetochore localization, including the conserved mitotic kinases MPS1 and BUB1, and the 
poorly understood RZZ complex 76-78,80,177,183,184. The RZZ complex consists of the extended 
coiled-coil protein ROD, the well-conserved ZW10 protein and the more recently evolved 
ZWILCH protein 67,185,186. Neither of these have recognizable protein domains or catalytic 
activities and it is presently unknown how the RZZ complex performs its mitotic functions. 
Besides activating the SAC by establishing and maintaining kinetochore localization of 
MAD1, the RZZ complex is also involved in silencing the SAC in metazoans by localizing 
the dynein complex to kinetochores 101,187,188. Once microtubules are bound, kinetochore-
dynein proceeds to remove the MAD1/MAD2 scaffold as well as other SAC proteins from 
kinetochores93,94,189.
The BUB1 kinase 190 phosphorylates Histone2A on T120 to enable inner-centromere 
localization of SGO1 that in turn protects centromeric cohesion and establishes inner-
centromere localization of the chromosomal passenger complex 191,192. In addition, 
BUB1 impacts the SAC by yet undefined mechanisms. It has been proposed that BUB1 
phosphorylates CDC20, thereby directly inhibiting its APC/C-activating ability 85, but others 
have suggested that BUB1 kinase activity is dispensable for its role in the SAC 77. Interestingly, 
BUB1 is needed for MAD1 localization to unattached kinetochores 77,184,193, and this too does 
not require its catalytic activity 77.  
Like BUB1, MPS1 performs various critical functions in mitosis. It is essential for chromosome 
bi-orientation 138,151,164 as well as for SAC activation and maintenance 90,91,129,135,151,164 MPS1 
impacts the SAC on multiple levels, ranging from regulating MAD1 localization 76, MAD2 
‘activation’ 90, and MCC stabilization 91. These functions all depend on its kinase activity 76. As 
a result, depletion or catalytic inhibition of MPS1 results in premature activation of the APC/C 
and rapid exit from mitosis 129,135,151,164.  Besides MAD1 and MAD2, MPS1 has been shown to 
be required for the kinetochore recruitment of multiple other mitotic regulators, including the 
RZZ complex, CDC20, BUBR1 and BUB1 76 
An important unresolved question is how microtubule attachment and SAC signaling are 
integrated at kinetochores. The KMN network (KNL1-MIS12–NDC80 complex) constitutes 
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the major microtubule binding activity of mitotic kinetochores (reviewed in 15), and several 
of its components have been shown to be required for SAC protein localization. MPS1 
kinetochore binding, for instance, relies on the CH domain of NDC80 142,145,146, and both 
BUB1 and BUBR1 localize to kinetochores by interacting with the KNL1 protein 194-196. This 
interaction is promoted by MPS1-dependent phosphorylation of MELT-like sequences in 
KNL1, thus explaining the causal relationship between MPS1 activity and BUB1 kinetochore 
localization 118-120. It is unknown, however, how MPS1, BUB1 or the RZZ direct MAD1 
localization, whether there is a more direct role in this for the KMN network, and how these 
various contributions interconnect. 

Results

Kinetochore tethered MPS1 continuously recruits MAD1, BUB1, ZW10 and 
SPINDLY
MAD1 localization to unattached kinetochores is regulated by MPS1, BUB1 and RZZ 
76,77,79,184,193. We and others have shown that BUB1 and RZZ in turn depend on MPS1 activity 
for their localization 91,133,151. To investigate how MPS1 controls MAD1 localization and if 
these three regulators of MAD1 localization operate in one pathway, we made use of our 
prior observation that high levels of MAD1 are retained on metaphase kinetochores to 
which MPS1 was artificially tethered 149. We created cell lines with inducible expression 
of the kinetochore-tethered MIS12-MPS1Δ200 fusion protein 142,146, permitting examination 
specifically of MPS1-driven MAD1 localization.
In addition to MAD1 and MAD2 (Figure 1A, and 149) induced expression of MIS12-MPS1Δ200 
also retained high levels of BUB1, ZW10 and SPINDLY on metaphase kinetochores (Figure 
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1B-H). Since MPS1 is required for their initial recruitment in prometaphase 76, this may 
indicate that MIS12-MPS1Δ200 continuously recruits these proteins to bioriented kinetochores. 
Alternatively, since MAD1, ZW10 and SPINDLY have been described as cargo for dynein in 
metaphase 93,94, MIS12-MPS1Δ200 could act predominantly to prevent their dynein-mediated 
stripping from bioriented kinetochores, either directly or indirectly by maintaining kinetochore 
SPINDLY 101,188. To examine this more closely, we tested the activity of the dynein-dependent 
stripping pathway by treating cells with nordihydroguaiaretic acid (NDGA), a drug that 
interferes with cargo release by dynein. If dynein-dependent kinetochore stripping occurs, 
NDGA treatment results in accumulation of dynein cargo at spindle poles 94. Addition of 
NDGA caused accumulation of ZW10 at spindle poles in control cells and more strikingly so 
in MIS12-MPS1Δ200 expressing cells as well (Figure 2A). These results suggest that dynein-
dependent stripping occurs normally in MIS12-MPS1Δ200-expressing metaphase cells. 

Maintenance of MAD1, BUB1 and ZW10 at kinetochores requires MPS1 activity
Since stripping occurs normally in MIS12-MPS1Δ200 expressing cells, the accumulation of 
checkpoint proteins at metaphase kinetochores of these cells is likely due to their continued 
recruitment by MPS1. In line with this, the intense ZW10 signals at poles of NDGA-treated 
MIS12-MPS1Δ200 cells can be explained by ongoing cycles of recruitment and stripping without 
eventual cargo release at poles. To examine this further, we next addressed whether MPS1 
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Figure 1. Kinetochore tethered MPS1 continuously recruits MAD1, BUB1, ZW10 and SPINDLY
(A-F) Immunolocalisation of MAD1, ZW10, BUB1, SPINDLY, GFP and centromeres (CENP-C/CREST) in U2OS 
cells, non-induced or induced to express LAP-MIS12-MPS1Δ200 (indicated as M12-MPS1), and treated with MG132 
alone or in combination with nocodazole for 1 hour. Representative images are shown in A, B, E, F. Graphs represent 
total kinetochore intensity of MAD1 (C), ZW10 (D) BUB1 (G) and SPINDLY (H) relative to centromeres (CENP-C/
CREST) ±SD. All data are from ≥ 15 cells per experiment and are representative of three experiments. 
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is normally required to maintain high levels of SAC proteins at unattached kinetochores. 
Addition of the MPS1 inhibitor reversine 133 prior to mitotic  entry prevented kinetochore 
binding of MAD1, BUB1 and ZW10 (Figure 2C bottom panel, 2B-F), as observed previously 
by us and others 76. Addition of reversine after entry into mitosis similarly abolished BUB1 
localization, and decreased kinetochore MAD1 and ZW10 levels by roughly 50% (Figure 
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Figure 2. Maintenance of MAD1, BUB1 and ZW10 at kinetochores requires MPS1 activity
(A) Immunolocalisation of ZW10 and centromeres (CENP-C) in HeLa cells, non-induced or induced to express 
mcherry-MIS12-MPS1Δ200 (indicated as M12-MPS1), and treated with either DMSO or NDGA for 30 minutes. (B-
F) Representative images (C) and quantification (D-F) of immunolocalisation of MAD1 (C, D), BUB1 (C, E), ZW10 
(F)(representative images not shown) and centromeres (CENP-C) in HeLa cells treated with the indicated drugs 
as schematically displayed in (B). Graphs represent total kinetochore intensity of indicated antigens relative to 
centromeres (CENP-C) ±SD. All data are from ≥15 cells per experiment and are representative of three experiments.
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2C middle panel, 2B-F). This was reminiscent of the observations shown in Figure 1, where 
MIS12-MPS1 was able to cause full recruitment of BUB1 to metaphase kinetochores (as 
compared to nocodazole-treatment) but no more than approximately 50% of ZW10 and 
MAD1 (Figure 1A-H) These data show that while it impacts the maintenance of BUB1, ZW10 
and MAD1 to different extents, MPS1 activity is required to establish and maintain high 
levels of the three SAC proteins at unattached kinetochores. 

MPS1 regulates MAD1 and ZW10 recruitment through BUB1
Thus far, our observations are compatible with a signaling pathway in which MPS1 activity 
promotes MAD1 kinetochore binding indirectly by localizing BUB1 and RZZ. In support of 
this, RNAi of ZW10 or BUB1 in MIS12-MPS1-expressing cells abolished MAD1 binding to 
metaphase kinetochores (Figure 3A-C). Moreover, as shown by others 77,79,184,193, BUB1 or 
ZW10 depletion diminished MAD1 kinetochore binding in normal prometaphase cells (Figure 
3D, E). A point mutant of BUB1 that kills kinase activity (KD) was equally proficient as wild-
type BUB1 in restoring MAD1 localization in BUB1-depleted cells, showing BUB1 activity 
was not required for this (Figure 3F, G).
Yeast BUB1 has been shown to directly bind MAD1 197, suggesting that BUB1 might function 
as direct recruiter of MAD1 at the kinetochore. Since MPS1 inhibition in mitosis completely 
clears BUB1 from kinetochores while only partially affecting MAD1 kinetochore levels (Figure 
2B-E) we suspect that this is not conserved in humans. Furthermore, expression of BUB1 
fused to the Lac repressor protein (LacI-LAP-BUB1) in cells containing a stably integrated 
tandem Lac-Operator (LacO) array 198 is unable to recruit MAD1 (Figure 3H),  while known 
interactor BUBR1 does bind BUB1 at these sites (Figure 3I). In line with this, constitutive 
localization of BUB1 to kinetochores using a MIS12-BUB1 fusion protein does also fail to 
recruit MAD1 while efficiently phosphorylating Histone 2A and recruiting BUBR1 and BUB3 
(data not shown). Finally, proteomic analysis of LAP-BUB1 pull-downs failed to reveal a 
direct interaction between BUB1 and MAD1 while known interactors are identified (Figure 
3J). These data strongly suggest that BUB1 does not function as a scaffold for direct binding 
of MAD1.
To examine if the MPS1-BUB1/RZZ-MAD1 pathway is linear or whether RZZ and BUB1 
operate in parallel pathways, we depleted BUB1 or ZW10 and analyzed kinetochore 
localization of the other in nocodazole-treated cells. As shown in Figure 4A and B, BUB1 
depletion prevented ZW10 kinetochore binding to a similar degree as MAD1 (Figure 3D, E), 
in agreement with an MPS1-BUB1-ZW10-MAD1 hierarchy. Like MAD1, ZW10 kinetochore 
recruitment also did not require BUB1 kinase activity (Figure 4C, D). Unexpectedly, ZW10 
depletion in turn significantly reduced BUB1 levels at kinetochores (Figure 4E-G), albeit to a 
lesser extent than its effect on MAD1 levels (Figure 3D, E). 

ZW10 regulates MPS1 kinetochore levels by stabilizing association of the KMN 
network with kinetochores.
BUB1 localization at mitotic kinetochores relies on phosphorylation of the outer-kinetochore 
scaffold KNL1 by MPS1 118-120. KNL1 is an integral component of the KMN network that 
constitutes the microtubule binding interface of kinetochores, and which includes the MIS12 
and NDC80/HEC1 complexes (reviewed in 23). We had noticed that the MIS12-MPS1Δ200 
protein displayed consistently lower kinetochore-binding capacity when ZW10 was depleted 
from cells (Figure 3C). Indeed, the amount of endogenous KNL1 and HEC1 at kinetochores 
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and treated with nocodazole and MG132 for 1 hour. Representative images are shown in D. Graph represent total 
kinetochore intensity of MAD1 (E) relative to centromeres (CENP-C) ±SD. (F, G) Immunolocalisation of MAD1 and 
centromeres (CENP-C) in HeLa cells, non-induced or induced to express LAP-BUB1-WT or -KD, transfected with 
indicated siRNAs and treated with nocodazole and MG132 for 1 hour. Representative images are shown in F. Graph 
represents total kinetochore intensity of MAD1 (G) relative to centromeres (CENP-C) ±SD. (H, I) Immunolocalisation 
of MAD1 BUBR1, GFP and centromeres (CREST) in U2OS-LacO cells transfected with indicated plasmids, treated 
with nocodazole and MG132 for 1 hour. All data are from ≥15 cells and are representative of three experiments. (J) 
Recovered peptides (amount and coverage) in mass spectrometric analysis of LAP-BUB1 affinity purifications. Color 
coding: Green=bait, orange=known interactors, red=ZW10 or MAD1. 
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Figure 3. MPS1 regulates MAD1 
recruitment through BUB1.
(A-C) Immunolocalisation of MAD1, GFP 
and centromeres (CENP-C) in U2OS cells 
non-induced or induced to express LAP-
MIS12-MPS1Δ200 (indicated as M12-MPS1), 
transfected with indicated siRNAs and treated 
with MG132 for 1 hour. Representative 
images are shown in A. Graphs (B, C) 
represent total kinetochore intensity of MAD1 
(B) and GFP (C) relative to centromeres 
(CENP-C) ±SD. (D-E) Immunolocalisation of 
MAD1 and centromeres (CENP-C) in HeLa 
cells transfected with indicated siRNAs 
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was significantly reduced upon depletion of ZW10 but not BUB1 (Figure 5A-C). The reduction 
in kinetochore HEC1 levels upon ZW10 depletion further correlated with reduced MPS1 
levels (Figure 5D, E), in agreement with an essential role for HEC1 in MPS1 kinetochore 
localization 142,145,146. These data suggest that ZW10 impacts BUB1 kinetochore levels 
indirectly, by ensuring high levels of MPS1 at kinetochores through stabilizing the association 
of the KMN network with kinetochores. Importantly, tethering MPS1 to kinetochores using 
the MIS12-MPS1Δ200 protein significantly restored BUB1 kinetochore levels in the absence 
of ZW10 (Figure 5F, G), despite a small reduction in the amount of MIS12 that could be 
incorporated into the KMN network (Figure 5H). 
Our finding that in MIS12-MPS1Δ200-expressing cells ZW10 depletion precludes MAD1 
kinetochore binding without significantly affecting kinetochore BUB1 leads us to conclude 
that ZW10 controls MAD1 kinetochore recruitment independent of its feedback to the MPS1-
BUB1 pathway. Since BUB1 depletions do not affect kinetochore MPS1 78,129, we propose 
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Figure 4. BUB1 and ZW10 are mutually 
dependent for kinetochore localization
(A, B) Immunolocalisation of ZW10 and 
centromeres (CENP-C) in HeLa cells 
transfected with indicated siRNAs and 
treated with nocodazole and MG132 for 1 
hour. Representative images are shown in A. 
Graph represents total kinetochore intensity of 
ZW10 (B) relative to centromeres (CENP-C) 
±SD. (C, D) Immunolocalisation of ZW10 and 
centromeres (CENP-C) in HeLa cells non-
induced or induced to express LAP-BUB1-
WT or -KD, transfected with indicated siRNAs 
and treated with nocodazole and MG132 for 1 
hour. Representative images are shown in C. 
Graph represents total kinetochore intensity of 
ZW10 (D) relative to centromeres (CENP-C) 
±SD. (E-G) Immunolocalisation of BUBR1, 
BUB1 and centromeres (CENP-C) in HeLa 
cells transfected with indicated siRNAs and 
treated with nocodazole and MG132 for 1 hour. 
Representative images are shown in E. Graphs 
represent total kinetochore intensity of BUBR1 
(F) and BUB1 (G) relative to centromeres 
(CENP-C) ±SD. All data are from ≥15 cells and 
are representative of three experiments.
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that a MPS1-BUB1-RZZ pathway controls MAD1 localization, and that RZZ reinforces this 
by feedback, stabilizing kinetochore binding of the KMN network. 

MPS1, ZW10 and BUB1 cooperate to maintain SAC activity.
Our data show that MAD1 kinetochore localization relies on a MPS1-BUB1-RZZ feedback 
pathway. Although it is known that depleting any of the individual components of the pathway 
abrogates SAC activity, we wished to examine if their role in this pathway is critical for SAC 
activity. To this end, we tested the ability of cells compromised for the pathway to delay 
mitotic exit in response to microtubule depolymerization by nocodazole. We have previously 
shown that inefficient depletion or inhibition of any component of the Aurora B-HEC1-MPS1 
pathway sensitizes the SAC response to depletion or inhibition of any other component of 
that pathway 142,146. For example, RNAi of Aurora B or HEC1 abrogates SAC signaling only 
when MPS1 activity is slightly reduced by low dose of the MPS1 inhibitor reversine. We 
reasoned that if BUB1 and ZW10 operate in one pathway that further includes MPS1, the 
SAC response in ZW10- or BUB1-depleted cells should become highly sensitive to additional 
depletion/inhibition of any of the other components of the pathway. Depletion of either BUB1 
or ZW10 or treatment with low dose (250 nM) reversine could not abolish SAC activity, as 
evidenced by persistent mitotic delays of nocodazole-treated cells (Figure 6A). Strikingly, 
however, codepletion of BUB1 and ZW10 caused noco-treated cells to rapidly exit mitosis 
and this was true also for cells depleted of either BUB1 or ZW10 and treated with 250 nM 
reversine (Figure 6A). Thus, reducing the activity of any two components of the pathway is 
synthetic lethal to the SAC response.  

Regulating MAD1 kinetochore binding is the predominant role of ZW10 and BUB1 
in the SAC
We next tested whether control of MAD1 kinetochore localization is critical for regulation 
of the SAC response by the MPS1-BUB1-RZZ pathway, by artificially re-locating MAD1 to 
kinetochores in cells deficient for components of the pathway. To this end, we created a cell 
line expressing MIS12-FRB-tagRFP and eYFP-FKBP-MAD1, permitting conditional MAD1 
kinetochore tethering by rapamycin-induced heterodimerization of FRB and FKBP 199 (Figure 
6B). Remarkably, the rapid exit from mitosis of nocodazole-treated cells upon combinatorial 
inhibition of MPS1 (250 nM reversine) and either ZW10 or BUB1 was completely prevented 
by induced tethering of MAD1 to kinetochores (Figure 6C). Taken together, these data 
show that MPS1, BUB1 and ZW10 operate in one pathway that promotes SAC activity 
predominantly by localizing MAD1 to kinetochores. 

Discussion 

MAD1 stands at the core of SAC signaling, yet how MAD1 kinetochore localization is regulated 
remains largely unknown. Our data show that MPS1, BUB1 and ZW10, all previously 
implicated in MAD1 regulation, operate in a linear pathway to recruit MAD1 to unattached 
kinetochores (Figure 6D). We show that ZW10 and BUB1 are mediators of MPS1’s control 
over MAD1 kinetochore localization, and that ZW10 is likely downstream of BUB1 in this 
pathway. Besides controlling MAD1 kinetochore localization, ZW10 in parallel promotes 
stability of the KMN network and thereby indirectly promotes MPS1 localization (Figure 6D). 
We furthermore show that tethering MAD1 to kinetochores rescues SAC defects in ZW10- or 
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BUB1-depleted cells. This argues strongly in favor of the hypothesis that MAD1 kinetochore 
binding is the primary function of the MPS1-BUB1-RZZ pathway and feedback in the SAC 
response, and argues against a role for BUB1 in the SAC downstream of MAD1 89. Since 
BUB1 also recruits the MCC component BUBR1, these results may furthermore indicate 
that either BUBR1 kinetochore localization is not essential for the SAC or that BUBR1 has 
a major contribution to MAD1 recruitment. In support of the former, an N-terminal fragment 
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Figure 5. ZW10 regulates MPS1 kinetochore levels by regulating KMN network stability
(A-C) Immunolocalisation of KNL1, HEC and centromeres (CENP-C) in HeLa cells transfected with indicated siRNAs 
and treated with nocodazole and MG132 for 1 hour. Representative images are shown in A. Graphs represent total 
kinetochore intensity of KNL1 (B) and HEC1 (C) relative to centromeres (CENP-C) ±SD. (D-E) Immunolocalisation 
of MPS1 and centromeres (CENP-C) in HeLa cells transfected with indicated siRNAs and treated with nocodazole, 
500 nM reversine and MG132 for 1 hour. Representative images are shown in D. Graph represent total kinetochore 
intensity of MPS1 (E) relative to centromeres (CENP-C) ±SD. (F-H) Immunolocalisation of BUB1, mCherry and 
centromeres (CENP-C) in HeLa cells non-induced or induced to express mCherry-MIS12-MPS1Δ200 (indicated as 
M12-MPS1), transfected with indicated siRNAs and treated with nocodazole and MG132 for 1 hour. Representative 
images are shown in F. Graphs represent total kinetochore intensity of BUB1 (G) and mCherry (H) relative to 
centromeres (CENP-C) ±SD. All data are from ≥15 cells and are representative of three experiments.
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of BUBR1 that fails to localize to kinetochores is able to maintain a SAC response 200, and 
kinetochore BUBR1 has been implicated in SAC-independent regulation of kinetochore-
microtubule interactions 41,201. 

What is or are the kinetochore receptor(s) for MAD1? Central to the localization of checkpoint 
proteins to kinetochores is the KMN network. The CH domain of HEC1 is important for 
recruitment of MPS1 142,145,146, which in turn phosphorylates KNL1 to recruit BUB1 118-120. 
An initial observation of a yeast-2-hybrid interaction between MAD1 and HEC1 could not 
be verified in cells 145, and extensive tandem-affinity purifications of the KMN network has 
not found any co-precipitating MAD1 8,202. In budding yeast, MAD1 forms a mitosis-specific 
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BUB1 and ZW10. ZW10 functions to establish MAD1 localization while simultaneously regulating MPS1 localization 
through stabilizing the KMN network. 
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interaction with BUB1 197,203, and human MAD1 kinetochore localization depends on an 
evolutionary conserved domain within BUB1 but does not require BUB1 catalytic activity 
77. Although these data suggest that BUB1 might act as a RZZ/MAD1 binding platform on 
kinetochores, we and others 184 observed that efficient depletion of BUB1 (by either RNAi 
or MPS1 inhibition) reduces MAD1 kinetochore levels by only half. We could furthermore 
observe no direct interaction between BUB1 and MAD1, and could find no MAD1 on ectopic 
chromosome sites to which BUB1 was bound. These observations do not exclude a direct 
interaction between BUB1 and MAD1 but suggest that BUB1 is not or not the only kinetochore 
receptor for MAD1 in human cells. If ZW10 is downstream of BUB1 in the pathway towards 
MAD1 kinetochore binding, could the RZZ complex perhaps be the MAD1 receptor? Inhibition 
of MPS1 affects the RZZ complex and MAD1 in a similar manner, and although recently 
disputed 101 ZW10 may be stably bound to unattached kinetochores 204 and is removed 
upon microtubule attachment, much like MAD1 94,141,205. Finally, the RZZ-controlled protein 
SPINDLY has been proposed as the direct MAD1 receptor in C. elegans 206, but SPINDLY 
depletion in human cells does not prevent MAD1 kinetochore binding 100,101,188. In conclusion, 
a direct receptor for MAD1 at mitotic kinetochores has yet to be found, and perhaps the 
mode of MAD1 kinetochore binding is multifactorial, with contributions from all of the above-
mentioned proteins. It is of interest to note in this respect that the N-terminal coiled coil 
of MAD1 as well as its conserved C-terminal domain (CDT) contribute independently to 
kinetochore binding184,207. 

We provide evidence that BUB1 regulates localization of the RZZ complex, and does so 
independently of its capacity to phosphorylate proteins. RZZ kinetochore binding is, like 
MAD1, likely multifactorial. It depends entirely on the ZW10-interacting protein 1 (ZWINT1), 
but a mutant of ZW10 unable to bind ZWINT-1 still localizes to kinetochores, albeit with a 
reduced time of residency 204. Suggesting that ZWINT1 forms multiple sites of interaction 
with RZZ. ZWINT1 is recruited to kinetochores by KNL1, a large scaffold and member of the 
KMN network that also recruits BUB1 to kinetochores 196,208. In contrast to RZZ, kinetochore 
binding of ZWINT1 does not appear to be regulated during mitosis 91,133,209, and we thus 
suspect that BUB1, in a non-catalytic fashion, impinges on one or more of the ZWINT1-RZZ 
interaction sites. As chromosomes congress, microtubule binding of the KNL1 N-terminus 
might interfere with BUB1 binding and subsequently the ZWINT-1-ZW10 interaction, thus 
enabling dynein-dependent stripping of checkpoint proteins. Interestingly, C. elegans KNL1 
mutants lacking microtubule binding activity are able to form load-bearing attachment but 
fail to silence the checkpoint while being able to recruit dynein 123. It will be interesting to 
investigate kinetochore levels of BUB1 and the RZZ complex in these mutants. 

Unexpectedly, our data show that the RZZ complex is required for stable association of 
the KMN network with kinetochores. Studies in C. elegans and in human cells have 
recently shown a functional connection between the RZZ complex and the KMN network 
100,101. Depletion of SPINDLY causes severe chromosome alignment defects due to strong 
reduction in the ability of kinetochores to form load-bearing attachments, a function of the 
KMN network. These defects were largely rescued by co-depletion of the RZZ complex. As 
a result, the authors proposed that RZZ inhibits the formation of load-bearing attachments 
by the KMN network by a yet unknown mechanism, and that this inhibition is repressed by 
SPINDLY/dynein 100. It is unclear if this is mechanistically linked to our observations that 
ZW10 depletion affects KMN levels at kinetochores, but it is not unlikely that the effects 
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of RZZ on KMN function can cause compromised KMN integrity. It would be of interest to 
examine KMN levels upon SPINDLY and dynein depletion, and potential interaction between 
components of the RZZ compelx and the KMN network. 

Materials & Methods

Cell Culture and transfection
U2OS, U2OS LacO cells (a gift from S. Janicki) and HeLa cells were grown in DMEM 
supplemented with 8% FBS, 50 μg/ml penicillin/streptomycin, and 2 mM L-glutamine. HeLa 
Flp-in cells (a gift from S. Taylor) were cultured in the same medium but containing 8% 
tetracycline-approved FBS (Clontech) supplemented with hygromycin (200 μg/ml) and 
blasticidin (4 μg/ml). U2OS-TR cells (a gift from M. Timmers) were cultured in the same 
medium but containing 8% tetracycline-approved FBS (Clontech) supplemented Zeocin (100 
μg/ml). Plasmids were transfected using Fugene HD (Roche) according to the manufacturer’s 
instructions. To generate stably-integrated HeLa Flp-In cells, pCDNA5-constructs were co-
transfected with Ogg44 recombinase in a 10:1 ratio 77 and selected with Blasticidin and 
Hygromycin. Constructs were expressed by addition of 1 μg/ml doxycyclin for 24h. siBUB1 
(5’-GAAUGUAAGCGUUCACGAA-3’) siZW10 (5’-UGAUCAAUGU-GCUGUUCAA-3’) were 
transfected using Hiperfect (Qiagen) at 20 nM and 100 nM respectively for 2 days according 
to manufacturer’s instructions.

Cell lines
HeLa Flp-in cells were transfected with pcDNA5 (Invitrogen) encoding for LAP-BUB1-
WT or BUB1-KD, mCherry–MIS12–MPS1Δ200, eYFP-FKBP-MAD1-WT and selected with 
hygromycin and blasticidin to establish polyclonal cell lines. Stable HeLa Flp in cells 
harboring eYFP-FKBP-MAD1-WT were subsequently transfected with pcDNA3 (Invitrogen) 
encoding for MIS12-FRB-FLAG. The U2OS-TR cell line was transfected with pcDNA4 vector 
(Invitrogen) encoding LAP–MIS12–MPS1Δ200 and selected with Zeocin. Monoclonal cell lines 
were then established by limited dilution (Clone 9B; LAP–MIS12–MPS1 Δ200)

Immunofluorescence, antibodies and reagents
Cells were plated on 12-mm coverslips and treated as described in figure legends, cells 
were pre-extracted with PEM/TX (100 mM PIPES [pH 6.8], 1 mM MgCl2, 5 mM EGTA, 0.2% 
Triton X-100) for 1 min. before a 5 min. fixation in 3.7% formaldehyde in PEM/TX-100. 
Coverslips were blocked with 3% BSA in PBS for 1 hr., incubated with primary antibody for 
16 hr. at 4 C °, washed with PBS/0.1% TX-100 and incubated with secondary antibodies 
for an additional 1 hr. at room temperature. Coverslips were washed and submerged in 
PBS containing DAPI and mounted using ProLong Gold antifade (Molecular Probes). 
Image acquisition and quantification were done as described 146, using a DeltaVision RT 
system (Applied Precision) with a 1003/1.40 numerical aperture (NA) UPlanSApo objective 
(Olympus) for acquiring images, ImageJ software for quantification and Photoshop CS5 
(Adobe) for image processing.
The following primary antibodies were used for immunofluorescence imaging: MPS1–NT 
(EMD Millipore, 05-682, 1;1000), CREST (Cortex Biochem, CS1058 1:2000), CENP-C 
(Sanbio, PD030, 1:1000) HEC1 9G3 (Abcam, ab3613 1:1000), GFP (custom rabbit 
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polyclonal, 1:10.000), GFP (Roche, 11814460001 mouse monoclonal, 1:1000), KNL1 
(Abcam, ab70537, 1:1000), BUB1 (Bethyl, A300-373A, 1:1000), BUBR1 (Bethyl, A300-
386A, 1:1000), MAD1 (Custom anti-mouse,  a gift from Andrea Musacchio, 1:50), ZW10 
(Abcam, ab21582, 1:1000). Secondary antibodies were high-crossed goat anti–human and 
anti–guinea pig Alexa Fluor 647 and goat anti–rabbit and anti–mouse Alexa Fluor 488 and 
Alexa Fluor 568 (Molecular Probes) for immunofluorescence experiments. Thymidine (2.5 
mM), nocodazole (830 nM), MG132 (5 μM), reversine (various doses), doxycycline, STLC 
(10 µM) were all obtained from Sigma. Zeocin (100 μg/ml) was obtained from Invitrogen, 
Rapamycin and Blasticidin were obtained from PAA Laboratories.

Live-cell imaging
Cells were plated in 8 well chambered glass-bottom slides (LabTek), transfected, and imaged 
in a heated chamber (37°C and 5% CO2) using a 20×/0.5 NA UPLFLN objective (Olympus) 
on a microscope (IX-81; Olympus) controlled by Cell-M software (Olympus). Images were 
acquired using a camera (ORCA-ER; Hamamatsu Photonics) and processed using Cell-M 
software. 

Mass spectrometry.
HeLa Flp-in cells inducibly expressing LAP-BUB1 and LAP–MAD1 were synchronized in 
mitosis by a 24h thymidine block followed by o/n treatment with nocodazole. Cells were 
harvested, lysed and prepared for immunoprecipitation and mass spectrometry as described 
182.
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Abstract

The spindle assembly checkpoint (SAC) ensures correct chromosomes distribution during 
mitosis by preventing the onset of anaphase until all chromosomes are attached to the 

mitotic spindle. Robust SAC signaling relies on an intimately intertwined signaling network 
that is assembled on unattached kinetochores. In addition to the essential SAC components, 
some proteins are known to fine-tune the SAC. Their auxiliary function in SAC signaling is 
revealed when the SAC is functionally compromised. Using a sensitized assay in which partial 
MPS1 inhibition weakens SAC activity, we found that Polo like kinase 1 (PLK1) modulates 
the SAC in a non-essential manner. PLK1 activity does not regulate MPS1 function or 
kinetochore binding of core SAC components, but regulates the SAC downstream of MAD1 
function. PLK1 activity promotes stability of the diffusible SAC effector complex known as 
MCC and we report a novel PLK1-like phosphorylation site in BUBR1 that regulates the 
BUBR1 - BUB3 interaction known to contribute to MCC function. Our findings reveal PLK1 
as a kinetochore-independent auxiliary factor required for robust SAC signaling.   
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Introduction

When cells enter mitosis, their unattached kinetochores rapidly recruit and activate MPS1 
in order to swiftly establish and maintain an effective spindle assembly checkpoint (SAC) 
response 146,201. MPS1 initiates, among other things, recruitment of the SAC proteins MAD1 
and MAD2, thus enabling production of the SAC effector complex known as the mitotic 
checkpoint complex (MCC) (reviewed in 75, chapter 3). The MCC prevents degradation of 
Cyclin B and Securin by the E3 ubiquitin ligase anaphase promoting complex/cyclosome 
(APC/C) 71,83 and as such delays mitotic progression when unattached kinetochores persist. 
As chromosomes attach and congress, the SAC is maintained with progressively fewer 
unattached kinetochores. It is currently unknown whether MCC levels follow the amount 
of unattached kinetochores or whether the proposed catalytic nature of MCC production 
ensures high levels of MCC regardless of how many kinetochores are unattached 75,210.
Efficient activation of the SAC depends on a network of mitotic kinases that predominantly 
localize to unattached kinetochores. These kinases include, but may not be limited to, 
MPS1, BUB1 and Aurora B. BUB1 regulates the SAC by recruiting MAD1 (Chapter 3, 
77,78,184) but it also involved in chromosome bi-orientation and sister chormatid cohesion by 
phosphorylation of Histone2A 192. MPS1 is required for efficient SAC signaling by recruiting 
checkpoint proteins, including BUB1, to unattached kinetochores 76, by facilitating MAD2 
dimerization 90, and by promoting MCC stability 91. Simultaneously and independent of its 
role in the SAC, MPS1 coordinates attachment error-correction 90,133,138,146,151,153,164. We and 
other recently reported that the kinase Aurora B, best known for its roles in chromosome 
bi-orientation and cytokinesis (reviewed in 211) is also required for timely establishment of 
the SAC, by initiating efficient recruitment of MPS1 to kinetochores at the onset of mitosis 
146,153,212. This role, however, is not an essential one, as efficient depletion or inactivation of 
Aurora B does not abrogate the SAC but does significantly delay its timely establishment. 
As a result, cells without Aurora B activity enter mitosis without a SAC and need minutes to 
establish it. Once established, cells proceed through mitosis with a normal SAC but have 
permitted partial Cyclin B degradation during the early stages of mitosis. This low level of 
Cyclin B affects the ability of the SAC to delay mitosis for extended periods of time 146. 
Aurora B is therefore and auxiliary factor in the SAC response, a role that was revealed in a 
sensitized SAC assay 146,212. 

A kinase whose role in the SAC is controversial and not well established is Polo-like kinase 
1 (PLK1). PLK1 regulates numerous processes in cell division, with essential roles in bipolar 
spindle assembly 213,214, centrosome maturation 215,216, regulation of kinetochore-microtubule 
attachment 41,114,217-219 and cytokinesis 220. The diversity of PLK1 functions is accommodated 
by its wide range of sites to which it localizes. PLK1 targeting to subcellular locations is 
mediated by its C-terminal Polo-box domain (PDB), which recognizes proteins primed by 
CDK1 phosphorylation 221,222. An example, PLK1 binds to CDK1-primed BUBR1 at mitotic 
kinetochores 217 and phosphorylates BUBR1 on multiple residues to create a docking site for 
the B56-PP2A phosphatase that is essential for formation of stable kinetochore-microtubule 
attachments 41,42,113. As a result PLK1 inhibition weakens kinetochore attachments and 
subsequently causes a SAC-dependent mitotic delay 214,223,224. Some reports suggest that 
PLK1 may regulate the SAC 225-227. In human cells and Xenopus egg extracts, PLK1 has 
been suggested to regulate kinetochore binding of MAD1, MAD2 and/or BUBR1 225,227, and 
in Drosophila S2 cells the PLK1 homolog Polo was suggested to regulate MPS1 localization 
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228. None of these studies, however, reported an effect of PLK1 inhibition/depletion on the 
ability of cells to delay mitosis in response to unattached kinetochores. 

We cared to investigate if mitotic kinases other than Aurora B have an auxiliary role in the 
SAC. We here report PLK1 as such an auxiliary SAC regulator. We show that PLK1 inhibition 
does not affect kinetochore localization of SAC proteins such as MPS1 and MAD1 in human 
cells. Our data instead suggest that PLK1 is essential to maintain MCC stability, possibly by 
phosphorylation of the BUBR1 GLEBS domain that mediates the BUBR1-BUB3 interaction.    

Results

PLK1 participates in maintaining a SAC response
Rapid maximal activation of the SAC in response to unattached kinetochores depends on 
a tightly regulated signaling network involving multiple layers of feedback control 67. Many 
components of this network are essential and some are auxiliary. An example of the latter is 
the kinase Aurora B. Efficient inhibition of Aurora B (by combining RNAi with small molecule 
inhibitors) does not prevent SAC activation but delays its swift establishment at the onset 
of mitosis by delaying efficient MPS1 localization and subsequent activation 146. As a result, 
cells enter mitosis with much reduced levels of Cyclin B, risking accelerated mitotic slippage.
The effect of Aurora B on the SAC was revealed by a sensitized assay in which the SAC 
is weakened in nocodazole-treated cells by addition of a low dose of the MPS1 inhibitor 
reversine 133. When assayed for mitotic duration using DIC time-lapse imaging, such cells 
normally maintain mitotic delays for many hours despite reduced MPS1 activity (146, see 
also Figure 1A, B) but become extremely sensitive to additional perturbations that affect the 
SAC, such as Aurora B inhibitors 146,212. We used this assay to find other mitotic kinases that 
promote SAC activity but may not be essential for it. To exclude indirect effects of kinase 
inhibition on the SAC from potential changes in kinetochore-microtubule interactions, these 
and all further experiments were performed in the presence of nocodazole. The majority 
of nocodazole-treated cells maintained extended mitotic delays upon addition of 125 nM 
of reversine (hereafter referred to as “low reversine”) or a high dose (50 nM) of the PLK1 
inhibitor BI2536 224 (Figure 1A, B). Strikingly, simultaneous treatment with low reversine 
and 50 nM BI2536 caused cells to rapidly exit mitosis (Figure 1A, B). The sensitization to 
BI2536 was due specific PLK1 inhibition, as it was recapitulated by PLK1 siRNA (Figure 
1C). Weakening MPS1 activity by adding the Aurora B inhibitor ZM447439 instead of low 
reversine also sensitized the SAC to PLK1 inhibition (Figure 1D).

PLK1 is not required for timely SAC establishment
To gain further insight into how PLK1 affects SAC signaling, we measured the rate of Cyclin 
B degradation in cells treated with combinations of the various inhibitors. To this end, cellular 
fluorescence was monitored in a HeLa cell line in which endogenous Cyclin B1 was tagged 
with eYFP by inserting the eYFP cDNA sequence in the last exon of the CCNB1 locus 
(Figure 2A). Nocodazole-treated Hela-CCNB1eYFP cells maintained relatively stable Cyclin B1 
levels for hours after NEB (Figure 2B). As shown before and similar to addition of ZM447439 
146, addition of low reversine before mitotic entry caused an initial drop in Cyclin B1 levels 
after NEB that subsequently stabilized to a degradation rate that was similar to control cells 
(Figure 2B) This initial drop is due to late establishment of SAC activity when MPS1 activity 
is compromised, either by inefficient MPS1 localization due to loss of Aurora B activity or by 
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reductions in MPS1 activity 146. Notably, addition of BI2536 had no effect on the rate of Cyclin 
B1 degradation in control cells but accelerated it in cells treated with low reversine (Figure 
2B). The accelerated rate of Cyclin B degradation, although sufficient to explain rapid mitotic 
exit, was not as fast as the rate reached when the SAC was fully inactivated, for instance 
by high dose reversine (500 nM, hereafter referred to as ‘high reversine’) (Figure 2B). PLK1 
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Figure 1. PLK1 participates in maintaining a SAC response
(A, B) Stills (A) and analysis (B) of mitotic exit by live imaging of HeLa cells, treated as indicated. Nocodazole was 
present in all conditions. Graph in (B) (50 cells per condition) shows cumulative frequency of mitotic exit, deter-
mined by cell flattening, versus time (min). t=0 indicates addition of indicated drugs. Data are representative of 3 
independent experiments. (C, D) Analysis of mitotic exit by live imaging of U2OS cells, transfected and/or treated 
as indicated. Nocodazole was present in all conditions. Graphs (50 cells per condition) show cumulative frequency 
of mitotic exit, determined by cell flattening, versus time (min). t=0 indicates addition of indicated drugs. Data are 
representative of two independent experiments.
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inhibition may thus not fully inactivate the SAC response in MPS1-compromised cells, or, 
alternatively, maximal APC/C activation requires PLK1 activity independent of its effects on 
the SAC, as previously suggested 229,230. 

MPS1 localization and activity are not regulated by PLK1
Like Aurora B 146,212, PLK1 could promote SAC activation by ensuring efficient recruitment 
of MPS1 to unattached kinetochores, as recently suggested for Drosophila Polo in S2 cells 
228. This would be in line with observations in human cells that PLK1 contributes to Aurora B 
activation 231 and accumulation of Aurora B on centromeres of unaligned chromosomes 232. 
Several lines of evidence, however, strongly indicate that MPS1 localization and activation 
are normal in PLK1-inhibited human cells. First, even slight reductions in MPS1 activity 
cause accumulation of MPS1 on unattached kinetochores (Figure 3A, B, and 90,149), yet PLK1 
inhibition had no effect on MPS1 kinetochore levels, neither alone nor in combination with 
low reversine (Figure 3A, B). Second, tethering MPS1 to kinetochores by induced expression 
of MIS12-MPS1Δ200 142,146,149, while rescuing SAC inactivation by Aurora B inhibitors in our 
sensitized SAC assay 146, could not restore the SAC upon PLK1 inhibition (Figure 3C). Third, 
efficient reactivation of MPS1 in mitosis during recovery from transient inhibition of CDK1 
using RO3306 146,153 was unaffected by BI2536 (Figure 3D). Taken together, we conclude 
that PLK1 regulates the SAC independent of MPS1 localization or activation.  

PLK1 does not regulate recruitment of SAC proteins to unattached kinetochores.
We next wished to examine at which level PLK1 activity exerted its effects on SAC signaling. 
Several SAC proteins including BUB1 and RZZ promote SAC signaling predominantly 
by ensuring MAD1 kinetochore binding (chapter 3), while others operate downstream of 
MAD1, for example in catalyzing MCC production (MAD2) or inhibiting APC/C-CDC20 
activity (BUBR1-BUB3). PLK1 has been reported to affect MAD1 localization and to directly 
phosphorylate MAD1 225. To determine if PLK1 acted upstream or downstream of MAD1 
kinetochore localization, we examined SAC activity after PLK1 inhibition in cells with 
kinetochore-tethered MAD1 92, using the same cell line as introduced in chapter 3, (Figure 
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3.6B C). If PLK1 predominantly acts upstream of MAD1 function, the tethered MAD1 should 
rescue SAC defects in PLK1-inhibited cells, as is the case for SAC defects upon BUB1 or 
ZW10 depletion (chapter 3). As shown in Figure 4A, rapamycin-induced tethering of MAD1 
to unattached kinetochores was unable to prevent the mitotic exit caused by simultaneous 
inhibition of PLK1 and MPS1. In support of a role for PLK1 downstream of MAD1 kinetochore 
binding, immunolocalization studies showed that PLK1 inhibition did not affect localization 
of MAD1 or MAD2 to kinetochores of nocodazole-treated cells (Figure 4B, D, E). Lack of an 
effect on localization of MAD1 by PLK1 inhibition was also apparent in cells with weakened 
MPS1 activity: Cells treated with low reversine displayed significantly diminished kinetochore 
levels of MAD1 and MAD2, but additional inhibition of PLK1 did not reduce this further (Figure 
4B, D, E). Addition of BI2536 also did not affect kinetochore levels 

Figure 3. MPS1 localization is not influenced upon PLK1 inhibition
(A, B) Immunolocalization of MPS1 and centromeres (CENP-C) in HeLa cells treated with nocodazole, MG132 
and indicated inhibitors for 2 hours. Representative images are shown in A. Graph in B represent total kinetochore 
intensity of MPS1 relative to centromeres (CENP-C) ±SD. All data are from ≥15 cells and are representative of three 
independent experiments. (C) Time-lapse analysis of duration of mitotic arrest in U2OS cells, non-induced or induced 
to express LAP-MIS12-MPS1Δ200, and treated with nocodazole in combination with indicated inhibitors. Graph (50 
cells per treatment) shows cumulative frequency of mitotic exit (scored as cell flattening) at the indicated times after 
addition of the inhibitors. Data is representative of 3 independent experiments. (D) Immunoblot of MPS1 and tubulin 
in whole cell lysates from HeLa cells treated with nocodazole without (-) or with RO3306 for 15 minutes (all other 
lanes) and subsequently released into nocodazole/ inhibitor for the indicated times. Lower-mobility MPS1 forms 
indicate phosphorylated, active MPS1.
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Figure 4. PLK1 does not influence the localization checkpoint proteins
(A) Time-lapse analysis of duration of mitotic arrest in HeLa cells stabily expressing MIS12-FRB-tagRFP, induced 
to express eYFP-FKBP-MAD1, and treated with nocodazole in combination with DMSO or Rapamycin (to induce 
FRB-FKBP heterodimerination and indicated inhibitors. Graph (50 cells per treatment) shows cumulative frequency 
of mitotic exit (scored as cell flattening) at the indicated times after addition of the inhibitors. Data is representative 
of 3 independent experiments. (B-F) Representative images and quantifications of immunolocalization of MAD1 
(B, D), MAD2 (B, E), BUBR1 (C, F), BUB1 (G)(Representative images not shown) and centromeres (CENP-C) 
in HeLa cells treated with nocodazole, MG132 and the indicated inhibitors for 2 hours. Graphs represent total 
kinetochore intensities of indicated proteins relative to centromeres (CENP-C) ±SD. All data are from ≥15 cells and 
are representative of three experiments. 
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of BUB1 (Figure 4G) and only marginally affected kinetochore levels of BUBR1 (Figure 4C, 
F). Together, these data show that PLK1 does not significantly regulate kinetochore binding 
of the core SAC machinery. 

PLK1 activity promotes MCC stability 
Our observation that the SAC in cells expressing MIS12-MAD1 was still sensitive to PLK1 
inhibition (Figure 4A) showed that PLK1 promotes SAC activation downstream of MAD1 
function. The primary function of MAD1 is to enable conversion of MAD2 to its closed 
conformation, thereby catalyzing production of the MCC 75. To explore the idea that PLK1 
acts downstream of MAD1 function at kinetochores, we set out to assess MCC formation 
in PLK1-inhibited cells by immunoprecipitation. While either PLK1 inhibition or MPS1 
inhibition did not or only marginally affect the amount of CDC20 that was co-precipitated with 
MAD2 from lysates of nocodazole-treated cells (Figure 5A and 91,151), combined treatment 
with PLK1 inhibitor and low or high dose reversine drastically diminished CDC20 in MAD2 
immunoprecipitates (Figure 5A). We furthermore found that the amount of BUB3 co-
precipitating with BUBR1 was strongly decreased when MPS1 and PLK1 were simultaneously 
inhibited (Figure 5B), but not when either PLK1 or MPS1 alone were inhibited (Figure 5B). 
We thus conclude that PLK1 activity contributes to the formation and/or maintenance of a 
stable MCC. 

Phosphorylation of BUBR1 on a conserved PLK1 consensus site promotes its 
interaction with BUB3
Spatiotemporal regulation of MCC formation or stabilization downstream of MAD2 
conversion is poorly understood. Since our data suggest that PLK1 may play an auxiliary 
role in this, we wished to clarify the mechanism of action of PLK1 on MCC formation. It 
has recently been suggested that MPS1 activity maintains stability of cytoplasmic MCC 91. 
However, since our data do not support a role of MPS1 in PLK1-mediated control of the SAC 
response, we chose to examine MCC components for phosphorylation on PLK1 consensus 
phosphorylation sites. We and other previously reported that PLK1 phosphorylates BUBR1 
in the KARD motif to create a PP2A-B56 binding site 41,217-219,233. Using mass spectrometric 
analyses of LAP-BUBR1 purified from mitotic U2OS cells (Figure 6A), we found many 
additional phosphorylated residues on BUBR1, including the previously reported pS435, 
pS543 and pS670 (not shown) 218,233, as well as a novel one, pS411 (Figure 6B, C). S411 
and its neighbouring sequences are well-conserved (Figure 6C and 67) and S411 resides in a 
PLK1 consensus motif (D/E-x-S/T-Φ-D/E, where x represents any amino acid and Φ a large 
hydrophobic amino acid 234,235). Moreover, S411 is located within the GLEBS motif, which 
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mediates the interaction between BUBR1 and BUB3 (Figure 6C) 218,236. 
Since combined inhibition of MPS1 and PLK1 decreased BUB3-BUBR1 interaction, we next 
examined a potential role in this for S411 phosphorylation. As expected, immunoprecipitation 
of BUBR1 co-precipitated BUB3, and this was abolished by deleting the GLEBS motif 
in BUBR1 (BUBR1-ΔGLEBS) (Figure 6D). Substitution of S411 to unphosphorylatable 
Alanine, although not abolishing it, also strongly decreased BUB3 binding (Figure 6D), 
suggesting that S411 phosphorylation contributes to the BUBR1-BUB3 interaction. Loss of 
BUB3 binding was even more pronounced when S411 was substituted for aspartate which 
potentially mimics phosphorylation (Figure 6D). All BUBR1 variants expressed normally, 
but only WT and S411A localized to kinetochores (Figure 6E). Lack of S411D binding to 
BUB3 and kinetochores may be due either to specific phosphorylation-dependent loss of the 
BUB3 interaction, or inadvertent disruption of GLEBS motif function by the substitution. Our 
data show that PLK1 promotes SAC activity downstream of MAD1 kinetochore localization, 
possibly by MCC stabilization through BUBR1-S411 phosphorylation to promote BUBR1-
BUB3 binding.

Discussion

Our data show that PLK1 activity promotes SAC activation, a role that becomes essential 
when the SAC response is sub-optimal. PLK1 impacts SAC signaling downstream of MAD1 
kinetochore localization, as PLK1 inhibitors do not prevent localization of MAD1, MAD2, 
MPS1 and BUB1 to kinetochores, and still affect SAC signaling when MAD1 is tethered to 
kinetochores. Instead, we provide evidence that PLK1 promotes MCC stability and show 
that this could, in part, be mediated by phosphorylation of S411 in the BUB3-interacting 
GLEBS motif of BUBR1.

Although a function for PLK1 in the SAC has been suggested previously 225-227, no functional 
SAC defect has been reported in cells lacking PLK1 activity. As we show here, this is likely 
due to the fact that PLK1 is an auxiliary factor whose role in the SAC is masked by its 
involvement in a multitude of other mitotic processes. For example, inhibition of PLK1 during 
normal mitotic progression will delay rather than shorten mitosis, because the effect of PLK1 
inhibition on the stability of kinetochore-microtubule attachments 41,42,113,217-219,233 is likely 
dominant over its non-essential role in the SAC. A role for PLK1 in the SAC is revealed 
when its effects on attachments is negated by the use of nocodazole and when the SAC is 
weakened by compromising MPS1 activity. If not essential, under what conditions is PLK1 
activity important for the SAC?  We find that PLK1 activity is indispensable for MCC stability 
when the SAC is functionally compromised. A recent study proposed that as chromosomes 
congress, MCC composition shifts from a MAD2-containing MCC to one that lacks MAD2 
237. Perhaps PLK1 might become important once the SAC becomes progressively weaker 
when MCC composition changes as more and more kinetochores attach and congress. 
Although technically challenging, examining this possibility will require ways to address 
whether the SAC is more sensitive to PLK1 inhibition in cells containing only few unattached 
kinetochores. 

Previous studies have suggested that PLK1 promotes localization of MAD1/MAD2 and/or 
MPS1 to unattached kinetochores 225,228. However, we and others failed to observe any effect 
on kinetochore levels of these proteins after PLK1 inactivation 184,224. Furthermore, we find 
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that PLK1 acts downstream of MAD1 localization, since PLK1 inhibition still affects the SAC 
when MAD1 is tethered to kinetochores.
We show here, as observed in Drosophila S2 cells 228 that PLK1 is required for maximal MAD2-
CDC20 and BUBR1-BUB3 interaction under conditions of a weakened SAC. The latter may 
be mediated by a here newly identified mitotic phosphorylation site on BUBR1 that resides 
in a PLK1 consensus motif within the BUB3-binding GLEBS motif of BUBR1. Mutation of 
this S411 site disrupts BUBR1-BUB3 interaction. This could indirectly affect MAD2-CDC20 
interaction and MCC stability, although it is somewhat puzzling why CDC20 retains its normal 
interaction with BUBR1. It remains to be established whether phosphorylation of S411 in the 
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GLEBS motif is due to PLK1 and proof of a causal link between this phosphorylation and 
the contribution of PLK1 to the SAC will require functional characterization of S411A, both in 
SAC activity and MCC stability. 
An additional or alternative mechanism by which PLK1 may influence the SAC response is 
redundancy with MPS1 signaling. Interestingly, the kinase consensus motif of MPS1 238,239 
closely resembles that of PLK1 234,235. PLK1 could therefore theoretically reinforce MPS1 
signaling by phosphorylating a subset of the same substrates. One of the few bona fide 
MPS1 substrates reported is KNL1. MPS1 phosphorylates MELT-like motifs in KNL1 that 
recruit BUB1 and thereby impact SAC activity 118-120. However, since we observe no decrease 
in BUB1 localization upon PLK1 inhibition, it is unlikely that PLK1 targets these motifs. Other 
MPS1 substrates that impact the SAC have not yet been described, but potential candidates 
include those that affect MCC levels downstream of MAD1. In that respect it is of interest to 
note that MPS1 has been proposed to mediated conversion of MAD2 to its closed form 90, 
but mechanistic details of this are unknown.
 
A weakened SAC may promote tumor progression by causing low levels of chromosomal 
instability (CIN) 177,240. Indeed several mouse models with reduced SAC display CIN and 
are more prone to tumor formation in particular sensitized backgrounds (reviewed in 241). 
Although SAC defects do not appear to contribute to CIN in cultured human cancer cell 
lines 242,243, a weakened SAC may contribute to cancer phenotypes in human patients, as 
various alterations to SAC components in human tumors are regularly reported 244-246. Our 
observation that PLK1 is important for a maximal SAC response under suboptimal conditions 
may have implications for the molecular origins of CIN in tumors, and for our interpretation 
of the effects of PLK1 inhibitors on cell viability in (pre)clinical settings. In this light it might 
be interesting to test the ability of CIN tumor cells to maintain SAC signaling in the presence 
of PLK1 inhibitors. 

Materials & Methods

Cell Culture and Cell lines
U2OS cells, and HeLa cells were grown in DMEM supplemented with 8% FBS, 50 μg/ml 
penicillin/streptomycin, and 2 mM L-glutamine. Plasmids were transfected using Fugene HD 
(Roche) according to the manufacturer’s instructions. To generate stably-integrated HeLa 
Flp-In cells, pCDNA5-constructs were co-transfected with Ogg44 recombinase in a 10:1 
ratio and selected with hygormycin and blasticidin 77. Constructs were expressed by addition 
of 1 μg/ml doxycyclin for 24h. HeLa Flp in cells were transfected with pcDNA5 (Invitrogen) 
encoding for mcherry–Mis12–Mps1Δ200 and selected with hygromycin and blasticidin to 
establish polyclonal cell lines. Stable HeLa Flp in cells harboring eYFP-FKBP-MAD1 were 
subsequently transfected with pcDNA3  (Invitrogen) encoding for MIS12-FRB-FLAG. HeLa-
CCNB1-EYFP cells: A single allele of CCNB1 was modified to contain EYFP by integrating the 
EYFP sequence directly 5’ between the stop codon and 3’UTR in exon 9 using homologous 
recombination, as described 247. The cassette encompassing the homology arms and eYFP 
sequence was synthesized (Genscript), validated and transferred to pAAV. The preparation 
of infectious AAV particles, transduction of cells, and subsequent sorting of EYFP-positive 
cells was previously described 248.
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Immunofluorescence, antibodies and reagents
Cells were plated on 12-mm coverslips, treated as described in figure legends, and pre-
extracted with PEM/TX (100 mM PIPES [pH 6.8], 1 mM MgCl2, 5 mM EGTA, 0.2% Triton 
X-100) for 1 min before a 5 min fixation in 3.7% formaldehyde in PEM/TX. Coverslips 
were blocked with 3% BSA in PBS for 1 hr. incubated with primary antibody for 16 hr. 
at 4 C °, washed with PBS/0.1% Triton X-100, and incubated with secondary antibodies 
for an additional 1 hr. at room temperature. Coverslips were washed and submerged in 
PBS containing DAPI and mounted using ProLong Gold antifade (Molecular Probes). 
Image acquisition and quantification were done as described 146, using a DeltaVision RT 
system (Applied Precision) with a 1003/1.40 numerical aperture (NA) UPlanSApo objective 
(Olympus) for acquiring images, ImageJ software for quantification and Photoshop CS5 
(Adobe) for image processing.
The following primary antibodies were used for immunofluorescence imaging: MPS1–
NT (EMD Millipore, 05-682, 1;1000), CREST/ACA (Cortex Biochem, CS1058 1:2000), 
CENP-C (Sanbio, PD030, 1:1000), GFP (custom rabbit polyclonal, 1:10.000), GFP (Roche, 
11814460001 mouse monoclonal, 1:1000), BUB1 (Bethyl, A300-373A, 1:1000), BUBR1 
(Bethyl, A300-386A, 1:1000), MAD1 (Custom mouse, a gift from Andrea Musacchio, 1:50). 
Secondary antibodies were high-crossed goat anti–human and anti–guinea pig Alexa Fluor 
647 and goat anti–rabbit and anti–mouse Alexa Fluor 488 and Alexa Fluor 568 (Molecular 
Probes) for immunofluorescence experiments. Thymidine (2.5 mM), nocodazole (830 nM), 
MG132 (5 μM), reversine (various doses), doxycycline, G-418 (1 mg/ml) and puromycin 
(1 μg/ml) were all obtained from Sigma. Zeocin (100 μg/ml) was obtained from Invitrogen, 
ZM447439 (2mM, Tocris Bioscience), BI2536 (50nM, Boehringer Ingelheim Pharma), 
RO3306 (1 μM, Enzo life sciences), Rapamycin and Blasticidin was obtained from PAA 
Laboratories. siPLK (5’-GCUCUGUGAUAACAGCGUG-3’, custom Ambion) were transfected 
using Hiperfect (Qiagen) at 20 nM according to manufacturer’s instructions.

Live-cell imaging
Cells were plated in 8 well chambered glass-bottom slides (LabTek), transfected, and imaged 
in a heated chamber (37°C and 5% CO2) using a 20×/0.5 NA UPLFLN objective (Olympus) 
on a micro- scope (IX-81; Olympus) controlled by Cell-M software (Olympus). Images were 
acquired using a camera (ORCA-ER; Hamamatsu Photonics) and processed using Cell-M 
software. 

Mass spectrometry
For mass spectrometry, stable LAP-BUB1 and LAP–MAD1 HeLa cells were synchronized in 
mitosis by a 24h thymidine block, followed by o/n treatment with nocodazole and cells were 
harvested followed by immunoprecipitation and mass spectrometry as described in 41.

Immunoprecipitation
HeLa cells or U2OS and 293T cells transfected with LAP-BUBR1, were released from a 24-
hour thymidine-induced block into nocodazole for 16 hours. Mitotic cells were harvested and 
subsequently treated with indicated inhibitors and lysed in lysis buffer (50mM HEPES pH7.5, 
150mM NaCl, 5mM EDTA, 0.5% NP-40, 1mM Na3VO4, 1mM b-glycerophosphate, 1mM NaF 
and Complete protease inhibitor (Roche)). Anti-MAD2 or anti-CDC20 antibody were bound 
to Protein-G-Agarose (Roche), LAP-BUBR1 was bound to S-agarose (Novagen) for 2 hours, 
washed four times in lysis buffer and after removal of all buffer sample buffer was added and 
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boiled for 5 minutes. Samples were separated by SDS-page.
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Abstract

Maintenance of genomic stability during cell divisions depends on tight spatio-temporal 
control of mitotic processes. Two of these, chromosome biorientation and the spindle 

assembly checkpoint (SAC), are regulated and integrated by a set of protein kinases and 
phosphatases that form a robust and sensitive network to ensure faithful segregation of 
chromosomes in mitosis. Despite identification of the important enzymes, many of the 
relevant phosphorylation events have not been mapped. Here we report our efforts to 
uncover substrates of MPS1, a mitotic protein kinase that is a central coordinator of both 
biorientation and the SAC. Using quantitative mass spectrometry-based phosphoproteomics 
on three experimental conditions that compared phospho-proteins in cells with and without 
MPS1 kinase activity, we have mapped 154 regulated phospho-sites. We discuss which of 
these are potential MPS1 substrates and provide a strategy to functionally examine the most 
promising ones. 
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Introduction 

Correct regulation of reversible protein phosphorylation is required to successfully divide 
duplicated chromosomes to two newly formed daughter cells. To ensure equal distribution of 
sister chromatids during anaphase the cell relies on two evolutionary conserved mechanisms. 
While the error correction machinery ensures that each chromatid pair is correctly attached 
to spindle microtubules, the spindle assembly checkpoint (SAC) arrests cell in mitosis as 
long as unattached kinetochores remain (reviewed in 75). These and other mitotic processes 
depend on a tight balance between phosphorylation and dephosphorylation. In human cells 
the mitotic kinases MPS1, BUB1, Aurora B and PLK1 (reviewed in 201) regulate SAC activation 
and kinetochore-microtubule attachment. Their activity initiates numerous events required for 
correct chromosome segregation. For example, BUB1 is known to phosphorylate Histone2A 
on T120 to establish inner-centromere localization of the chromosomal passenger complex 
(CPC) 191,192, and Aurora B facilitates error correction by phosphorylating multiple subunits 
of the main microtubule binding site of kinetochores, the KMN network, as well as various 
other mitotic proteins 14,211.

MPS1 regulates error correction by direct phosphorylation of the CPC member Borealin 164 
and more indirectly by controlling Sgo1 localization 153. Simultaneously, it is involved in the 
regulation of the SAC by recruiting checkpoint proteins to unattached kinetochores 76, by 
facilitating MAD2 dimerization 90 and by ensuring stability of the SAC effector complex MCC 
91. KNL1 is currently the only bona fide substrate of MPS1 in SAC regulation in human cells. 
MPS1 phosphorylates repetitive MELT motifs within KNL1 that are required to recruit BUB1 
to kinetochores 118-120. Given MPS1 many functions in regulating error-correction and the 
SAC, it is unlikely that Borealin and KNL1 are its only relevant substrates in human cells.  

The recent developments in quantitative mass spectrometry (MS)-based proteomics have 
led to global quantitative phosphoproteomics screens that have allowed the identification of 
a large number of in vivo phosphorylation sites from complex samples 249,250. These screens 
have proven a successful method for the identification of PLK1, Aurora B and CDK1 substrates 
75,235,251-253. The use of quantitative MS-based methods to monitor changes in phosphorylation 
in vivo provides an interesting tool to study the role of MPS1 in mitosis. To accomplish 
this, we used quantitative phosphoproteomics in multiple experimental set-ups to identify 
phospho-residues regulated by MPS1. In one approach, we used loss-of-function to find 
down-regulated phosphorylations after MPS1 inhibition. We compared the phosphoproteome 
of mitotic cells with full MPS1 kinase activity to that of cells treated with two small molecule 
MPS1 inhibitors. To maximize our chances of identifying relevant substrates, we analyzed 
both whole-cell phosphoproteomes as well as chromatin-enriched fractions. In a second 
approach, we used gain-of-function to find upregulated phosphorylations after artificial 
activation of MPS1. To this end, we investigated the chromatin phosphoproteome of cells in 
which MPS1 activity was artificially maintained at a high level on bioriented chromosomes to 
that of cells in which MPS1 was naturally removed from such chromosomes. 
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Results

Experimental strategies and methods to compare phosphoproteomes of mitotic 
cells with or without MPS1 kinase activity 

Experimental strategies
To investigate the MPS1-dependent phosphoproteome of human mitotic cells, we employed 
two different strategies: Selective inhibition of MPS1 kinase activity by small molecules in 
conditions where MPS1 is normally maximally active (see chapters 2, 90,91,132,133,201), and 
maintenance of MPS1 activity by artificial tethering of MPS1 to kinetochores in conditions 
where MPS1 is normally inactivated (see chapter 3 142,146,149,191,192). 

Selective inhibition of MPS1 was achieved by two independent methods. In the first, we 
created cell lines in which MPS1 kinase activity can be specifically and reversibly inhibited. 
For this, we engineered the ATP-binding pocket of MPS1 to create a kinase with unique 
preference for bulky ATP-like small molecules, and stably replaced endogenous MPS1 of 
HCT116 cells with this analog sensitive (as) mutant using constitutive shRNA reconstitution 
(see chapter 2). MPS1as was fully inhibited within 5 minutes after addition of the bulky PP1 
analog 23dMB-PP1 to mitotic HCT-MPS1as cells (Chapter 2, Figure 2.1C). In the second 
method, we used the recently described ATP-competitive MPS1 inhibitor Reversine (Rev) 

HeLaB 24 h thymidine 14 h Noco

15 min DMSO or
 Reversine

release

U2OS 
MIS12-MPS1C 24 h thymidine 14 h STLC

H2O or
Doxycycline

STLC 
wash out

1h
MG132

Merge BUB1 CREST

Merge BUB1 CREST

1h DMSO
MG132

1h DMSO
23dMB-PP1

Merge BUB1 CREST

Merge BUB1 CREST

15 min
DMSO
MG132

15 min
Reversine
MG132

Merge BUB1 CREST

Merge BUB1 CREST

Control
1h MG132

MIS12-MPS1
1h MG132

HCT-MPS1asA 24 h thymidine 14 h Noco

1h DMSO or
23dMB-PP1

release

Figure 1 Experimental strategies to study MPS1 phosphoproteome in mitotic cells.
Schematic of the design of the three independent methods employed (left panels). In all strategies, cells were 
synchronized in S phase by a single, 24 hour thymidine block, followed by a release into medium containing 
nocodazole (A, B) or STLC (C) to activate the SAC and synchronize cells in mitosis. 14 hours after release, mitotic 
cells were harvested and treated either for one hour (A) or 15 minutes (B) with DMSO (indicated in green) or small 
molecule MPS1 inhibitors (indicated in red) in combination with MG132. U2OS-MIS12-MPS1 cells were treated 
with either H2O (indicated in red) or doxycycline (indicated in green) upon release into STLC containing medium (C) 
after 14 hours they were additionally released from the STLC block into medium containing solely MG132 before 
being harvested after 1 hour. (A-C right panels) Immunolocalization of BUB1 and centromeres (CREST) in cells 
treated with nocodazole, MG132 and indicated inhibitors (A, B), or released from STLC into MG132 for 1 hour (C), 
Representative images are shown. Color coding: green: MPS1 active, red: MPS1 inactive.
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Data processing/Analysis using MaxQuant
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Figure 2. Overview of the experimental workflow
The phosphoproteome of the three independent experiments were probed in duplicate. (A) In the ‘Forward’ experiment 
(which is displayed here) cells are lysed and proteins are digested using trypsin, control (DMSO, displayed in green) 
peptides were labeled with light dimethyl labels and peptides from MPS1-inhibited cells (23dMB-PP1, displayed in 
red) with heavy dimethyl labels. In the ‘Reverse’ experiment labels were swapped. Subsequently, differently labeled 
peptides were mixed in a 1:1 ratio, the mixture was subjected to SCX fractionation, and relevant SCX fractions 
were subjected to titanium (IV) (Ti4+O2) phosphopeptide enrichment then analyzed by liquid chromatography-mass 
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133. In both strategies, cells were synchronized in S phase by a single, 24 hour thymidine 
block, followed by release into nocodazole-containing medium. As a result, cells cycling 
through S-phase into mitosis are blocked there due to persistent activation of the SAC. 
14 hours after release, mitotic cells were harvested and treated either for one hour (HCT-
MPS1as cells) or 15 minutes (HeLa cells) with DMSO (control (green)) or MPS1 inhibitors 
(red). Treatments were always combined with addition of the proteasome inhibitor MG132 
to prevent premature mitotic exit due to MPS1 inactivation (Figure 1A, B).  Following these 
treatments, cells were processed as indicated in Figure 2A and B. In the schemes depicted 
in Figure 2, phosphorylation events that depend on the kinase activity of MPS1 are expected 
to have a reduced H/L ratio (H=inhibition, L=control), but both forward (H/L) and reverse 
(L/H) labelings were done in all cases.

In a parallel approach, conditional activation of MPS1 was achieved using a cell line with 
inducible expression of the kinetochore-tethered MIS12-MPS1Δ200 fusion protein (introduced 
in Chapter 3 and 142,146,149). In this approach, cells were synchronized in S phase by a single, 
24h thymidine block, followed by release into STLC-containing medium complemented 
with H2O (control) or doxycycline to induce expression of MIS12-MPS1. STLC is and Eg5 
inhibitor that causes monopolar mitotic spindles with many unattached kinetochores 153,254. 
Like nocodazole, STLC thus causes synchronization in mitosis by persistent SAC activation. 
14 hours after release from thymidine, mitotic cells were harvested and allowed to restore 
spindle bipolarity and chromosome biorientation for 1 hour by removing STLC (Figure 1C). 
Again, MG132 was always added in these treatments to prevent premature mitotic exit due 
to MPS1 inactivation. One hour after washout of STLC, cells were processed as indicated 
in Figure 2C. 

Methods of quantification
We relied on two different approaches for quantitation of the changes of phosphopeptide 
abundance by MS. Stable isotope labeling by amino acids in cell culture (SILAC) 76,255 
was applied to both HeLa and U2OS cells. To this end cells were metabolically labeled by 
growing them in medium containing either normal (referred to as ‘light’) arginine and lysine 
(Arg0/Lys0) or the heavy isotopic variants (referred to as ‘heavy’) of [13C6,

15N4] arginine and 
[13C6,

15N2] lysine (Arg10/Lys8) (Figure 2B, C). Since adaptation to SILAC medium posed 
limitations to the proliferation rate of HCT-MPS1as cells (not shown), we employed chemical 
labeling of peptides by the dimethylation of primary amine groups by light (normal isotope: 
12C,1H) or heavy (stable isotope: 13C, 2H) isotopologues of formaldehyde 90,256 (Figure 
2A). Each experiment was performed in duplicate, in which labels are swapped between 
treatments, designated as forward and reverse.

Approaches for cellular fractionation and phospho-peptide enrichment 
Substrates of MPS1 are likely not very abundant and are likely concentrated on 

spectrometry/mass spectrometry (LC-MS/MS) using collision-induced dissociation-multistage activation (CID-MSA) 
or higher-energy collisional dissociation (HCD). (B, C) In the ‘Forward’ experiments (which are displayed here) cells 
were grown in the presence of light ((B) control: DMSO, displayed in green or (C) control: H2O, displayed in red) or 
heavy isotope-labeled arginine and lysine ((B) reversine, displayed in red or (C) MIS12-MPS1 displayed in green). 
After lysis, chromatin enrichment and tryptic digestion, peptides were fractionated by SCX and relevant SCX fractions 
were subjected to titanium (IV) (Ti4+O2) phosphopeptide enrichment. Finally, all fractions were analyzed by LC-MS/
MS using CID-MSA or HCD. Color coding: green: MPS1 active, red: MPS1 inactive
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kinetochores. To maximize identification of regulated phospho-sites, we chose to enrich the 
cellular sample of the HeLa and U2OS cells for kinetochore-containing chromatin using a 
chromatin enrichment step in which the cytoplasmic fraction is separated from chromatin 
fraction through the use of isotonic buffers and sequential purification steps by centrifugation 
(Fig. 5.2B, C). Validation of our reasons for using the procedure is shown in supplemental 
Table 1, which indicates significant coverage of outer-kinetochore proteins after chromatin 
enrichment. In addition, chromatographic fractionation of the tryptic digest of the proteome 
by strong cation exchange (SCX) provided separation of phosphorylated peptides from non-
phosphorylated ones in all experimental conditions. In all experiments SCX fractionation 
was followed by Titanium Dioxide enrichment for phospho-peptides prior to measurement. 

The MPS1-dependent phosphoproteome
After identification and quantification using MaxQuant software version 1.3.0.5 and the 
andromeda search engine 91,257, we processed all results according to the following 
acceptance criteria. (1) A false discovery rate (FDR) of less than 1% at the peptide level, 
(2) a protein FDR of less then 1% (3) and a site FDR of less then 1%. (4) Peptide length 
was restricted to at least 7. Combining forward and reverse experiments for each individual 
approach, we identified 8577 unique phosphosites in the experiments with the HCT-MPS1as 

cells, 5677 unique phosphosites in the experiments with the HeLa cells, and 12726 unique 
phosphosites in experiments with the U2OS cells (Table 1). When imposing an arbitrary 
cut-off for regulated phosphosites at a H/L or L/H ratio of ≥ 1.5 fold (up or down) compared 
to control treatment, and selecting for proteins with known functions in mitosis, the list of 
candidate MPS1 target sites identified in any of the three strategies was reduced to 154 
(Supplemental Table 2). Of these, 45 were found in the HCT-MPS1as experiments, and 66 and 

43 were found in the HeLa and U2OS-
MIS12-MPS1 experiments, respectively. 
The top 27 of regulated phospho-
peptides belonging to 21 proteins, based 
on fold change, is listed in Table 2. These 
include three previously reported MPS1 
autophosphorylation sites that appear 
in all three experimental set-ups, which 
validated our approaches 118-120,131,147,148. 
The list further includes the kinesin-8 
motor protein KIF18A which is involved 
in chromosome congression 249,250,258, the 
APC/C subunit CDC27, a centromere-
binding protein MIS18BP1, the outer-
kinetochore protein CENP-F, and a 

kinetochore-localized dynein receptor, NDE1 95.

Refinement of list of candidates using kinase motif analysis 
It was recently shown by in vitro studies that the preferred motif for phosphorylation by MPS1 
is specified by a tendency for phosphorylation of threonines, preceded by acidic amino acids 
in position -2 and/or -3 relative to the threonine 238,239 (Figure 3A). A slight but significant 
preference for hydrophobic amino acids at position +3 position was also observed. This motif 
([ED]-[ED]-x-T-x-x-[IVL]) resembles the sequence surrounding the MPS1 targets in KNL1 

Forward

Reverse

Total

Overlap

HCT-MPS1as

phospho-
sites

6482

7470

8577

63%

HeLa
 

phospho-
sites

4817

5309

5677

78%

MIS12-MPS1

phospho-
sites

11354

9126

12726

61%

Table 1. Numbers of identified phosphosites from all 
experiments with the three independent approaches. 
Percentage overlap indicates overlap of identified 
phosphosites between forward and reverse experiments. 
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67,118-120, and one site in Borealin 164, as well as several auto-phosphorylation sites 131,147,148. 
This so-called MPS1 consensus phosphorylation motif thus provides a tool to identify 
potential direct MPS1 substrates in the list of regulated phospho-peptides (Supplemental 
Table 2). In order to gain insight if the significantly regulated phosphosites are indeed 
enriched for sites phosphorylated by MPS1, we used the freeware program IceLogo to 
reveal any statistically significant over- or underrepresentation in the frequency with which a 
particular amino acid is present at a certain position 259. Surprisingly, we identified a kinase 
consensus motif which resembles the CDK1 consensus motif, which is quite distinct from 
the MPS1 consensus motif 260,261 (Figure 3B) Indeed, a large amount of the significantly 
regulated phosphopeptides displayed in Table 2 contained proline-directed phosphosites, a 
hallmark of CDK1 substrates. We are uncertain about what this means, but one option is that 
MPS1 regulates kinetochore-localized CDK1 activity, and that the altered phosphorylation 
of proline-directed sites upon MPS1 inhibition/activation represent indirect effects of this 
regulation. In support of this, our lab has recently found that Cyclin B1 levels at kinetochore 
depend on MPS1 activity (not shown). 

Computational and experimental attempts to identify direct MPS1-dependent phos-
phorylation events
Mitotic events are regulated by complex signaling networks involving multiple kinases and 
phosphatases. Consequently, alterations in MPS1 activity affect the activity and localization 

Table 2. Top most regulated sites. Forward and Reverse experiments are indicated by F 
and R respectively. The phosphorylated residue is in bold and underlined.

CHAF1B

Experimental set up Protein name Position

TAOK1

SASS6

ERCC6L

CDC27

NEK4

SF1

MAP1B

MPS1

MPS1

MPS1

MPS1

MPS1

MPS1

MDC1

LSM11

KIF18A

MIS18BP1

RANBP2

TICRR

ANLN

RIF1

MPS1

CHAMP1

KIF4A

CENPF

NDE1

HCT-MPS1as R

U2OS M12-MPS1 F

U2OS M12-MPS1 R

HeLa F

HeLa R

HeLa F

HeLa R

HeLa F

HeLa R

HCT-MPS1as F

HCT-MPS1as F

HCT-MPS1as F

HCT-MPS1as F

HCT-MPS1as R
U2OS M12-MPS1 F

U2OS M12-MPS1 F

U2OS M12-MPS1 R

HeLa F

HeLa R

HeLa F

HeLa R

HeLa F

HeLa R

HeLa F

HeLa R

HCT-MPS1as F

U2OS MIS12-MPS1

417

510

1069

220

661

227

1853

33

363

363

321

33

33

1814

15

684

1087

21

820

233

2172

321

184

1167

473

1748

243

Modified sequence

TRASDPQSPPQVSR

SGISPNLNVVDGR

NDISPPGR

LNLESSNSK

RLSSDCSVTQER

SITNTTVCTK

DLSTPGLEK

NEDLTDELSLNK

NKTESSLLAK

NKTESSLLAK

DLVVPGSKPSGNDSCELR

NEDLTDELSLNK

NEDLTDELSLNK

SLATM(ox)DSPPHQK

SAGAGSPARPPSPR

SPPSQSVQLNDSLSK

LVETDFSTPTPR

YIASVQGSTPSPR

SPLLSVPFLSSAR

EICLQSQSK

CVWSPLASPSTSILK

DLVVPGSKPSGNDSCELR

PASVSSPEPPK

LEDPTEVTPGLSFFNPVCATPNSK

TLQPSSQNTK

LQLQGLDLSSRSLLGIDTEDAIQGR

GLDDSTGGTPLTPAAR

Corrected Ratio

29.50

25.16

24.90

20.15

10.01

9.75

9.47

9.22

4.71

6.29

6.32

6.37

8.06

9.11

9.10

9.08

7.79

7.39

7.30

7.10

7.01

6.68

6.21

6.00

5.36

4.96

4.78
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of other mitotic regulators. As such, the pool of regulated phosphorylation sites is also 
expected to include indirect secondary targets of MPS1, the CDK1 sites being a possible 
case-in-point. Only 5.5% of the regulated sites that we identified conformed to the ‘flexible’ 
previously described MPS1 motif 238,239, a motif which closely resembles the PLK1 consensus 
motif (D/E-x-pS/T) 234,235. 

As a first attempt to mine the list of 154 total sites for potential direct MPS1 targets, we applied 
2 additional selection criteria. First, a phosphosite could not be located in a CDK1 motif (i.e. 
pS/T-P). Second, the phosphosite must be located within a flexible MPS1 motif which dictates 

Figure 3. Kinase motif analysis 
(A) IceLogo representation of the consensus motif for phosphorylation by MPS1, as defined by238. The graph displays 
statistically over- (top) and under- (bottom) represented amino acids relative to the average. MPS1 has a preference 
for phosphorylating threonines (considered as position 0) preceded by acidic amino acids at position -2 and/or 
-3 and followed by hydrophobic amino acids at the +3 position. Picture adapted from 238 (B) The IceLogo motif 
of the sequences surrounding the phospho-residues in the list of 154 regulated peptides from our three screens. 
Statistically over- (top) represented amino acids are displayed, as in A. A high tendency for serines (considered as 
position 0) is detected with a strong preference for proline in position +1.

A B

Protein name 

CDC27

MPS1

MPS1

MPS1

MPS1

CENP-F

MPS1

RACGAP1

MAD1L1

SKA3

MPS1

SPC24

BUB1

BUB1

BUB1

NASP

MCM6

MAD1L1

Experimental set up

HeLa R

HeLa F

U2OS M12-MPS1 F

U2OS M12-MPS1 F

HCT-MPS1as F

HCT-MPS1as F

HCT-MPS1as R

HeLa R

HeLa F

U2OS M12-MPS1 R

HCT-MPS1as R

U2OS M12-MPS1 F

HeLa R

HeLa F

U2OS M12-MPS1 R

HeLa F

U2OS M12-MPS1 R

U2OS M12-MPS1 R

Position

220

33

33

33

363

1748

363

274

428

34

33

129/130

307

307

601

490

762

428

Modified sequence

LNLESSNSK

NEDLTDELSLNK

NEDLTDELSLNK

NEDLTDELSLNK

NKTESSLLAK

LQLQGLDLSSRSLLGIDTEDAIQGR

NKTESSLLAK

TETDSVGTPQSNGGM(ox)R

AILGSYDSELTPAEYSPQLTR

ALDGEESDFEDYPMR

NEDLTDELSLNK

EVDEDTTVTIPSAVYVAQLYHQVS

LHQVVETSHEDLPASQER

LHQVVETSHEDLPASQER

TLAPSPKSPGDFTSAAQLASTPFHK

ENDKTEEM(ox)PNDSVLENK

EIESEIDSEEELINK

AILGSYDSELTPAEYSPQLTR

Corrected Ratio

20.15

9.22

8.06

6.37

6.29

4.96

4.71

4.69

1.57

1.75

4.17

2.64

2.09

1.71

1.70

1.65

1.55

3.17

Table 3. Potential MPS1-regulated sites, as determined by selection criteria described 
in main text. Forward and Reverse experiments are indicated by F and R respectively. 
The phosphorylated residue is in bold and underlined. 
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only the acidic amino acids in position -2 and/or -3 and allows phosphorylation of serine (i.e. 
D/E-D/E-x-pS/T). Applying these two criteria, we find again the MPS1 autophosphorylation 
sites 131,147,148, as well as CDC27 and CENP-F. Additional interesting candidates that appear 
after this analysis further include kinetochore proteins, like BUB1, SPC24 and SKA3, which 
are known to be involved in SAC signaling and kinetochore-microtubule attachment (Table 
3).
In a second attempt to distinguish direct from indirect substrates, various putative MPS1 
substrates were tested as substrate for recombinant MPS1 in an in in vitro kinase assay. We 
selected the SAC protein kinase BUB1 and the NDC80 complex member SPC24 for further 
analysis. The SAC protein MAD1 was also included because although the identified pS428 
contains a proline at +1, it is also within a D-x-S-x-x-L MPS1 consensus motif, and because 
MAD1 is phosphorylated by MPS1 in budding yeast 137. All three candidate substrates, 
BUB1 (data not shown), SPC24 (Figure 4A) and MAD1 (Figure 4B), were efficiently 
phosphorylated by kinase active (WT) but not kinase-dead (KD) MPS1 in vitro. Importantly, 
subsequent analysis of the in vitro phosphorylated proteins by mass spectrometry confirmed 
phosphorylation of the same sites that were found regulated in cells in our screens (Figure 
4C).

Discussion

Towards identification of novel MPS1 substrates
Although the three independent experiments are collectively presented, they are the 
result of sequential experiments, in which each successive experiment was subjected to 
modifications. Alterations in the experimental set up were based on the results provided from 
prior experiments. At the onset of this study the development of the HCT-MPS1as cell lines 
(Chapter 2) allowed for the first time selective, penetrant inhibition of MPS1 and provided us 
with a tool to investigate the MPS1 phosphoproteome. Results from these initial experiments 
indicated that inhibition of MPS1 for one-hour results in the identification of a large amount 
of indirect secondary downstream targets, in particular CDK1 targeted substrates (50% 

Figure 4. Experimental validation of direct MPS1 substrates
In vitro kinase assays using recombinant MPS1. GST-tagged SPC24 (A) and MAD1 (B) were used as substrates and 
analyzed for 32P incorporation (top panels) and protein levels (bottom panels). The phosphorylation sites identified 
by mass spectrometry on in vitro phosphorylated GST-SPC24, -MAD1 and -BUB1 are shown in (C). Identified 
phosphorylation sites are underlined and marked in bold.
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of total regulated sites). This prompted us to significantly decrease the time of inhibition, 
and thereby possibly secondary effects of MPS1 inhibition. With the development of small 
molecule MPS1 inhibitors 90,132,133, we were able to inhibit endogenous MPS1, circumventing 
possible side effects of overexpression of the MPS1 analog sensitive mutants. In addition, 
given the relatively low abundance of proteins associated with the kinetochore and SAC 
in the original screen, we opted for an enrichment strategy to maximize the coverage of 
relevant proteins. A recent search for PLK1 substrates was aided by the isolation of the 
mitotic spindle 235. In line with this, we employed an additional chromatin enrichment step 
after cell lysis in order to increase kinetochore and SAC associated proteins (supplemental 
Table 1). Unfortunately, decreasing the duration of inhibition and enrichment of chromatin did 
not result in less indirect secondary targets, as the amount of CDK1-regulated sites remained 
relatively high (48% of total regulated sites). In a final attempt to decrease secondary off 
target phosphorylations, we employed a gain-of-function strategy. In this strategy, cells were 
allowed to reach metaphase, thereby eliminating most of the phosphorylation events involved 
in SAC signaling and error-correction. Under these conditions, we artificially maintained 
MPS1 signaling at kinetochores, using the previously introduced fusion protein of MIS12-
MPS1 (Chapter 3). Unexpectedly this approach resulted in increases in CDK1 regulated 
sites (64%), possibly representing gain-of-function of CDK1 at metaphase kinetochores. 
Nevertheless, a small increase in MPS1-regulated sites (containing the flexible MPS1 motif) 
could be observed and several of these have previously reported to be involved in the SAC 
and kinetochore - microtubule attachment. 

Putative MPS1 substrates at mitotic kinetochores
Our efforts to identify novel MPS1 substrates led to the identification of multiple putative 
substrates, which contain phosphosites regulated in vivo upon MPS1 inhibition, which 
contain a flexible MPS1 motif and which could be confirmed by in vitro phosphorylation. 
SPC24, a member of the NDC80 complex, is important for kinetochore microtubule attachment 
26,262, and phosphorylation of SPC24 might regulate kinetochore microtubule attachments. 
Future investigations to elucidate if SPC24 phosphorylation is required for kinetochore 
microtubule attachment will require functional studies with RNAi complementation of SPC24. 
Interestingly, phosphorylation of Ndc80 by Mps1 in budding yeast modulates SAC activity 
263. While we suspect that NDC80 phosphorylation by MPS1 is not conserved in humans, it 
is possible that SPC24 phosphorylation might instead serve as MPS1’s effector for the SAC 
within the NDC80 complex.
The protein kinase BUB1 was found to be phosphorylated by MPS1 both in vivo and in 
vitro. BUB1 is essential for both SAC activity as well as chromosome alignment (77,78, and 
chapter 3). Recently it was shown that MPS1 controls BUB1 kinetochore localization by 
phosphorylation of conserved MELT-like motifs within KNL1 that bind BUB1 118,119,192. It is 
possible that MPS1 additionally regulates BUB1 activity by direct phosphorylation, especially 
since some of the in vitro identified sites reside within functional motifs/domains. Mutational 
analysis of some of the BUB1 phosphorylation sites did not, however, uncover any defects 
in SAC activity or chromosome alignment, but these analyses may have been hampered 
by insufficient BUB1 depletion (not shown). In addition to SPC24 and BUB1, we identified 
multiple MAD1 phosphorylation sites which depend on MPS1 activity. MAD1 is also essential 
for the SAC 137,203,264, and chapter 3), and has previously been reported to be phosphorylated 
by MPS1 137 in yeast. Like with the BUB1 mutants, however, MAD1 phosphorylation site 
mutants were still proficient in SAC signaling (not shown), but again like BUB1, analysis of 
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MAD1 phosphomutants is hampered by inefficient depletion by RNAi. Investigations into 
a role of the uncovered phosphorylations in BUB1 and/or MAD1 function may be aided by 
the sensitized SAC assay described in chapter 4. Lastly, several interesting candidates that 
are essential for correct execution of mitosis (CENP-F, SKA-3 and CDC27) remain to be 
investigated.

Lessons learned and future directions
Our search for novel MPS1 targets through the use of quantitative phosphoproteomics was 
limited by two major issues: A relatively high number of indirect secondary regulated sites, 
and low coverage of kinetochore and SAC associated proteins. MPS1 is known to regulate 
the localization of multiple kinases involved in SAC signaling and kinetochore-microtubule 
attachment. For instance, inhibition of MPS1 causes reduced kinetochore localization 
of BUB1, PLK1 and Aurora B 91,118-120,151,153. MPS1 also impacts on MAD1 kinetochore 
localization (76 Chapter 3) which is the kinetochore recruiter of Cyclin B-CDK1 complexes 
(GJLPK & Adrian Saurin, unpublished data). Long term MPS1 inhibition (1 hour) therefore 
can be expected to have an effect on global phosphorylation events at kinetochores. 
Conversely, maintaining MPS1 activity at bioriented kinetochores can have similar, opposite 
effects on the phosphoproteome. Since short-term inhibition (15 minutes) of MPS1 did 
not significantly alter the appearance of secondary regulated sites, the question remains 
what the appropriate approach is. The recent development of phospho-specific antibodies 
can be used to better determine the duration of inhibitor addition. Monitoring direct MPS1 
phosphorylation events (MPS1-pT676 and KNL1-pT875 120,131) versus phosphorylation 
events of downstream targets of MPS1 (e.g. Histone 2A-pT120 (BUB1) 191,192, DSN1-pS100 
and KNL1-pS24 (Aurora B) 14, BUBR1-pT680 (PLK1) 41 and CENPT-pS47 (CDK1) 27) can 
help to determine the appropriate time of inhibition at which direct MPS1 substrates are 
dephosphorylated but more downstream secondary substrates are not affected. 
The coverage of kinetochore and SAC associated proteins was an additional limiting factor in 
our search for novel MPS1 substrates. Although our efforts to increase kinetochore and SAC 
associated proteins by enriching for chromatin was successful (see supplemental table 1), 
this did not lead to additional identifications of MPS1-regulated phosphosites. Either MPS1 
regulates both the SAC and kinetochore-microtubule attachment by a truly small number of 
substrates, or we failed to reach sufficient coverage to identify the phospopeptides which 
are regulated by MPS1. Since both the previously reported Borealin and KNL1 phosphosites 
118-120,164 were not identified in any of our screens, we suspect that the latter holds true. 
We propose a more directed approach, using selective enrichment of protein complexes 
in combination with quantitative phosphoproteomics. The recent identification of KNL1 as 
a MPS1 substrate was aided by selective enrichment of the KMN network. In addition to 
the KMN network, the APC/C, MCC, the RZZ complex and SKA complex might also be 
subjected to such an approach. 

Materials and Methods

Tissue Culture
HeLa cells were grown in DMEM supplemented with 8% FBS, 50 μg/ml penicillin/
streptomycin, and 2 mM L-glutamine, U2OS-MIS12Δ200 146, were cultured in the same medium 
but containing 8% tetracycline-approved FBS (Clontech) supplemented with zeocin. HCT-
MPS1as 151 were cultured in the same medium but containing 8% tetracycline-approved FBS 
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(Clontech) supplemented doxycycline (1 mg/ml).
For SILAC experiments, HeLa and U2OS cells were grown in arginine- and lysine-free 
DMEM with 8% dialyzed FBS (PAA laboratories) supplemented with 50 μg/ml penicillin/
streptomycin, and 2 mM L-glutamine and either [13C6,

15N2]lysine (100 mg/liter) or [13C6,
15N4]

arginine (100 mg/liter) (Sigma.) (heavy) or identical concentrations of isotopically normal 
lysine and arginine (light) for at least six cell doublings. HCT-MPS1as 151 were cultured in 
the same medium but containing 8% tetracycline-approved FBS (Clontech) supplemented 
doxycycline (1 mg/ml)

Immunofluorescence, antibodies and reagents
Cells were plated on 12-mm coverslips and treated as described in figure legends, cells 
were pre-extracted with PEM/TX (100 mM PIPES [pH 6.8], 1 mM MgCl2, 5 mM EGTA, 0.2% 
Triton X-100) for 1 min. before a 5 min. fixation in 3.7% formaldehyde in PEM/TX-100. 
Coverslips were blocked with 3% BSA in PBS for 1 hr., incubated with primary antibody for 
16 hr. at 4 C °, washed with PBS/0.1% TX-100 and incubated with secondary antibodies 
for an additional 1 hr. at room temperature. Coverslips were washed and submerged in 
PBS containing DAPI and mounted using ProLong Gold antifade (Molecular Probes). 
Image acquisition and quantification were done as described 146, using a DeltaVision RT 
system (Applied Precision) with a 1003/1.40 numerical aperture (NA) UPlanSApo objective 
(Olympus) for acquiring images, ImageJ software for quantification and Photoshop CS5 
(Adobe) for image processing.
The following primary antibodies were used for immunofluorescence imaging: CREST 
(Cortex Biochem, CS1058 1:2000), BUB1 (Bethyl, A300-373A, 1:1000), GST (2622 Cell 
Signaling) Secondary antibodies were high-crossed goat anti–human Alexa Fluor 647 and 
goat anti–rabbit and anti–mouse Alexa Fluor 488 and Alexa Fluor 568 (Molecular Probes) 
for immunofluorescence experiments, Thymidine (2.5 mM), nocodazole (830 nM), MG132 
(5 μM), reversine (various doses), doxycycline, G-418 (1 mg/ml) and puromycin (1 μg/ml) 
were all obtained from Sigma. Zeocin (100 μg/ml) was obtained from Invitrogen 23dMB-PP1 
(1mM) (gift from Kevan Shokat). 

In vitro recombinant kinase assay
Wild-type GST-MPS1, GST-MAD1, GST-SPC24 were expressed and purified from High- 
Five insect cells using the Life Technologies Bac-to-Bac system. Recombinant active MPS1 
was incubated in kinase buffer (50 mM Tris pH 7.4, 10 mM MgCl2, 0.5 mM DTT, 40 mM ATP) 
at 30°C for 30 minutes. Phosphorylated residues were identified using mass-spectrometry 
as described 164

Sample preparation 
Cells were treated as described in Figure 1A, B, and C subsequently cells were harvested and 
lysed in lysis buffer (50 mM ammonium bicarbonate, 8M urea, 2M thiourea (8M Urea only), 
1 tablet/10 ml Complete Mini EDTA-free Protease Inhibitor Cocktail (Roche), 1 tablet/10 ml 
PhosSTOP Phosphatase Inhibitor Cocktail (Roche)) and subjecting them to ultrasonication. 
Cell debris was removed by centrifugation at 20,000 x g for 15 min at 4 °C after which the 
supernatant was transferred to a new reaction tube. Protein concentrations were determined 
using a Bradford assay (Bio-Rad). For each condition 2 mg of protein was reduced using 2 
mM dithiothreitol and incubation for 30 min at 56°C and subsequently alkylated using 4 mM 
iodoacetamide and incubation for 30 min at room temperature in the dark. Next, the initial 
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digestion was performed by adding Lys-C (WAKO) at an enzyme/protein ratio of 1:75 and 
incubation for 4 h at 37 °C. The sample was diluted 4-fold to a final urea concentration of 2 
M using 50 mM ammonium bicarbonate buffer. The final digestion was performed by adding 
Trypsin Gold, Mass Spectrometry Grade (Promega), at an enzyme/protein ratio of 1:100 and 
incubation overnight at 37°C. Formic acid (FA) was added to a final concentration of 10% 
after which the peptide mixtures were desalted using Sep-Pak Vac C18 cartridges (3 cc/200 
mg, Waters). Subsequently, where required, on-column stable isotope dimethyl labeling was 
performed. Finally, the eluates corresponding to either the ‘Forward’ or ‘Reverse’ experiment 
were mixed in a 1:1 ratio, dried in vacuo and stored at -20 °C. Label incorporation and 
mixing accuracy were assessed by LC-MS/MS. SILAC samples were prepared as previously 
described by 255

Chromatin enrichment
Harvested mitotic cells were washed twice in PBS before treatment with swelling buffer for 
10 min on ice. After addition of complete protease inhibitors (Roche) and 5% NP40 cells 
were lysed by dounce homogenization and subjected to 15 min centrifugation at 3400 x g at 
4 °C. Resulting supernatant is collected and stored and pellet is washed with ice cold PBS 
for 10 min before subjecting to centrifugation at 3400 x g at 4 °C. Pellet is resuspended in 
4%SDS, 100mM Tris pH 7.6 and 100 mM DTT followed by sonication, and incubation at 95°C 
for 3 min followed by 5 min centrifugation at 16000 x g at room temperature. Supernatant is 
subsequently prepared as described before 255,265. 

SCX chromatography for peptide fractionation
The mixture of dimethyl labeled peptides with a 1:1 ratio were reconstituted in 10% FA and 
loaded onto a C18 cartridge (Aqua, Phenomenex) using an Agilent 1100 HPLC system. 
The flow rate applied was 100 μL/min using 0.05% FA (pH 2.7) as solvent. Peptides were 
eluted from the C18 cartridge with 80% acetonitrile (ACN) containing 0.05% FA (pH 2.7) 
onto a Polysulfoethyl A column (200 x 2.1 mm) (PolyLC) for 10 min at the same flow rate. 
Separation of peptides was performed using a nonlinear 65 min gradient: from 0 to 10 min, 
100% solvent A (5 mM KH2PO4, 0.05% FA, 30% ACN, pH 2.7); from 10 min to 15 min, 
to 26% solvent B (5 mM KH2 PO4, 0.05% FA, 30% ACN, 350 mM KCl, pH 2.7); from 15 
min to 40 min, to 35% solvent B; and from 40 to 45 min, to 60% solvent B. At 49 min, the 
concentration of solvent B was 100%. The column was subsequently washed for 6 min with 
100% solvent B and finally equilibrated with 100% solvent A for 9 min. The flow rate applied 
during the SCX gradient was 300 μL/min. Fractions were collected every minute for 40 min. 
After combing a few neighbor ‘blank’ fractions based on the recorded UV graph, a total of 33 
fractions were desalted using Sep-Pak Vac C18 cartridges (3 cc/200 mg, Waters). Finally, 
the eluted peptides were equally divided over two tubes, dried in vacuo and stored at -20 °C 
for Ti4+O2 phosphopeptide enrichment and protein analysis.

Mass spectrometry
Mass spectrometry analysis was preformed as previously described by 265. All data sets 
were analyzed in the same way, using Perseus 1.4.0.17. Data was filtered for contaminants, 
reverse hits and “only identified by site”, followed by Log2 transformation of ratio values 
and statistical analysis using significance A. Significant outliers were filtered using Gene 
Onthology for various mitotic and cell cycle related entries. Subsequent data analysis was 
preformed as previously described by 266
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NDC80

NUF2

SPC24

SPC25

MAD1

MAD2

MPS1

BUB1

BUBR1

BUB3

Borealin

MIS12

Protein

7.5

5.4

0

24.9

5.3

7.8

10.3

6.3

6.3

4.9

28.6

12.2

HCT-MPS1as

coverage%

25

17.5

4.9

53.8

15.7

15.6

8.3

17.6

14.3

30

56.4

16.1

HeLa
coverage%

Supplemental table 1 Kinetochore 
associated protein coverage (in % 
of total protein) in proteome and 
phosphoproteomes of chromatin 
fractions of HCT-MPS1as and HeLa 
reversine experiments
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Experimental set-up Position Protein names Modified sequence Corrected Ratio
HeLa 417 TAOK1 TRASDPQSPPQVSR 29.59
HeLa 510 SASS6 SGISPNLNVVDGR 25.16
HeLa 1069 ERCC6L NDISPPGR 24.90
HeLa 220 CDC27 LNLESSNSK 20.15

HCT-MPS as 661 NEK4 RLSSDCSVTQER 10.01
HCT-MPS as 277 SF1 SITNTTVCTK 9.75

U2OS MIS12-MPS1 1853 MAP1B DLSTPGLEK 9.47
HCT-MPS as 33 TTK NEDLTDELSLNK 9.22

HeLa 1814 MDC1 SLATM(ox)DSPPHQK 9.11
HeLa 15 LSM11 SAGAGSPARPPSPR 9.10

U2OS MIS12-MPS1 684 KIF18A SPPSQSVQLNDSLSK 9.08
HeLa 33 TTK NEDLTDELSLNK 8.06
HeLa 1087 MIS18BP1 LVETDFSTPTPR 7.79

U2OS MIS12-MPS1 21 RANBP2 YIASVQGSTPSPR 7.39
HCT-MPS as 820 TICRR SPLLSVPFLSSAR 7.30

HeLa 233 ANLN EICLQSQSK 7.10
HCT-MPS as 2172 RIF1 CVWSPLASPSTSILK 7.01

U2OS MIS12-MPS1 321 TTK DLVVPGSKPSGNDSCELR 6.68
HCT-MPS as 33 TTK NEDLTDELSLNK 6.37

U2OS MIS12-MPS1 321 TTK DLVVPGSKPSGNDSCELR 6.32
HeLa 363 TTK NKTESSLLAK 6.29
HeLa 184 CHAMP1 PASVSSPEPPK 6.21
HeLa 1167 KIF4A LEDPTEVTPGLSFFNPVCATPNSK 6.00
HeLa 473 CHAF1B TLQPSSQNTK 5.36

U2OS MIS12-MPS1 1748 CENPF LQLQGLDLSSRSLLGIDTEDAIQGR 4.96
HCT-MPS as 243 NDE1 GLDDSTGGTPLTPAAR 4.78

HeLa 363 TTK NKTESSLLAK 4.71
HeLa 274 RACGAP TETDSVGTPQSNGGM(ox)R 4.69
HeLa 141 ANLN LEATAASSVK 4.29
HeLa 759 MAP1S AVPMAPAPASPGSSNDSSAR 4.28

HCT-MPS as 37 TTK NEDLTDELSLNK 4.17
U2OS MIS12-MPS1 12 SMC5 TSTPSPQPSKR 3.99
U2OS MIS12-MPS1 421 DYNC1LI1 SVSSNVASVSPIPAGSK 3.80

HCT-MPS as 806 DLGAP5 SLTTECHLLDSPGLNCSNPFTQLER 3.74
HCT-MPS as 812 DLGAP5 SLTTECHLLDSPGLNCSNPFTQLER 3.74

HeLa 1016 DICER1 ALPLSSAEK 3.59
U2OS MIS12-MPS1 288 GSG2 LVVGNGPEGPGLSSTGKR 3.56
U2OS MIS12-MPS1 656 KIF23 AGSQLGPGYQHHAQPK 3.40
U2OS MIS12-MPS1 38 STMN1 SKESVPEFPLSPPK 3.27

HCT-MPS as 1588 RANBP2 FGTSETSKAPK 3.25
HCT-MPS as 428 MAD1L1 AILGSYDSELTPAEYSPQLTR 3.17
HCT-MPS as 140 KIF13A ISLEQNESQTFK 3.15
HCT-MPS as 142 KIF13A ISLEQNESQTFK 3.15
HCT-MPS as 816 CKAP5 MQGQSPPAPTR 3.13
HCT-MPS as 595 CDK11 AYTPVVVTLWYR 3.13
HCT-MPS as 75 CDCA5 VAHAVEVPAVQSPR 3.03

U2OS MIS12-MPS1 1579 RIF1 SNESVDIQDQEEK 3.03
HCT-MPS as 976 ARHGEF2 QELGSPEER 2.98
HCT-MPS as 263 INCENP IAQVSPGPRDSPAFPDSPWRER 2.93
HCT-MPS as 269 INCENP IAQVSPGPRDSPAFPDSPWRER 2.93
HCT-MPS as 275 INCENP IAQVSPGPRDSPAFPDSPWRER 2.93

HeLa 684 KIF18A SPPSQSVQLNDSLSK 2.92
U2OS MIS12-MPS1 1042 MIS18BP1 TPQCQHVSPGMLGSINR 2.87
U2OS MIS12-MPS1 32 PBK SVLCSTPTINIPASPFMQK 2.75
U2OS MIS12-MPS1 656 KIF23 AGSQLGPGYQHHAQPK 2.75

HeLa 368 RFC1 KESVSPEDSEK 2.71
HCT-MPS as 428 CEP55 SPTAALNESLVECPK 2.71

U2OS MIS12-MPS1 129 SPC24 EVDEDTTVTIPSAVYVAQLYHQVSK 2.64
U2OS MIS12-MPS1 130 SPC24 EVDEDTTVTIPSAVYVAQLYHQVSK 2.64

HCT-MPS as 1859 NUMA1 ATSSTQSLAR 2.63
HCT-MPS as 338 NUSAP1 TITGNSAAVITPFK 2.63

HeLa 48 SLAIN2 SGAVQGAGSLGPGSPVR 2.61
HeLa 1883 ZNF318 SLLNPQDTPVK 2.32
HeLa 351 CSNK1E SAAEPVASTPASR 2.29
HeLa 822 HAUS6 QTTPESDFNLQALR 2.23
HeLa 823 HAUS6 QTTPESDFNLQALR 2.23

U2OS MIS12-MPS1 1809 SON SAASPVVSSM(ox)PER 2.22
HeLa 3426 ASPM NSSISIPFIPETPVR 2.18

Supplemental table 5.2 All regulated sites identifiedSupplemental Table 2 All regulated sites identified from all three independent 
phosphoproteome experiments, as determined by selection criteria described in main text
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Experimental set-up Position Protein names Modified sequence Corrected Ratio
U2OS MIS12-MPS1 146 GTSE1 LLASSPALPSSGAQAR 2.18

HCT-MPS as 52 LIN52 SPITSSPPK 2.17
HCT-MPS as 53 LIN52 SPITSSPPK 2.17

HeLa 527 KIF1B EDGGTLGVFSPK 2.17
U2OS MIS12-MPS1 655 BUB1 DGKFSPIQEKSPK 2.17

HeLa 39 SMC4 TESPATAAETASEELDNR 2.16
HeLa 417 HDAC1 ISICSSDK 2.12

U2OS MIS12-MPS1 510 TTK YVLGQLVGLNSPNSILK 2.12
U2OS MIS12-MPS1 1069 CLASP1 SRSDIDVNAAASAK 2.12

HeLa 220 EZH2 LPNNSSRPSTPTINVLESK 2.10
HeLa 661 RANBP2 IESFGSPK 2.10

U2OS MIS12-MPS1 277 BUB1 LHQVVETSHEDLPASQER 2.09
HeLa 1853 SKA3 SPQLSDFGLER 2.06

HCT-MPS as 33 HJURP LSEPQGSGR 2.05
U2OS MIS12-MPS1 1814 ANLN TQSLPVTEK 2.04

HeLa 16 MKI67 ELFQTPCTDNPTTDEK 2.03
HeLa 618 KIF20A LQGQVSAK 2.03

U2OS MIS12-MPS1 1269 CDCA3 TSSGDPPSPLVK 1.99
HCT-MPS as 1088 CDK1 VYTHEVVTLWYR 1.99

HeLa 21 PDS5B TPSPSQPK 1.98
U2OS MIS12-MPS1 820 PSRC1 LAAQLEQCALQDRESAGEGLGPR 1.96
U2OS MIS12-MPS1 233 NCAPH VFDLQFSTDSPR 1.95

HeLa 2172 PAK4 SLVGTPYWMAPELISR 1.95
HCT-MPS as 321 AURKB SNVQPTAAPGQK 1.92

U2OS MIS12-MPS1 33 BUB1 VQPSPTVHTK 1.92
HeLa 321 HCFC1 SPAFVQLAPLSSK 1.90

U2OS MIS12-MPS1 363 TTK HTTFEQPVFSVSKQSPPISTSK 1.90
HeLa 185 ESCO2 LPSANQGSPFK 1.88
HeLa 221 INCENP SKTPSSPCPASK 1.83

U2OS MIS12-MPS1 915 BUB1 DGKFSPIQEKSPK 1.82
HeLa 1749 CEP55 SPTAALNESLVECPK 1.82
HeLa 243 TOP2B SQDFGNLFSFPSYSQK 1.80
HeLa 363 TOP2B SQDFGNLFSFPSYSQK 1.76

HCT-MPS as 274 CYTSA KGSSGNASEVSVACLTER 1.76
HeLa 141 NOLC1 SLGTQPPK 1.75

HCT-MPS as 759 KIF1C YPPYTTPPR 1.75
U2OS MIS12-MPS1 37 SKA3 ALDGEESDFEDYPMR 1.75
U2OS MIS12-MPS1 12 TTK VPVNLLNSPDCDVK 1.75

HCT-MPS as 421 STMN1 RASGQAFELILSPR 1.75
U2OS MIS12-MPS1 806 BUB1 TLAPSPK 1.73

HeLa 812 GTSE1 ETYYLSDSPLLGPPVGEPR 1.73
HeLa 1016 TUBB IMNTFSVVPSPK 1.73
HeLa 288 KIF4A LEDPTEVTPGLSFFNPVCATPNSK 1.72

HCT-MPS as 656 MPHOSPH8 LMPVSAQTPK 1.72
HeLa 38 RACGAP1 TDESLDWDSSLVK 1.71

U2OS MIS12-MPS1 1589 BUB1 LHQVVETSHEDLPASQER 1.71
U2OS MIS12-MPS1 428 BUB1 TLAPSPKSPGDFTSAAQLASTPFHK 1.70

HeLa 140 KRT18 STFSTNYR 1.70
HCT-MPS as 142 HCTP4 SVAEGLSGSLVQEPFQLATEK 1.68

U2OS MIS12-MPS1 816 PDS5B AESPESSAIESTQSTPQK 1.67
HeLa 595 NUSAP1 SCGPASQSTLGLK 1.66

HCT-MPS as 75 NASP ENDKTEEM(ox)PNDSVLENK 1.65
HeLa 1579 SKA3 EEPVIVTPPTK 1.64
HeLa 976 NCOR1 SKSPIPGQGYLGTER 1.64
HeLa 263 NCOR1 SKSPIPGQGYLGTER 1.64

HCT-MPS as 269 KIF21A APYFSGSSTFSPTILSSDK 1.63
HeLa 275 SLAIN2 FRSPAAPSPLALR 1.63

U2OS MIS12-MPS1 684 SMC4 RREEGPPPPSPDGASSDAEPEPPSGR 1.62
U2OS MIS12-MPS1 1043 HCFC1 SSVGAGEPR 1.62

HeLa 32 CYTSA RSSTSSEPTPTVK 1.62
HeLa 656 CYTSA RSSTSSEPTPTVK 1.62
HeLa 368 CLASP2 DYNPYNYSDSISPFNK 1.61

U2OS MIS12-MPS1 428 TTK YVLGQLVGLNSPNSILK 1.60
HCT-MPS as 129 ANAPC1 AHSPALGVHSFSGVQR 1.60
HCT-MPS as 130 KIF2C GSSSANPVNSVR 1.60

HeLa 1859 ASPM NEVTPSSTTASVAR 1.59
HCT-MPS as 338 CTDP1 LVLSPDAPDR 1.59

HeLa 3718 NCAPD2 NPRESTGNMVTGQTVCK 1.59
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Experimental set-up Position Protein names Modified sequence Corrected Ratio
HeLa 5553 LMNA SNEDQSM(ox)GNWQIK 1.59

U2OS MIS12-MPS1 351 BUB1B NKSPPADPPR 1.58
HeLa 822 CDCA8 ANTVTPAVGR 1.58
HeLa 823 KIF18B RGSLPDTQPSQGPSTPK 1.58
HeLa 1809 MKI67 SGGSGHAVAEPASPEQELDQNK 1.58
HeLa 3426 RB1 INQMVCNSDR 1.58

U2OS MIS12-MPS1 146 KNTC1 HKPGSTPEPIAAEVR 1.57
U2OS MIS12-MPS1 52 MAD1L1 AILGSYDSELTPAEYSPQLTR 1.57

HeLa 53 SIN3A LDDQESPVYAAQQR 1.56
U2OS MIS12-MPS1 527 BUB1 SPGDFTSAAQLASTPFHK 1.55

HeLa 655 MCM6;MCM6 EIESEIDSEEELINK 1.55
HeLa 39 CASC5 QDQSNVQIAAAPTPEK 1.55

HCT-MPS as 417 SKA3 TNSSSNDLEVEDR 1.52
HCT-MPS as 510 BUB1 LHQVVETSHEDLPASQER 1.52
HCT-MPS as 1069 CCP110 FHGVAILSPLLNIEK 1.51
HCT-MPS as 220 ANLN STTPGGTGIK 1.50
HCT-MPS as 661 NUMA1 SQAPLESSLDSLGDVFLDSGRK 1.50

U2OS MIS12-MPS1 277 CASC5 LAEPLRKSLSNPTPDYCHDK 1.50
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Summary 

The importance of MPS1 in mitosis has been established for several years. Even though 
recent years have seen quite some development in the elucidation of the molecular 

pathways concerning MPS1 signaling, many aspects remained to be uncovered at the onset 
of the research presented in this thesis. In Chapter 2 we report the development of mutant 
cell lines that allow specific, highly penetrant and reversible inhibition of MPS1, providing 
us with the opportunity to study the role of MPS1 in mitosis. One of these functions - the 
recruitment of MAD1 to unattached kinetochores - is studied in more detail in Chapter 3. 
We provide evidence that feedback control between MPS1, BUB1 and ZW10 regulates 
MAD1 kinetochore recruitment and subsequent SAC activity. In this chapter, we furthermore 
show that the predominant function for RZZ and BUB1 in SAC signaling is ensuring MAD1 
localization. Chapter 4 describes the identification of PLK1 as an auxiliary factor in the 
establishment and maintenance of the SAC. Under conditions of maximal SAC activity, PLK1 
is dispensable, but when SAC signaling is suboptimal, PLK1 becomes essential to maintain 
SAC signaling. Our data suggest that under these conditions PLK1 activity promotes MCC 
stability. The work presented in Chapter 5 describes the efforts put into identification of 
direct MPS1 targets and provides useful lessons for future investigation in the search for 
novel MPS1 targets. 
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Discussion

The role of MPS1 in the SAC
MPS1 has long been known to be involved in maintenance of the SAC 129,135. In chapter 
2 we used chemical genetics to investigate the role of MPS1 in mitosis. In accordance 
with previous studies we found MPS1 kinase activity to be essential for SAC activity, the 
recruitment of checkpoint proteins to kinetochores and MCC formation. In Chapter 3 we 
investigated in particular the role of MPS1 in the recruitment of MAD1. We reveal that MPS1-
dependent recruitment of MAD1 is mediated by BUB1 and ZW10. BUB1 was recently shown 
to be recruited to KNL1 by MPS1-dependent phosphorylation of conserved MELT-like motifs 
118-120. BUB1 therefore may be the crucial and perhaps even the only effector for MPS1 in 
regulating MAD1 kinetochore recruitment. We were unable to prove this, however, since a 
kinetochore-tethered BUB1 could not rescue MAD1 kinetochore levels in MPS1-inhibited 
cells (not shown). This may mean that MPS1 has additional impact on kinetochore MAD1 
or, alternatively, that tethered BUB1 cannot recapitulate BUB1’s role in MAD1 localization. 
With regards to the first option, MPS1 has been shown to phosphorylate MAD1 in yeast 
137 but to date a specific phosphosite or functional role for this phosphorylation in the SAC 
has not been reported. Interestingly in Chapter 5 we identify multiple MAD1 sites that are 
regulated upon MPS1 inhibition. Mutation of these sites did not, however, influence MAD1 
kinetochore localization (data not shown), although this does not exclude the possibility 
of additional, unidentified MPS1-dependent MAD1 phosphoresidues that impact its 
localization. Alternatively, the sites we identified might contribute to the recently identified 
role of MPS1 kinase activity in regulating MAD2 dimerization 90. The recent development 
of antibodies specifically recognizing O-MAD2 90,237 and C-MAD2 267 might be helpful in 
investigating this. MAD2 itself is also an interesting candidate for direct regulation by MPS1, 
since both the MAD2 conformational change and MCC stability require MPS1 activity 90,91. 
Fission yeast Mad2 is phosphorylated by Mps1 in vitro and a Mad2 mutant lacking all five 
sites was SAC deficient 150. Contrary to intuition, phosphorylation of Ser187 of Fission yeast 
Mad2 was suggested to reduce Mad2-Mad1 binding in fission yeast, suggesting that Mps1 
kinase activity inhibits aspects of SAC signaling. In line with this, phosphorylation of the 
C-terminal region of human MAD2 has also been shown to negatively regulate checkpoint 
activity by inhibiting the conformational transition of MAD2 268,269. Thus, there is currently no 
evidence that the MPS1-dependent regulation of MAD2 structural conversion to activate the 
SAC occurs via direct phosphorylation. Rather, it seems more likely that MPS1 promotes 
the MAD2 conformational change indirectly, for instance by activating/recruiting a protein 
phosphatase that counteracts inhibitory phosphorylations. Any of these mechanisms could 
also account for the observed impact of MPS1 activity on MCC stability. In addition, the 
other MCC subunits BUBR1 and CDC20 are also subjected to phosphorylation and other 
post translation modifications 41,85,233,270,271. MPS1-mediated MCC stability might thus also be 
promoted via CDC20 or BUBR1. Another intriguing option is that MPS1 does not actively 
promote MCC stability but rather counters its disassembly. There are several, possibly 
related, mechanisms described that promote MCC disassembly. These include p31comet-
mediated extraction of MAD2 from the MCC, aided by CDK1-dependent phosphorylation 
of CDC20 and possibly by CUEDC2 110,112,270,272, and auto-ubiquitination of CDC20, aided 
by APC15 and perhaps even by p31comet 102-105,111,112. Any of these events could be impacted 
by MPS1 activity. Due to the complexity of the pathways, I propose that the best way to 
identify the mechanisms by which MPS1 regulates the various aspects of SAC signaling is 
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quantitative proteomics studies of protein complexes. For a more elaborate discussion, see 
below.

Budding yeast NDC80 can be phosphorylated by MPS1 in vitro, and some evidence in 
budding yeast supports the idea that MPS1-dependent phosphorylation of NDC80 
contributes to SAC activity 263. Although both human and budding yeast MPS1 require 
HEC1/NDC80 for its recruitment to kinetochores 142,145,146,263,273, there is no evidence that 
the phosphoregulation of HEC1/NDC80 by MPS1 is conserved in humans. Indeed, despite 
extensive phosphoproteomic examinations of the KMN network (8,14,202, and our data in 
chapter 5), no MPS1-like sites in the tail of HEC1/NDC80 have been found. We furthermore 
showed previously that the sole function of HEC1/NDC80 in SAC signaling in human cells is 
recruitment of MPS1 to kinetochores 146, so it seems unlikely that MPS1 itself could initiate 
that event. It is of interest to note that the mitotic kinase NEK2 was reported to phosphorylate 
HEC1 in its CH domain on Ser165, a phosphorylation that was shown to modulate SAC 
activity in human cell 12,264. Although the fact that NEK2 is degraded in early mitosis 274 argues 
against a prominent role for this kinase in the SAC, these findings could indicate that SAC-
modulating phosphorylation of HEC1 is present in human cells as it is in yeast, even if the 
kinase may not be conserved. Interestingly, in Chapter 5 we found phosphorylation of SPC24, 
a member of the NDC80 complex, to be regulated. Future experiments need to elucidate if 
SPC24 phosphorylation in humans serves a similar purpose as NDC80 phosphorylation in 
yeast. Relatively straightforward RNAi rescue experiments of SPC24 phosphosite mutants 
should give an initial clue as to whether the SAC, weakened or not, depends to some extent 
on SPC24 phosphorylation. More sophisticated subsequent analysis will be needed to 
determine the mechanism by which such phosphoresidues might act. 

Identification of novel MPS1 targets
Despite the multiple critical functions of MPS1 in mitosis, only a limited number of targets 
proteins have been identified and studied in detail 118-120,164. It has proven to be quite difficult 
to identify bona fide MPS1 substrates, which might stem from low abundance of MPS1 
substrates, low phosphorylation site occupancy, lack of a well-defined consensus motif and 
lack of stringent binding between MPS1 and its substrates. The latter finds support in the 
above-mentioned studies that, although successful at identifying KNL1 and Borealin as direct 
MPS1 substrates, fail to identify a direct interaction between MPS1 and its substrates. The 
recent developments in quantitative MS-based proteomics have allowed the identification 
of a large number of in vivo phosphorylation sites from complex samples and has proven 
a successful method for the identification of PLK1, Aurora B and CDK1 substrates 235,251-

253. Chapter 5 describes the experimental optimization of quantitative phosphoproteomics 
methods aimed at identifying new MPS1 substrates. Although our search has yielded several 
interesting candidates which will be subjected to future research, we conclude that the 
different experimental set-ups used were not ideal for the identification of MPS1 substrates. 
Although we have been successful in identifying large quantities of phosphopeptides, the 
relative abundance of kinetochore- and spindle-associated proteins was low. Furthermore, 
the amount of significantly regulated, MPS1-dependent phosphopeptides also seems 
relatively low compared to, for instance, studies that used similar approaches to identify 
PLK1 substrates 235,251. The latter might imply that MPS1 regulates the SAC and error-
correction through only a small number of target proteins. However, since we also failed 
to identify the presumably heavily phosphorylated bona-fide MPS1 substrate KNL1 67,118-120, 
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we suspect that poor recovery of kinetochore and spindle proteins has limited successful 
identification of novel MPS1 targets. Several recent studies have circumvented this by 
selective enrichment of phosphorylated substrates of a kinase of interest using chemical 
genetics 275-277. Using the analog-sensitive MPS1 mutants described in Chapter 2, we 
attempted similar approaches. Unfortunately, poor activity of recombinant gatekeeper 
MPS1 mutants prevented us from using such analyses to identify MSP1 substrates.  Since 
I feel that defining the MPS1 substrates and pinpointing the relevant phosphoresidues is 
key in understanding the mechanisms of SAC control, this begs the question how future 
research towards the identification of novel MPS1 substrates should be directed? Although 
quantitative phosphoproteomics provides us with the opportunity to identify phosphorylation 
sites that occur at least in cell culture conditions, future research might benefit from selective 
enrichment of kinetochore and spindle-associated proteins and protein complexes. It was 
recently shown that native kinetochore particles can be isolated from budding yeast by affinity 
capture of the MIS12 complex component Dsn1 278. A quantitative MS-based approach 
combined with selective enrichment of kinetochore particles or subcomplexes of the more 
elaborate human kinetochore might aid in the identification of novel MPS1 substrates, as 
was previously shown for KNL1 in budding yeast 118. Similar strategies can be envisioned for 
the APC/C and MCC complex as well as the KMN network, CCAN proteins and, for instance, 
the SKA-complex. Elucidating which of the undoubtedly many candidate phosphorylations 
identified in this way are truly done by MPS1 will be greatly aided by the recent identifications 
of the MPS1 consensus phosphorylation motif 239,279 that closely resembles the sequence 
surrounding the MPS1 targets in the bona fide substrate KNL1 67,118-120.

Auxiliary checkpoint proteins
In Chapter 4 we investigated if the activity of the SAC depends on the presence or activity 
of so called auxiliary, or modulating, proteins. We previously identified Aurora B as such a 
modulating protein. The role of Aurora B in SAC regulation is not an essential one since SAC 
maintenance is not significantly affected by depletion or inactivation of Aurora B. Aurora B 
is only required for timely establishment of the SAC by promoting efficient recruitment of 
MPS1 to unattached kinetochores at the onset of mitosis. 146,153,212. The role of Aurora B 
in the SAC is therefore auxiliary and only revealed in a sensitized SAC assay 146,212. Like 
Aurora B, PLK1 activity is not essential for SAC maintenance when it is fully activated, but 
becomes essential to maintain a mitotic arrest when SAC activity is low. A role for PLK1 in 
the SAC has been tentatively proposed 226 but has remained unclear. This is perhaps due to 
the fact that PLK1 acts as an auxiliary factor combined with its essential role in a multitude 
of other mitotic processes, inhibition of which prominently activate the SAC 224,225,227,228. In 
contrast to Aurora B, PLK1 does not influence MPS1 kinetochore localization in human cells, 
as was recently suggested in Drosophila cells 228. Instead, we show that PLK1 regulates 
checkpoint activity downstream of MAD1 and serves to promote MCC stability when SAC 
activity is low. Although future experiments need to elucidate the exact mechanism by which 
PLK1 promotes MCC stability, our data suggests that phosphorylation within the BUBR1 
GLEBS motif might be an important factor, by promoting the BUBR1-BUB3 interaction. If 
so, BUBR1 is a focal point for PLK1 signaling at the kinetochore: It was recently shown that 
PLK1 phosphorylates BUBR1 in another motif termed the KARD, promoting a BUBR1-PP2A 
interaction that is required for stabilizing kinetochore-microtubule interactions 41,42. 

Our sensitized SAC assay is a powerful tool to examine SAC modulating factors, as shown 
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by our identification of Aurora B and PLK1 as auxiliary components of the SAC. Besides 
allowing functional analysis of these two kinases in the SAC, we show in Chapter 3 that 
the sensitized SAC assay enhances the checkpoint phenotypes of ZW10 and BUB1 RNAi, 
proteins that are difficult to deplete efficiently. This may also hold true for NDC80 depletion, 
and the sensitized SAC assay has been instrumental in determining its contribution and that 
of its CH domain to SAC signaling 142. Future investigations using this sensitized set up might 
yield more auxiliary SAC regulators and might aid the study of essential regulators that have 
proven difficult to functionally inactivate. For instance, depletion of MAD1 has proven difficult 
and has obstructed the investigation of MAD1 phosphorylations that we identified in Chapter 
5. Combining the described MAD1 phosphomutants with the sensitized SAC assay might 
allow functional studies, and this will be a subject of future studies. 

Feedback in the SAC 
Correct regulation of many cellular processes is controlled by feedback networks that enable 
cellular mechanism to rapidly respond to changing stimuli. The decision to enter mitosis for 
instance, is mediated by a network of several feedbacks loops that correctly regulate the 
activation of the Cyclin B-CDK1 complex to ensure that once the commitment to cell division 
is made, it is executed rapidly and robustly 3. A snowballing amount of evidence suggests 
that SAC regulation also depends on multiple feedback mechanisms. We previously showed 
that timely establishment of MPS1 kinetochore localization depends on Aurora B 146. Activity 
and localization of Aurora B in turn is regulated by MPS1 through direct phosphorylation 
of Borealin and promoting BUB1-dependent histone H2A phosphorylation respectively 
132,151,153,164,191,192. MPS1 and Aurora B are thus engaged in a positive feedback loop ensuring 
rapid establishment of both the SAC and the error correction mechanisms as cells enter 
mitosis (Figure 1). 
In Chapter 3 we identify feedback control in the regulation of MAD1 kinetochore binding. 
MPS1 recruitment of MAD1 is mediated by BUB1 and ZW10. BUB1 regulates ZW10 
localization, and ZW10 in turn recruits MAD1 while simultaneously facilitating KMN network 
stability consequently regulating MPS1 localization. Feedback regulation thus ensures rapid 
activation and subsequent maintenance of the SAC by promoting MPS1-dependent MAD1 
kinetochore binding (Figure 6.1). Although not fully recognized, other feedback mechanisms 
involving MPS1 are easily envisioned. By promoting MCC formation and stability 90,91,151, 
MPS1 guarantees high Cyclin B-CDK1 activity, which in turn promotes MPS1 activity by 
direct phosphorylation 280. The involvement of MPS1 in MCC stability might also be subjected 
to feedback regulation, for instance by regulation of a phosphatase, p31comet or the APC/C as 
mentioned above. Lastly, it has been shown that MPS1 promotes PLK1 kinetochore binding 91. 
Since in chapter 4 we show that MCC stability requires PLK1 activity, it might thus be possible 
that an additional feedback loop regulates MCC stability. We suspect that the multitude of 
feedback loops in SAC regulation provides timely establishment of SAC signaling as cells 
enter mitosis, while also enabling the SAC to rapidly respond to kinetochore attachment 
status and ensuring rapid inactivation of the SAC once all kinetochores have attached. 
Although technically challenging, it will therefore be interesting to address whether feedback 
loops, like the Aurora B - MPS1 feedback, is essential to maintain SAC signaling when 
only few unattached kinetochores remain, while the same feedback might simultaneously 
function in the rapid extinguishing of SAC signaling once the last kinetochore has attached. 
Since MPS1 plays a central role in various SAC feedbacks, small alterations in its activity or 
expression might have drastic effects on genome stability and result in aneuploidy. Future 
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studies investigating the consequence of minor alterations in MPS1 activity or expression on 
genome stability in cells and mouse models can provide more insight in the contribution of 
the SAC to chromosomal instability and cancer.

MPS1Aurora B MAD1ZW10

BUB1

KMN network

PLK1 MCC

Figure 6.1. MPS1-centered feedback loops control the SAC
Schematic representation of various feedbacks that regulate SAC signaling and error correction. The first feedback 
loop between Aurora B and MPS1 (green) ensures timely establishment of both SAC signaling and error correction. 
The second feedback control between MPS1, BUB1 and ZW10 (blue) promotes MAD1 localization. The third, and 
more elaborate, feedback regulates MCC production and stability (red). In this feedback, MPS1 activity is required 
for MCC production through MAD1 localization while simultaneously ensuring PLK1 kinetochore localization, which 
is required for MCC stability when SAC signaling is low.
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Nederlandse samenvatting voor niet ingewijde

Het menselijk lichaam is opgebouwd uit miljarden cellen, deze cellen vormen de bouwstenen 
voor alle verschillende weefsels en organen waaruit ons lichaam bestaat. Het is dan ook niet 
verwonderlijk dat er honderden verschillende soorten cellen zijn met elk een specifieke functie 
en vorm naargelang hun taak in het lichaam. De slijtgevoelige darmwand bijvoorbeeld, bevat 
snel reproducerende cellen die zijn gespecialiseerd in het afscheiden van darmsappen voor 
de spijsvertering. Terwijl de neuronen in de hersenen zijn gespecialiseerd in het ontvangen 
en doorgeven van signalen. 
Ondanks de verschillende taken van de cellen bevatten ze allen het identieke 
handleidingenboek “het DNA” dat ligt opgeslagen in de celkern. In dit handleidingenboek 
staan de instructies die nodig zijn voor een cel om goed te functioneren. Afhankelijk 
van de variërende functies van cellen zullen de instructies per celtype verschillen. Het 
handleidingenboek bestaat uit 46 hoofdstukken, ofwel chromosomen. Tijdens de bevruchting 
heeft u 23 hoofdstukken van uw moeder meegekregen en de andere 23 van uw vader. 
Vanaf het moment van de bevruchting zijn we begonnen met delen om vervolgens niet 
meer te stoppen. Het proces van celdeling staat aan de basis van de ontwikkeling van alle 
organismen en het is dit wonderlijke proces dat ik de afgelopen vijf jaar heb bestudeerd en 
waarvan de onderzoeksresultaten beschreven staan in dit proefschrift. 

Celdeling
De deling van één ‘moedercel’ in twee nieuwe ‘dochtercellen’ wordt mitose genoemd. Eén 
van de meest essentiële taken van de mitose is het eerlijk verdelen van het erfelijk materiaal 
op een dusdanige manier dat beide dochtercellen uiteindelijk exact dezelfde kopie van het 
handleidingenboek bezitten. Voordat een cel dus kan overgaan tot de mitose zal eerst het 
erfelijk materiaal, het DNA, moeten worden verdubbeld. Nadat alle 46 chromosomen foutloos 
zijn overgeschreven blijven kopie en origineel - die we nu zusterchromosomen noemen - 
aan elkaar gebonden. De cel is nu klaar voor de mitose. Mitose is opgedeeld in meerdere 
opeenvolgende fasen (zie figuur 1), tijdens de eerste fasen, de ‘pro- en prometafase’ 
genoemd, groeien vanuit twee tegenoverliggende polen dynamische draden, microtubuli, 
om een spoelfiguur te vormen. In deze fasen moeten de microtubuli van het spoelfiguur de 
zusterchromosomen zien te binden. Na veel duw- en trekwerk zullen alle zusterchromosomen 
zich uiteindelijk in het midden van de cel bevinden. Op het moment dat de ene zuster via 
microtubuli gebonden is aan één pool, en de andere zuster aan de tegenoverliggende pool 
heeft de cel ‘metafase’ bereikt en is klaar om te delen. De zusterchromosomen worden 
fysiek van elkaar gescheiden en netjes verdeeld over de twee dochtercellen in ‘anafase’. 
De uiteindelijke vorming van de twee nieuwe dochtercellen vindt plaats in de laatste fasen; 
‘telofase en cytokinese’ van de mitose. In deze fasen begint het celmembraan in het midden 
in te snoeren tot er een scheiding tussen de twee cellen optreedt. Uit één cel hebben zich 
aldus twee cellen gevormd met precies hetzelfde erfelijk materiaal. 

Het Mitotische Checkpoint
Het is van essentieel belang dat er tijdens de deling geen fouten worden gemaakt in de 
chromosoomverdeling. Het goed functioneren van de cel wordt door het genetisch materiaal 
bepaalt en het hebben van een verkeerd aantal chromosomen (aneuploidy) kan desastreuze 
gevolgen hebben. Aneuploidy is een kenmerk van bijna alle tumoren, het is echter nog 
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onduidelijk of het maken van fouten tijdens de celdeling bijdraagt aan het ontstaan van 
kanker. Naast de aanwezigheid van aneuploidy in kanker, heeft de aanwezigheid van een 
verkeerd aantal chromosomen ook tijdens de humane ontwikkeling grote effecten. Dit wordt 
bijvoorbeeld geïllustreerd in het syndroom van Down, waarbij de aanwezigheid van een extra 
chromosoom (nummer 21) grote gevolgen heeft. Om aneuploidy te voorkomen, beschikt de 
cel over een controlemechanisme, het mitotische checkpoint, welke de voortgang van de 
deling nauwlettend in de gaten houdt. 
Aan de basis van het mitotische checkpoint staat het kinetochoor, een structuur van eiwitten 
die zich aan weerszijden van de zusterchromosomen bevindt. De kinetochoor vormt de 
bindingsplaats voor microtubuli. In afwezigheid van stabiel gebonden microtubuli zal het 
kinetochoor een stopsignaal produceren welke de deling van de cel tegenhoudt. Pas als alle 
kinetochoren stabiel gebonden zijn in metafase (één zusterschromosoom met de ene pool, 
en de andere zuster met de tegenoverliggende pool) laat het mitotische checkpoint deling 
van de zusterchromosomen toe. De microtubuli trekken de dan gescheiden zusters naar de 
tegenoverliggende kanten van de cel. 

Het onderzoek beschreven in dit proefschrift
Ondanks het belang van het mitotische checkpoint, is het nog onduidelijk hoe veel aspecten 
van het mitotische checkpoint functioneren. Een groep eiwitten genaamd kinasen, vervullen 
een centrale rol in mitose en het mitotische checkpoint. Eén van deze kinasen, genaamd 
MPS1, staat centraal in het onderzoek beschreven in dit proefschrift. Alvorens ik het 
onderzoek omtrent MPS1 bespreek, is het van belang het functioneren van kinasen kort toe 
te lichten. 
Een belangrijk mechanisme dat cellen gebruiken om een signaal door te geven is het 

Figuur 1. Schematische weergave van de celdeling
Voor aanvang van de celdeling bevinden de verdubbelde chromosomen zich nog in de celkern, wanneer de celkern 
aan het begin van de mitose afbreekt vormt zich een spoelfiguur(prometafase). De dynamische draden (microtubuli) 
van het spoelfiguur binden de zusterchromosomen op gespecialiseerde aanhecht plaatsen (kinetochoren). Na veel 
duw en trekwerk bevinden de zusterchromosomen zich in het midden van de cel (metafase). De zusters worden van 
elkaar gescheiden in anafase en elk naar een kant van de cel getrokken. Tijdens de laatste fase van de celdeling 
zullen de twee dochtercellen zich vormen, beiden met een gelijke hoeveelheid chromosomen. Fouten tijdens 
de celdeling die mogelijk voortkomen uit een slecht functionerend mitotisch checkpoint leiden tot een ongelijke 
hoeveelheid chromosomen in de dochtercellen (aneuploidy).  

goede 
celdeling

verkeerde
celdeling

Prometafase Metafase CytokineseAnafase

Pool Microtubuli
Zusterchromosomen
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aanbrengen van een modificatie op een ander eiwit. Eén van de bekendste en meest 
onderzochte modificaties, is het aanbrengen van een fosfaatgroep op een eiwit. Dit 
mechanisme, fosforylering genaamd, reguleert een breed scala van cellulaire processen. De 
introductie van een negatief geladen fosfaatgroep kan de structuur en activiteit van een eiwit 
veranderen of de interacties met andere eiwitten verstoren of stimuleren. Kinasen bezitten 
de enzymatische activiteit om een fosfaatgroep te koppelen aan andere eiwitten. Een kleine 
groep kinasen is verantwoordelijk voor de regulatie van het mitotische checkpoint. 
Het belang van het MPS1 gen voor het mitotische checkpoint werd in 1996 voor het eerst 
beschreven in gist. Later bleek dat ook het humane MPS1 essentieel is voor het goed 
functioneren van het checkpoint. Zonder MPS1 (of MPS1 activiteit) zullen cellen delen terwijl 
één of meerdere kinetochoren niet aan microtubuli gehecht zijn, met aneuploidy als gevolg. 
Uit recentelijk onderzoek blijkt dat MPS1 op meerdere manieren het checkpoint beïnvloedt. 
In hoofdstuk 1 behandel ik wat in de literatuur bekend is over mitose, de kinetochoor, het 
mitotische checkpoint en wat de rol van MPS1 hierin is.  
Om een beter beeld te krijgen van alle verschillende functies van MPS1 in mitose wordt in 
hoofdstuk 2 beschreven hoe wij door middel van mutaties in het ATP bindingsdomein van 
MPS1, het kinase gevoelig hebben gemaakt voor chemische remmers. Deze aanpak stelde 
ons in staat MPS1 activiteit op zeer snelle en specifieke wijze te remmen. Deze remming 
van MPS1 bleek een handig hulpmiddel om de functie van MPS1 in mitose te bestuderen. 
Een belangrijke functie van MPS1 is het rekruteren van andere checkpoint eiwitten naar de 
kinetochoor. 
In hoofdstuk 3 onderzoeken we hoe MPS1 het checkpoint eiwit MAD1 naar de kinetochoor 
rekruteert. Kinetochoor lokalisatie van MAD1 is essentieel voor het goed functioneren van het 
checkpoint. Naast MPS1 heeft ook het checkpoint kinase BUB1 en het MAD1-rekruterende 
eiwit ZW10 invloed op de lokalisatie van MAD1. Wij hebben ontdekt dat al deze eiwitten 
samenwerken om de lokalisatie van MAD1 naar de kinetochoor te reguleren.
Hoofdstuk 4 beschrijft de zoektocht naar nieuwe regulatoren van het mitotische checkpoint. 
Uit recentelijk onderzoek is gebleken dat niet alle regulatoren van het checkpoint essentieel 
zijn. De functie van deze eiwitten in het checkpoint komt pas aan het licht als het checkpoint 
verzwakt is en gevoelig is voor kleine veranderingen. Onze data laat zien dat het kinase PLK1 
een dergelijke niet-essentiële regulator van het checkpoint is. PLK1 heeft veel verschillende 
functies in mitose, hierdoor is de door ons beschreven functie in het checkpoint tot nu toe 
onderbelicht gebleven. Onze data laat zien dat PLK1 activiteit alleen essentieel wordt 
wanneer het checkpoint verzwakt is. Een situatie die waarschijnlijk gelijk staat aan een cel 
met nog maar één of twee niet gebonden kinetochoren.  
Ondanks het belang van MPS1 in het mitotische checkpoint was er bij aanvang van mijn 
promotie onderzoek nog geen enkel eiwit bekend dat wordt gefosforyleerd door MPS1 
om het checkpoint te reguleren. Hoofdstuk 5 beschrijft het gebruik van kwantitatieve 
massaspectrometrie om nieuwe substraten van MPS1 te identificeren. Met behulp van 
massaspectrometrie kan bepaald worden of een eiwit gefosforyleerd is. Wij beschrijven 
verschillende experimentele methodes die wij hebben gebruikt om te bepalen welke eiwitten 
worden gefosforyleerd door MPS1. 
Alle experimentele data in dit proefschrift wordt in hoofdstuk 6 samengevat en 
bediscussieerd in het licht van relevante literatuur. Het beschreven onderzoek heeft nieuwe 
inzichten geboden in het mitotische checkpoint en roept nieuwe vragen op. Aan de hand van 
deze vragen doe ik tevens suggesties voor toekomstig onderzoek.   
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Beste Geert, het was me wat de afgelopen vijf jaar. Wat heb ik veel van je geleerd. Jouw 
kijk op wetenschap is verfrissend en aanstekelijk. Bedankt voor al je geduld tijdens mijn 
promotie en vooral ook tijdens het schrijfproces (Martine, sorry van je vakantie, ik maak 
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persoon die mijn pogingen tot studeren altijd systematisch wist te interrumperen met de 
vraag biertje......? of eitje.......? naast mij zou staan tijdens mijn verdediging. Ik ben blij dat 
we na al die jaren de passie voor biertjes en eitjes niet verloren zijn.

Dan de rest van de “Kops groep”. Dames eerst!, Nannette, Saskia en Aniek, dank jullie 
wel voor het warme welkom op het lab en voor alle wijze lessen op het lab en daarbuiten. 
Dan Wilco, de man met duizend namen. De beste is toch wel WIKI Woelmeister, want wat 
weet jij veel. Ik ga alle woelies missen en het wordt even wennen om je na vijf jaar niet 
meer elke dag te zien. Vincent, ‘my man in the Heck lab’. We hebben wat af gemass-spect, 
helaas niet met het gewenste resultaat. Misschien was het dan toch KI-67, bedankt voor alle 
peptides! Ade, you amazed me with all your models. Your view on science is exceptional 
and I learned a lot from you, thanks dude.  Dan alle nieuwe aanwas Snees, Manja, Richard, 
Wilma, Carlos, Nina, Ajit, Antoinette, (bedankt voor de PLK1 proeven) Eelco, Bas, Claudia, 
Roy, Tim en Debby. 
Benaf, ik vond het leuk om de laatste maanden met je samen te werken, ik geloof dat het 
wel goed gaat komen met jou. 
Jasmin! Mijn student met een voorkeur voor enzymen met exotische (licht vulgaire) namen. 
Je onsamenhangende verhalen, het gebruik van het woord giecheltje, de gezelligheid en 
intresse in het onderzoek maakten de 9 maanden dat je er was erg leuk. Ik hoop dat je wat 
van me geleerd hebt, bedankt!

Dan alle kansloze AIO’s, waarvan de helft toch helemaal niet zo kansloos is. Rick (dem 
Book), Andree, Astrid, Maaike, Arne (hoe kwam je nou precies aan die bijnaam van je?), en 
Pascal, kopjes koffie, biertjes, lekker eten en voornamelijk de rest van het Stratenum door 
het slijk halen was toch het leukste met jullie. 

Niets werkt beter dan je wetenschappelijke frustraties van je afslaan met een goed potje 
squash! Livio jouw scheldkannonades, overmatig zweten, geboer en overweldigende 
vorming van sop onder de douche zal ik missen en niet te vergeten je hulp bij de microscopen. 
Sander, Niels en Peter jullie slappe gelul (Niels), briljante/tragische slechte woordgrappen 
(Sander) en scheten (Peter) en alle biertjes bij Olympus zal ik missen.
David, Rutger, Maria, Maike, Jonne, Wytze, Lenno, Martijn, Anna, WJ, Anneke, Sarah, 
bedankt voor alle gezelligheid. En niet te vergeten Lars, de eerste jaren met jou en Wilco op 
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de mannenkamer waren echt top, hoe gaat het eigenlijk met mijn bosjesman? En natuurlijk 
de rest van de Timmers, Vermeulen, Burgering, Bos, Lens, Dansen, Holstege, Voest, 
Rowland en Medema labs bedankt voor alle gezelligheid.
Cristina, de jaarurenkaart bij jou inleveren was altijd weer een groot avontuur en ik mis het 
eigenlijk best wel.

Daarnaast was mijn onderzoek regelmatig onderhevig aan de kritische blik van vele 
wetenschappers van de Medema en Lens groepen. Iedereen bedankt voor het meedenken. 
Susanne, dank dat je in mijn leescommissie zat en succes met het professorschap. René, 
je kritische blik ontgaat niets, dat in combinatie met je platte humor maakte werken met je 
heel prettig, bedankt.

De leden van de beoordelings- en OiO commissie: Tobias en Albert heel erg bedankt voor de 
bijdrage tijdens de jaarlijkse evaluatie en het lezen van dit proefschrift. Judith Klumperman 
en Frank Holstege bedankt voor het lezen en beoordelen van dit proefschrift.  

Abdel, het was fijn om in een wetenschappelijke omgeving iemand als jou tegen te komen. 
Ik ken weinig mensen die zoveel lachen en zoveel kletsen. Ik ben blij dat ik je heb leren 
kennen. 

Pap en Mam, wat leuk dat jullie een paar keer op het lab zijn geweest. Het is en zal een 
mysterie blijven wat ik nou eigenlijk heb gedaan de afgelopen vijf jaar, maar ik besef maar 
al te vaak dat deze dag er niet zou zijn geweest zonder de degelijke basis die jullie hebben 
gelegd. Bedankt voor de FF-en lijst, Bonnie, remedial teaching, bijles Duits, half 6 naar de 
Jan Ligthart en alle andere dingen die ik in de loop der jaren ben vergeten. 
Eelke bedankt dat je al mijn Nederlandse stukken op fouten hebt gecorrigeerd. De 
Nederlandse taal blijft ondanks alle bovengenoemde maatregelen niet mijn sterkste kant.

Lieve Tessel. Ik heb de afgelopen anderhalf jaar vaak moeten kiezen tussen nog een 
western blot inzetten of nog net op tijd thuis zijn om jou op bed te leggen. Jij trok vaak aan 
het langste eind! Ook al klaag ik vaak (vanochtend werd je om half 6 wakker!!!!!) en zal ik dat 
waarschijnlijk blijven doen. Je bent en blijft de leukste.

Liefste Mari, al te veel woorden zal ik er niet aan vuil maken. Maar de afgelopen 5 jaar waren 
een stuk minder leuk geweest zonder jou aan mijn zijde. Je weet de wetenschappelijke 
sores altijd goed te relativeren (fotosynthese is overated!). Ik ben blij dat je me na een dag 
werken in elke vorm accepteert; als P de P,  Malarie, de Zieligheid, neutraal, of gewoon 
lekker hangend op de bank. Dank je voor alles, je bent de liefste.  
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