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General Introduction
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Chapter 1

Abstract

 The chromosomal passenger complex (CPC), consisting of  Aurora-B, 

Inner Centromere Protein (INCENP), Survivin and Borealin/Dasra-B (hereafter 

called Borealin) is an important mitotic regulatory complex.  This CPC has a 

typical dynamic localisation pattern during mitosis (Figure 1) and controls the 

proper execution of  essential mitotic processes like mitotic chromosome for-

mation, bipolar spindle assembly, chromosome segregation, spindle assembly 

checkpoint signalling and cytokinesis. Here, the role of  this complex during these 

different mitotic events will be discussed, with a specific focus on the enzymatic 

core of  the CPC, the serine-threonine protein kinase Aurora-B. The functions 

of  this complex during mitosis will be discussed in a temporal order, starting 

with chromosome condensation at the beginning of  mitosis and culminating at 

the final step in the process of  cell division, cytokinesis. The specific functions 

of  Aurora-B’s companion passenger proteins in spatio-temporal regulation of  

Aurora-B throughout mitosis will be discussed in detail in Chapter 3.

Introduction

During the cell division cycle, the ge-
nomic material of  the cell is propagated to two 
new daughter cells. The process of  mitosis is the 
final phase of  the cell cycle during which the 
physical segregation and separation of  the dupli-
cated genome into two daughter cells takes place. 
Mitosis can be divided into several cytologically 
and molecularly discernible phases 1 (Figure 1). 
During prophase, the chromosomes condense, the 
centrosomes mature, display increased microtu-
bule nucleation and initiate the formation of  the 
mitotic spindle. The transition from prophase to 
prometaphase is defined by the disassembly of  the 
nuclear envelope. During prometaphase, the two 
kinetochores of  paired sister chromatids are cap-
tured by the mitotic spindle, ultimately resulting in 
the alignment of  all chromatid pairs at the cell’s 
equator. In metaphase, several important mitotic 
regulators are degraded, and this is required to 
trigger the onset of  anaphase, during which the 
actual segregation of  the sister chromatids takes 
place. Paired sister chromatids will segregate to 

opposite sites of  the cell by the action of  the mi-
totic spindle, and during telophase, the chromatids 
will start to decondense and the nuclear envelope 
will reform, resulting in the formation of  two new 
daughter nuclei. During the concluding stage of  
mitosis, cytokinesis, the cytoplasm of  the mother 
cell will be divided, ultimately yielding two sepa-
rated daughter cells containing an exact copy of  
their mother’s genetic content.

Condensation, cohesion and chro-
matin

Chromosome condensation
As a cell enters mitosis, the replicated 

chromosomes condense into compact structures 
and become visible as individual pairs of  sister 
chromatids. Chromosome condensation is an 
essential prerequisite for the faithful congression 
and segregation of  the sister chromatids during 
the subsequent phases of  mitosis (reviewed in 2). 
Mitotic chromosome condensation is driven by 
the action of  multi-protein complexes called Con-
densins. Condensins are five sub-unit complexes 
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containing two large SMC-proteins (Structural 
Maintenance of  Chromosomes, Smc2 and Smc4) 
that form long V-shaped structures with ABC-like 
ATP-ase domains at the distal end of  both arms 
(for review see 3). It is thought that these V-shaped 
molecules can bind chromatin and topologically 
compact chromatin into higher order structures 
in an ATP-hydrolysis-dependent fashion. Two dis-
tinct Condensin complexes have been identified 
that contain the same SMC-proteins but use a dif-
ferent set of  non-SMC subunits (CAP-D2, -G and 
-H for Condensin I and CAP-D2, -G2 and -H2 for 
Condensin II). Condensin I and II show distinct 
distribution along chromosomes 4 and play differ-
ent roles in controlling chromosome architecture 
during mitosis 4-6. Several studies implicated a 
regulatory role for the Aurora-B kinase in chro-
mosome condensation during mitotic prophase. 
In Drosophila melanogaster, Aurora-B is required for 
recruitment of  the barren (CAP-H) Condensin I 
subunit to chromosomes 7. In Caenorhabditis elegans, 
where condensation occurs in two cytologically 
discernible phases, depletion of  the orthologue 
of  Aurora-B, Air-2, delayed the secondary phase 
of  chromosome condensation, but did not impair 
loading of  Condensin complexes onto chromo-
somes 8. Aurora-B was recently shown to control 
the association of  the Condensin I-, but not the 
Condensin II-complex with mitotic chromosomes 
in human cells, potentially via direct phosphor-

ylation of  three non-SMC subunits of  Condensin 
I 9, 10. Recently, it was shown that Aurora-B also 
contributes to the maximal chromosome compac-
tion that occurs during anaphase, a process that 
is required to prevent chromosome segregation 
defects 11. 
Aurora-B also phosphorylates the core nucleo-
somal Histone H3 at serine-10 during late G2/
prophase 7, 12, 13. This phosphorylation has been 
linked to chromosome condensation, mainly be-
cause these two events spatio-temporally occur 
simultaneously during the early stages of  mitosis 
14. In line with a role for this histone modification 
during chromosome condensation, mutation of  
the serine-10 Histone H3 phosphorylation-site in 
Tetrahymena thermophila causes clear chromosome 
condensation and subsequent segregation defects 
15. However, the same mutation did not cause any 
obvious mitotic defects in the budding yeast Saccha-
romyces cerevisiae 13. These differences in effects have 
been attributed to intrinsic differences in chro-
mosome-architecture and -complexity between 
these species. In human cells, phosphorylation of  
serine-10 Histone H3 was suggested to displace 
the Heterochromatin Protein-1 (HP-1) family of  
proteins from heterochromatin during mitosis 
since inhibition of  Aurora-B function (and thus 
phosphorylation of  Histone H3) prevented HP-1 
displacement during mitosis 16 17. HP-1 is recruited 
to interphase heterochromatin via a direct interac-

Figure 1: Schematic overview of  the different mitotic stages from prophase to cytokinesis, in combination with the 
observed localisation pattern and proposed functions for Aurora-B during these different phases. Confocal images 
show Aurora-B in red, a-tubulin in green and DNA in blue.
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tion between its chromo-domain and lysine-9 tri-
methylated Histone H3 tails 18-20, and phosphor-
ylation of  the adjacent serine-10 on Histone H3 
was shown to disrupt the interaction between the 
chromo-domain of  HP-1 and the Histone H3 tail 
16, 17. However, another study found that phospho-
rylation of  Histone H3 was not sufficient to drive 
displacement of  full length HP-1 from tri-methyl-
ated Histone H3 tails, suggesting the requirement 
of  additional Aurora-B phosphorylation events 21. 
Interestingly, the same study also found that Au-
rora-B is required for proper mitotic localisation 
of  SUV39H1 21, the Histone H3 lysine-9 meth-
yltransferase whose action is required for the HP-
1/Histone H3 interaction 22. Although the bulk 
of  the HP-1 is displaced from chromatin during 
mitosis, a fraction of  HP-1a remains associated 
with centromeric chromatin throughout mitosis 23. 
Since this is the chromosomal location where Au-
rora-B concentrates during early mitosis (Figure 
1, and for more detail see Chapter 3), and where 
the highest concentration of  lysine 9-methylated/
serine 10-phosphorylated Histone H3 was found 
16, 17, its seems plausible that mere phosphoryla-
tion of  Serine-10 on Histone H3 by Aurora-B is 
not the only factor controlling HP-1 chromatin 
association during mitosis. Additionally, it has to 
be resolved what the functional significance of  
HP-1 displacement during mitosis is and if  there 
is any link between this event and the regulation 
of  Condensin complexes and/or chromosome 
condensation.
Aurora-B is also known to phosphorylate serine-
28 on Histone H3 24. Since tri-methylation of  the 
neighbouring lysine-27 recruits Polycomb-com-
plexes to chromatin 25, it is tempting to speculate 
about the existence of  a similar mitotic displace-
ment-mechanism for these chromatin-associated 
complexes. Clearly, analysing the effects of  specific 
disruption of  these Histone H3-phosphorylations 
(independently of  interfering with Aurora-B func-
tion) on chromosome condensation and segrega-
tion in other eukaryotes besides Tetrahymena and S. 

cerevisiae is required to clarify these issues.

Sister chromatid cohesion
Besides a role for Aurora-B in regulating 

Condensin loading, it also plays an important role 
in controlling cohesion between duplicated sister 
chromatids. Chromosome cohesion is brought 
about by a tripartite ring-like complex called Co-
hesin. This complex, which is structurally related 
to the Condensin complexes and also contains two 
large SMC-proteins (Smc1 and Smc3), is thought 
to topologically trap the replicated two sister-
chromatids within its ring-structure 26, 27. Cohesin 
is loaded onto duplicated chromosomes during S-
phase 28 and cohesion between sister-chromatids 
persists until the metaphase to anaphase transition 
29. In vertebrate cells, Cohesin is removed in mito-
sis by two mechanistically distinct steps 30. The first, 
referred to as the prophase-pathway, removes the 
bulk of  cohesin from chromosome arms as soon as 
mitosis starts in a fashion that depends on the con-
certed actions of  Aurora-B and Polo-like kinase-1 
(Plk-1) 31-33. Plk-1 phosphorylates the cohesin Scc3/
SA2-subunit, and this is required for Cohesin dis-
placement 34. It is at present unclear exactly how 
phosphorylation displaces Cohesin from chro-
mosomes. The remainder of  the cohesion, which 
mainly persists at the centromeric regions of  the 
chromosomes, is destroyed by proteolytic cleavage 
of  the Scc1-subunit of  Cohesin at the hands of  the 
activated protease separase, triggering the opening 
of  the Cohesin-ring and initiation of  anaphase 35, 

36. Activation of  Separase occurs upon silencing of  
the spindle assembly checkpoint in metaphase and 
concomitant destruction of  the Separase-inhibi-
tor Securin 37, 38. A likely explanation for the role 
of  Aurora-B in the prophase-pathway comes from 
studies on the Shugoshin family of  centromeric 
Cohesin protector proteins. The founding mem-
bers of  this family were identified as regulators 
of  meiotic chromosome segregation in Drosophila 
and budding yeast 39, 40. A human counterpart of  
these proteins (Sgo1) protects centromeric Cohes-
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in during mitosis, since depletion of  Sgo1 causes 
premature separation of  sister chromatids due to 
loss of  centromeric cohesion 41, 42. A major role for 
Sgo1 at centromeres during mitosis is to prevent 
(Plk-1)-phosphorylation-dependent cohesin re-
moval through collaboration with a specific PP2A-
phosphatase complex at the centromere, thereby 
facilitating dephosphorylation of  Scc3/SA2 34, 43-45. 
A related human protein, Sgo2, influences Sgo1/
PP2A function by recruiting the PP2A complex to 
the centromere in human cells 44.  It is at present 
unclear what the exact molecular contribution of  
Sgo1 within the Sgo1/PP2A complex is (wheth-
er it for example has an effect on the enzymatic 
activity of  PP2A) and if  Sgo1 contributes to the 
protection of  centromeric cohesin independently 
of  PP2A. Aurora-B is required to confine Sgo1 lo-
calisation to centromeric regions, and upon inhibi-
tion or depletion of  Aurora-B, Sgo1 localises all 
over the chromosome arms 9, 46, 47. Displacement 
of  Sgo1 from centromeres (and its concomitant re-
distribution to the chromosome arms) most likely 
causes (PP2A-dependent) protection of  chromo-
some arm-localised Cohesin complexes against 
Plk1-dependent removal 43-45. This provides a 
possible explanation for the observed role of  Au-
rora-B in promoting dissolution of  arm cohesion 
by the prophase-pathway. If  centromeric mainte-
nance of  Sgo1 were the major role for Aurora-B in 
this pathway, double depletions of  Aurora-B and 
Sgo1 are predicted to overcome this effect and 
restore removal of  Cohesin in a Plk-1-dependent 
fashion. Indeed, two studies reported such effects 
42, 46, but another study recently challenged these 
results 9, suggesting additional essential targets for 
Aurora-B in regulation of  arm Cohesin removal. 
In light of  this, it interesting that several studies 
have suggested a role for HP-1 and heterochroma-
tin in recruiting Cohesin complexes to chromatin 
48, 49, and Aurora-B-dependent regulation of  HP-1 
chromatin-retention might therefore be an alter-
native way by which this kinase influences cohesin 
recruitment and removal during mitosis. Besides 

Aurora-B and Plk-1, the spindle checkpoint kinase 
Bub1 (see below) 50, 51 and the Histone H3 kinase 
Haspin46, 52 are also involved in regulation of  Sgo1 
function and chromosomal Cohesin, indicating 
the presence of  complex phospho-regulatory net-
works at the centromere that control chromosome 
cohesion 53.

Mitotic spindle formation

Early in mitosis, a bipolar microtu-
bule based structure called the mitotic spindle is 
formed (reviewed in 54, 55). The two spindle poles 
are defined (at least in most eukaryotic somatic 
cells) by the presence of  a centrosome that func-
tions as the major microtubule-organizing centre 
(MTOC) within the eukaryotic cell. This molecu-
lar machine consisting of  highly dynamic microtu-
bules and numerous regulatory proteins produces 
the forces that are needed to pull paired sister 
chromatids apart during anaphase and controls 
the movements of  the chromosomes through the 
mitotic cell. In somatic cells, formation of  a bi-
polar mitotic spindle is mainly driven by microtu-
bule nucleation at the spindle poles of  the mitotic 
spindle. However, under certain circumstances 
(e.g. in female meiosis) bipolar spindle formation 
occurs in the absence of  centrosomes, indicat-
ing the presence of  additional (chromatin-driven) 
pathways controlling spindle formation 56, 57. A 
growing body of  evidence suggests that chromo-
somes also play a role in bipolar spindle formation 
in centrosome containing cells 58, 59, and recently 
Aurora-B has been put forward as an important 
regulator of  this process 60, 61. During mitosis, the 
small GTPase Ran is locally converted into Ran-
GTP in the vicinity of  chromosomes, via RCC1, 
its GEF (guanine-exchange-factor) that is bound 
to chromosomes 62, 63. This creates a gradient of  
(active) Ran-GTP around mitotic chromosomes 
64-66. Ran-GTP subsequently binds importin-b, 
and thereby causes the release (and activation) 
of  important microtubule-assembly factors like 
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Tpx2, Numa, NUSAP and Rae1 near chromo-
somes 67-72. Parallel to this Ran-dependent spindle 
assembly-promoting pathway, a second independ-
ent pathway exists in which Aurora-B plays a role 
in regulating chromosome-driven microtubule 
nucleation. Depletion or inhibition of  Aurora-B 
(or its companion passenger proteins) severely per-
turbs spindle assembly in Xenopus extracts 60, 73, 74. 
Two different Aurora-B substrates were suggested 
as downstream targets in this process. The first is 
the microtubule-depolymerising kinesin MCAK 
since depletion of  MCAK in Aurora-B depleted 
extracts restored the chromosome driven spindle 
pathway. This argues that negative regulation 
of  MCAK-activity by Aurora-B is an important 
event during chromatin induced spindle assem-
bly 60. A similar functional relationship between 
Aurora-B and MCAK in driving spindle assembly 
exists in mammalian cells 61. Second, Aurora-B 
phosphorylates, and most likely inhibits the mi-
crotubule-destabilising protein Stathmin/Op18 
in vicinity of  chromosomes 73, 75. It is at present 
not completely clear what the exact effect of  
Aurora-B phosphorylation on Stathmin/Op18 
function is and how critical this regulation is for 
bipolar spindle assembly. Nevertheless, regulation 
of  microtubule stability near chromosomes by Au-
rora-B has emerged as an important contribution 
to efficient bipolar spindle assembly. Combined 
with the observation that Aurora-B becomes spe-
cifically activated on chromatin 73, these findings 
provide an elegant explanation for chromosome-
driven microtubule stabilisation during spindle as-
sembly. Strikingly, whereas the Ran-GTP pathway 
primarily activates microtubule assembly factors, 
the Aurora-B pathway seems to inhibit several 
microtubule-destabilising factors in the vicin-
ity of  mitotic chromosomes. Although it is clear 
that chromosome-driven spindle assembly plays 
an important role in spindle assembly in Xenopus 
egg extracts, it needs to be determined how vital 
the contribution of  this pathway (and the role of  
Aurora-B herein) is for chromosome segregation 

in human cells. In this respect it is important to 
note that depletion of  the CPC-subunit Borealin 
was shown to disrupt spindle formation in human 
cells 76, but no clear spindle defects have been de-
scribed in cells in which other CPC-subunits were 
depleted or Aurora-B activity was inhibited. 

Chromosome capture and micro-
tubule destabilisation

The microtubules of  the mitotic spin-
dle interact with sister chromatids via kineto-
chores, large chromosome-embedded organelles 
composed of  several multi-protein complexes 
(reviewed in 77)(Figure 2a). Kinetochores are as-
sembled on specific nucleosomes that define the 
centromeric chromatin. The basis of  the kineto-
chore is characterised by the centromere specific 
histone variant CENP-A 78, 79, that is specifically 
incorporated into centromeric chromatin by poor-
ly understood mechanisms 80-84. CENP-A contain-
ing nucleosomes, together with a protein called 
CENP-C, direct the mitotic assembly of  several 
multi-protein complexes required for kinetochore 
integrity and function 85-87. Intriguingly, although 
the underlying centromeric DNA sequences and 
the amino-acid composition of  individual kine-
tochore proteins have greatly diverged between 
different species, the basic molecular composition 
and hierarchy of  the kinetochore have proven to 
be remarkably conserved throughout evolution. 
The kinetochore constitutes the microtubule-bind-
ing site of  the chromatids and is as such required 
for microtubule-capture, chromosome movement 
and spindle checkpoint signalling. Several micro-
tubule-binding factors that localise to the kineto-
chore have been identified and these are thought 
to collectively mediate efficient interactions be-
tween microtubules of  the mitotic spindle and the 
kinetochores 86, 88. 



�

General Introduction

kinetochore

unattached monotelic
(monopolar)

syntelic amphitelic
(bipolar)

High tension

merotelic

High tension

Microtubule

Microtubule

P P

Dam1-ring
complexes

sister
chromatid

centromeric
chromatin

non-bipolar

a b

c

Ndc80/Hec1

Nuf2 Spc24Spc25

Dam1-ring
complexes

Mis12

KNL-1

Ndc80/Hec1

Nuf2 Spc24Spc25

Mis12

P P
KNL-1

Non bi-polar 
attachment

Aurora-B

Figure 2: (a) Schematic representation of  a pair of  sister chromatids. (b) The different kinds of  (defective) attach-
ments that occur that (if  defective) need to correcting to obtain bi-orientation. (c) Schematic representation of  the 
microtubule-kinetochore interface and the different components of  this interface that are controlled by Aurora-B 
through direct phosphorylation. Note that this is a simplified representation since several other microtubule interac-
tors have been identified that localise to the kinetochore. Additionally, mammalian kinetochores most likely consist 
of  repeated arrays of  these single microtubule-kinetochore interfaces.

Correction of  syntelic attachments
Equal segregation of  the sister chroma-

tids can only be achieved when the paired chro-
matids obtain bi-orientation on the mitotic spindle. 
This means that every chromatid pair has to attach 
to the mitotic spindle in such a way that the two 
sisters within a pair are attached to an opposite 
pole of  the bipolar spindle. This kind of  attach-
ment, often referred to as bipolar or amphitelic at-
tachment, will invariably produce tension over the 
two paired sister chromatids caused by the pulling 
force generated by the mitotic spindle that is op-
posed by the cohesion between the paired sister 
chromatids (Figure 1). Since kinetochore capture 
by the mitotic spindle is a stochastic trial-and-error 

process, it will give rise to intermediate states of  
attachment before bi-orientation is achieved (Fig-
ure 2b). Non-bipolar attachments (also referred to 
as syntelic attachments) occur during every mitosis 
89, and need to be corrected to eventually produce 
bi-orientation 90, 91. Non-bipolar attachments are 
actively destabilised, causing the presence of  sister-
chromatids with unattached kinetochores (Figure 
2b). These unattached kinetochores will now be 
able to enter a new cycle of  microtubule attach-
ments, until the sister chromatids obtain bipolar 
attachment. The current models 90, 92, 93 suggest 
that these destabilising activities will continue until 
bi-orientation (and thus sufficient tension) is gen-
erated between the two sister chromatids, ensur-
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ing that only bipolar attachments are stable. The 
activity of  the Aurora-B kinase is essential for the 
destabilisation of  non-bipolar microtubule-kine-
tochore interactions 90, 92, 94. It is known that two 
important kinetochore microtubule-capture fac-
tors (the Ncd80/Hec1- and Dam1-complexes) are 
subject to phospho-regulation by Aurora-B (Fig-
ure 2c) 92. Besides influencing the Ndc80/Hec1 
and Dam1 complexes, Aurora-B is also known to 
influence the centromeric localisation and action 
of  MCAK, and this regulation has been suggested 
to contribute to the correction of  defective attach-
ments 95-97. The regulation of  MCAK by Auro-
ra-B will be discussed below in more detail. The 
Ndc80/Hec1-complex is a long rod-like structure 
consisting of  four conserved subunits (Ndc80/
Hec1, Nuf2, Spc24 and Spc25) 98-101 that forms a 
larger complex together with the Mis12-complex 
and a protein called KNL-1, collectively referred 
to as the KMN-network 102. Within this network, 
both KNL-1 and Ndc80/Hec1 possess microtu-
bule-binding activities, and when combined in the 
KMN-network, these proteins show a synergistic 
microtubule-binding capacity 102, 103. Phosphor-
ylation of  Ndc80/Hec1 by Aurora-B reduces its 
affinity for microtubules in vitro 102 and mutation 
of  the putative Aurora-B phosphorylation-sites in 
Ndc80/Hec1 stabilises microtubule-kinetochore 
interactions in vivo 104. Additionally, several subu-
nits of  Dam1-complex are also substrates of  the 
budding yeast Aurora-B kinase orthologue (Ipl1) in 
vivo and in vitro and mutation of  Ipl1 phosphoryla-
tion-sites within the Dam1-subunit of  this complex 
causes chromosome segregation defects similar to 
those occurring in Ipl1-mutants  92. The 10-subu-
nit Dam1 complex assembles into a large ring-like 
structure consisting of  12 to 16 complexes around 
a single microtubule polymer 105-107. Dam1 directly 
interacts with Ndc80/Hec1, and phosphorylation 
of  Dam1 by Ipl1 impairs its ability to interact 
with Ndc80/Hec1 and also disrupts efficient kine-
tochore localisation of  the Dam1 complex 108. As 
such, Aurora-B controls kinetochore-microtubule 

affinity in two ways: (i) Phosphorylation of  Ndc80/
Hec1 reduces the microtubule binding capacity of  
the kinetochore-localised KMN-network and (ii) 
Aurora-B phosphorylation of  Dam1 reduces af-
finity of  this microtubule-associated ring-complex 
with the kinetochore by influencing its affinity for 
the KMN-network (Figure 2c). It is important 
to note that, at present, an orthologous complex 
for the Dam1 ring-complex has not been found in 
organisms other than budding yeast. Combined 
with the fact that budding yeast kinetochores 
can bind to only a single microtubule polymer, 
whereas mammalian kinetochores can simultane-
ously bind up to 30 individual microtubules, this 
suggests that the molecular mechanisms that con-
trol microtubule capture at the kinetochore might 
have diverged significantly throughout evolution 
88. Despite these potential differences in molecu-
lar architecture of  the microtubule-kinetochore 
interface between different species, it is clear that 
phospho-regulation of  these interactions by the 
Aurora-B kinases during microtubule capture is 
a highly conserved mechanism that is employed 
by all eukaryotic organisms studied so far. It will 
be important to precisely define the dynamics 
of  the Aurora-B-dependent phosphorylation of  
Ndc80/Hec1 in vivo during mitosis, and its exact 
contribution to chromosome capture by the mi-
totic spindle. Furthermore, it will be important to 
unambiguously determine if  complexes that are 
functionally analogous to the Dam1-complex exist 
in metazoan organisms, as this will have great im-
plications for the mechanisms underlying microtu-
bule-kinetochore interactions in these organisms. 
Lastly, it will be of  interest to investigate whether 
other proteins implicated in microtubule capture 
at the kinetochore (e.g. CLIP-170 109, CENP-E 110 
and adenomatous polyposis coli (APC) 111) might 
be regulated by Aurora-B, and if  so, how this 
might influence chromosome segregation. 
It is clear that this kind of  phospho-regulation needs 
to be tightly controlled 92, and a kinetochore-asso-
ciated phosphatase (Glc7) that functionally coun-
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teracts Aurora-B’s microtubule destabilising effect 
has been identified in budding yeast 13, 112-114. A 
related kinetochore-localised protein phosphatase 
(PP1g) that can counteract Aurora-B kinase action 
has also been identified in human cells 115. It has 
yet to be determined whether Glc7/PP1g coun-
teracts Aurora-B phosphorylation equally on all 
known Aurora-B substrates or whether the activity 
of  Gcl7 is specifically regulated towards certain 
kinetochore substrates. In summary, Aurora-B in-
fluences the stability of  microtubule-kinetochore 
interactions by controlling the function of  key mi-
crotubule-capture factors on the kinetochore and 
is thereby capable of  destabilising defective non-
bipolar attachments (that do not generate tension), 
and as such functions as an error-correction factor 
that the ensures the faithful segregation of  sister 
chromatids. 

Regulation of  merotelic attachments
Besides monopolar and syntelic attach-

ments, an additional kind of  defective attachment 
called merotelic attachment occurs during every 
division that, when left uncorrected, can result in 
aneuploidy 116-118. Merotely is an attachment state 
in which one kinetochore is attached to micro-
tubules emanating from both poles (Figure 2b). 
Such a state can occur in most eukaryotic cells 
since in these cells individual kinetochores can 
attach to multiple microtubules. Since merotelics 
are not detected by the spindle assembly check-
point (see below), and will thus not prevent mitotic 
exit 118, 119, it is important that such defective at-
tachments are efficiently corrected during mitosis. 
Often, chromatids with merotelic attachments 
that persist until anaphase are eventually pulled 
towards the correct pole during anaphase, most 
likely because microtubules emanating from the 
correct pole constitute the majority of  the total mi-
crotubule attachments on this chromatid.  The net 
cumulative force produced by these attachments 
versus the force produced by the attachments from 
the incorrect pole will determine the direction of  

movement of  the chromatid during anaphase 120. 
Recently, an additional mechanism that seems to 
actively detect and resolve merotelic attachments 
has been identified 121, 122. This mechanism, that 
functions during prometaphase, requires the ac-
tion of  Aurora-B. Inhibition of  Aurora-B caused a 
significant increase in the number of  merotelic at-
tachments, indicating an active role for the Auro-
ra-B kinase in correcting these misattachments 121. 
Merotelic attachments mechanically distort kine-
tochore structure (apparently because microtubule-
driven forces emanating from the two poles work 
on a single kinetochore entity and thereby cause 
abnormal kinetochore stretching) and Aurora-B 
(together with its binding partner INCENP) was 
specifically recruited to these distorted structures, 
by a presently unknown mechanism 121, 122. MCAK 
was also recruited to these sites, and this recruit-
ment required the activity of  Aurora-B 122. MCAK 
is a known substrate of  Aurora-B, and regulation 
of  MCAK by Aurora-B has been suggested to 
contribute to the correction of  non-bipolar at-
tachments 95-97. Aurora-B-dependent phospho-
regulation of  MCAK is complex and influences 
the chromosomal function of  MCAK at different 
levels 74. First, Aurora-B activity is required for the 
concentration of  MCAK on prometaphase cen-
tromeres 95, 96 and for the displacement of  MCAK 
from chromosome arms 74, an effect that has been 
linked with the chromatin-driven spindle assem-
bly pathway (see above) 60, 74. Both these events 
have been linked to direct phosphorylation of  
MCAK by Aurora-B on different conserved sites 
74. Second, phosphorylation of  MCAK within its 
neck-domain by Aurora-B inhibits its microtubule-
destabilising activity in vitro, but also appears to 
contribute to displacement from chromatin 95-97. 
Although expression of  phospho-defective MCAK 
mutants (containing serine/threonine to alanine 
mutations on all Aurora-B sites) causes clear chro-
mosome alignment defects 95, this kind of  nega-
tive regulation of  a microtubule-destabilising fac-
tor seems at odds with the well-established role of  
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Aurora-B in promoting destabilisation of  defective 
microtubule-kinetochore interactions. It is possi-
ble that negative regulation of  MCAK activity 
by Aurora-B is more important for the spindle 
assembly-promoting function of  Aurora-B than 
for the correction of  non-bipolar attachments 
(see above and 60, 74). However, the pool of  MCAK 
protein that is specifically recruited (in an Aurora-
B dependent fashion) to merotelic attachments is 
hypo-phosphorylated within its neck-domain sug-
gesting that this pool is active 122. Besides control-
ling MCAK function via direct phosphorylation, 
Aurora-B also influences MCAK localisation and 
activity in a more indirect fashion.  INCENP and 
Aurora-B interact with a centromeric protein that 
was shown to stimulate MCAK activity in vitro and 
hence was named ICIS (Inner Centromere Kin1 
Stimulator) 123. The exact contribution of  this 
interaction to MCAK regulation in vivo on cen-
tromeres by Aurora-B is unknown, but electron 
microscopic analysis indicated that it might be 
specifically involved in the detection and correc-
tion of  merotelic attachments 123. A recent study 
showed that Aurora-B is also required to target 
Sgo2 to centromeres. Sgo2 depletion caused a spe-
cific displacement of  MCAK from centromeres 124. 
Interestingly, Sgo2 depletion caused an increase in 
the amount of  merotelic attachments, again im-
plying a role for centromeric MCAK in correcting 
merotelics 124. Sgo2 was shown to recruit a PP2A-
phosphatase complex to the centromeres (44, and 
see above), and it was suggested that Sgo2/PP2A 
could contribute to the local regulation of  MCAK 
phospho-state at the centromere by balancing 
Aurora-B phosphorylation 124. In any case, centro-
meric regulation of  MCAK by Aurora-B is highly 
dynamic and has an effect on multiple important 
processes (i.e. correction of  defective attachments 
and spindle assembly) that influence chromo-
some segregation. Understanding the dynamics 
of  MCAK phosphorylation-status and the exact 
contribution of  the MCAK-Aurora-B connection 
to chromosome segregation clearly deserves more 

investigation. 
Very recently, a study performed in fission yeast 
identified the Pcs1/Mde4-complex and impli-
cated this complex in the prevention of  merotelic 
attachments 125. Upon depletion of  this complex, 
cells accumulated merotelic attachments during 
mitosis, and this was presumably caused by the 
fact that the Pcs1/Mde4-complex is required to 
clamp single microtubule-binding sites on individ-
ual kinetochores. It was suggested that this would 
contribute to the rigidity and unidirectional orien-
tation of  the entire kinetochore, thereby favouring 
attachments of  all microtubule-binding sites on in-
dividual kinetochores to microtubules emanating 
from the same pole 125. Interestingly, this complex 
shows molecular similarities to the budding yeast 
Csm1/Lsr4 Monopolin sub-complex 125, which is 
required to join sister kinetochores during meio-
sis I and is essential for the co-orientated attach-
ment of  sister chromatids during this specialized 
division 126, 127. In contrast to kinetochores in most 
organisms, individual budding yeast kinetochores 
interact with a single microtubule fibre and only 
need to be tightly joined with another microtu-
bule-binding site (i.e. its sister kinetochore) during 
meiosis I 128. However, as most other organisms (in-
cluding fission yeast) utilize multiple microtubule-
binding sites per kinetochore, cells in these organ-
isms need to coordinate the spatial orientation of  
these sites to favour attachments to the same pole. 
Therefore, the fission yeast counterpart of  the Mo-
nopolin complex seems to have evolved to execute 
this function during every division, and thereby 
contribute to the prevention of  merotely 125. The 
functional counterparts of  these yeast complexes 
in metazoans have yet to be determined. Once 
identified, establishing whether they play similar 
roles during mitosis in these organisms will be an 
important next step. Intriguingly, Aurora-B also 
contributes to co-orientation of  sister kinetochores 
during meiosis I in budding yeast 129, and it will 
therefore be interesting to investigate a potential 
link between Aurora-B and the complexes control-
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ling orientation of  individual microtubule-binding 
sites in preventing merotelic attachments during 
mitotic divisions.

The spindle assembly checkpoint
 

The spindle assembly checkpoint (SAC), 
or the mitotic checkpoint, guards the metaphase 
to anaphase transition to prevent premature 
chromosome segregation and mitotic exit in the 
presence of  unattached or non bi-oriented chro-
mosomes (reviewed in 130). Classical experiments 
performed by Conly Rieder and co-workers dem-
onstrated that a single unattached kinetochore 
present in a mitotic cell (that has all other sister-
chromatids attached in a normal bipolar fashion) 
is sufficient to halt mitotic progression and prevent 
initiation of  sister-chromatid segregation on all 
chromosomes 131, 132(Figure 3a). Elegant screens 
in yeast defined the molecular basis of  the SAC 
by identifying the major molecular components 
of  this checkpoint 133, 134. The core spindle as-
sembly checkpoint consists of  the Mad (Mitotic 
Arrest Deficient) and Bub (Budding Uninhibited 
by Benomyl) proteins together with Mps1 (Mono 
Polar Spindle 1) 135. These proteins are function-
ally and structurally conserved throughout evolu-
tion, but metazoan organisms have evolved sev-
eral additional essential checkpoint proteins (see 
below and 130). Collectively, these proteins control 
the activity of  a multisubunit E3-ubiquitin ligase 
called the Anaphase Promoting Complex/Cyclos-
ome (APC/C) 136-138. Once activated, the APC/C 
will promote the onset of  anaphase by targeting, 
among others, two essential mitotic regulators, 
Cyclin B and Securin for destruction by the 26S 
proteasome 136, 137, 139-141. The APC/C functions in 
conjunction with two different specificity factors, 
Cdc20 or Cdh1 142, 143. Cdc20 is critically required 
for the destruction of  Cyclin B and Securin to in-
duce the metaphase to anaphase transition 37, 144, 
whereas Cdh1 is required for APC/C function 
later in mitosis and during the subsequent G1-

phase of  the cell cycle (reviewed in 143). A large 
body of  evidence points to Cdc20 as the primary 
target of  the spindle assembly checkpoint 145, 146. 
The SAC prevents activation of  the APC/CCdc20 
by promoting formation of  an inhibitory complex 
(called the Mitotic Checkpoint Complex (MCC)) 
composed of  Mad2, Mad3/BubR1 and Bub3 
and Cdc20 147. Mad2 and BubR1 bind Cdc20 
and thereby stochiometrically and synergistically 
inhibit APC/CCdc20 in vitro, while in vivo they most 
likely function together within the MCC 146, 148-151. 
Three essential checkpoint components (Mps1, 
Bub1 BubR1) are protein kinases (reviewed in 130), 
and the kinase activities of  Mps1 and Bub1 are 
required for checkpoint signalling under certain 
circumstances 152-157. The requirement for BubR1 
kinase activity within the checkpoint is still un-
clear, not in the least because the budding yeast 
orthologue of  BubR1, Mad3, lacks the kinase 
domain present in metazoan BubR1 158, 159. Bub1 
phosphorylates Cdc20, and this phosphorylation 
is essential for efficient SAC function 157. The in 
vitro inhibition of  APC/CCdc20 by Bub1 occurs 
with sub-stochiometric amounts of  Bub1, requires 
Bub1 kinase activity and can occur independently 
of  Mad2 and BubR1 binding to APC/CCdc20. In-
versely, Mad2 and BubR1 can bind to APC/CCdc20 
in vivo in the absence of  Bub1 phosphorylation. 
Taken together, Bub1 kinase activity is required 
to catalytically inhibit APC/CCdc20 157. Thus, be-
sides stochiometric inhibition of  the APC/CCdc20 
via formation of  the MCC, the checkpoint also 
prevents the metaphase to anaphase transition in 
a catalytic way, most likely via complex phospho-
signalling cascades. Although so far no critical 
checkpoint substrates have been identified for the 
other checkpoint kinases, it is likely that they will 
also play important catalytic roles in preventing 
premature APC/CCdc20 activation. All core spin-
dle checkpoint components were found to localise 
to kinetochores and most checkpoint components 
exhibit a very dynamic localisation on the kineto-
chore 160, 161 while some (i.e. Mad1 and Mad2) are 
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Figure 3: (a) The attachment and tension branches of  the spindle assembly checkpoint (b) Pathway representing an 

“indirect” tension-specific checkpoint pathway.

completely displaced from kinetochores that are 
attached. Together, these findings further fuelled 
the idea that the unattached kinetochore is a sig-
nalling platform upon which the formation of  the 

“wait-anaphase” signal is amplified preventing 
APC/CCdc20 activity in the cytoplasm (reviewed in 
130). The exact mechanisms behind the production 
of  the diffusible APC/CCdc20 inhibitory signals at 
unattached kinetochores are not understood, but 

it is known that the interaction of  Mad2 with 
Cdc20 involves extensive conformational chang-
es within Mad2 that are catalyzed by unattached 
kinetochores (reviewed in 162, 163). In combination 
with the enzymatic (kinase-dependent) branch of  
the SAC this kinetochore-amplified production of  
inhibitory complexes could explain the extraordi-
nary sensitivity of  this system. In metazoans, sev-
eral additional bona fide checkpoint components 
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have been identified. Three of  these components, 
Rod, ZW10 and Zwilch form a trimeric complex 
(the RZZ-complex) and are required to target the 
Mad1/Mad2 complex to the kinetochore 164-168. As 
such, they are essential to connect these core com-
ponents of  the SAC with structural constituents 
of  the kinetochore 167. Recent data indicate that 
an ubiquitin-protease called Usp44/Protectin is 
also an integral part of  the SAC in human cells, 
as depletion of  this de-ubiquitinating enzyme im-
paired checkpoint signalling to a similar extent as 
other well-known checkpoint components 169. The 
enzymatic activity of  this protein was required 
to de-ubiquitinate Cdc20 169. Ubiquitination of  
Cdc20 (a type of  ubiquitination that does not 
target Cdc20 for proteasomal degradation) was 
shown to perturb the interaction of  Cdc20 with 
the MCC and this was suggested to drive silencing 
of  the SAC signal upon bi-orientation of  all sister 
chromatids 170. Surprisingly, this ubiquitination 
of  Cdc20 depends on the activity of  the APC/C 
itself  (in conjunction with its E2-ligase UbcH10), 
suggesting the presence of  a complicated feedback 
mechanism in which the downstream target of  
the checkpoint (the APC/C) is capable of  driv-
ing checkpoint inactivation 169, 170. Besides a role 
for ubiquitination of  Cdc20 in silencing the spin-
dle assembly checkpoint, a protein called Cmt2/
p31comet also plays an important role during this 
process. Depletion of  Cmt2/p31comet causes inef-
ficient SAC silencing and APC/CCdc20 activation 
in metaphase 171, 172. It binds Mad2/Cdc20 com-
plexes and can thereby (partially) overcome the 
inhibitory role of  Mad2 on APC/CCdc20 activity 
in vitro and in vivo 171, 172. Thus, Cmt2/p31comet and 
Cdc20 ubiquitination seem to cooperate to quick-
ly quench the checkpoint when all kinetochores 
become attached in a bipolar fashion, causing a 
switch-like transition from checkpoint activation 
to inactivation and rapid anaphase onset 169, 170. It 
will be an interesting avenue of  research to inves-
tigate whether any of  these regulatory pathways 
are under direct control of  any of  the checkpoint 

kinases during prometaphase (i.e. Mps1, Bub1 or 
BubR1). 
Experiments performed in grasshopper sperma-
tocytes suggested that also the presence or ab-
sence of  tension on a single sister chromatid pair 
could influence anaphase onset 173, 174(Figure 3b). 
These observations, together with the findings 
that BubR1 binds to attached kinetochores that 
are not under tension 175-177, led to the suggestion 
that either the presence of  unattachments or the 
lack of  tension could signal activation of  the SAC 
(figure 3a). A lack of  tension could in principle 
trigger a checkpoint response in two alternative 
ways, either “directly” (in the complete absence 
of  unattachments) or “indirectly” (by triggering 
the creation of  unattached kinetochores that 
subsequently activate the checkpoint) 178(Fig-
ure 3b and c).  To compare the SAC response 
to unattached kinetochores versus the response 
to kinetochores experiencing a lack of  tension, 
cells have classically been treated with microtu-
bule-destabilising (e.g. Benomyl or Nocodazole) or 
microtubule-stabilising (e.g. Taxol) drugs. Because 
dynamic microtubules are required to generate 
tension, Taxol causes kinetochores to be attached 
to microtubules that are incapable of  creating the 
force required to generate tension. The studies 
showed, that whereas both treatments caused a 
SAC-dependent mitotic arrest, Aurora-B (and its 
companion CPC proteins) was required for the 
arrest in response to Taxol treatment, whereas it 
was less essential for the arrest imposed by mi-
crotubule destabilising drugs 179-183. Similar Au-
rora-B dependencies were obtained after treating 
cells with drugs that cause monopolar spindles 
(e.g. Monastrol) 181, 182. Microtubules from such 
spindles can only establish syntelic (and conse-
quently no tension-generating) attachments 184. 
A well-established above-mentioned function of  
Aurora-B is its ability to detect and destabilise de-
fective (non-bipolar) attachments. Upon the pres-
ence of  attachments that do not generate tension, 
the activity of  Aurora-B could drive the creation 
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of  unattached kinetochores by destabilising the 
faulty microtubule-kinetochore interactions. As 
such, kinetochores that are attached in a fashion 
that does not generate tension could rapidly be 
converted into unattached kinetochores (Figure 
3b). These unattachments could subsequently 
recruit checkpoint proteins and cause inhibition 
of  APC/CCdc20. In line with this notion, a subset 
of  unattached kinetochores could readily be de-
tected in Taxol or Monastrol treated cells 177, 184, 
suggesting the presence of  an “indirect” tension-
checkpoint. Furthermore, experiments in which 
defective (unstable) attachments were created 
by introducing several mutations in kinetochore 
components provided proof  for an “indirect” role 
for Aurora-B activity in checkpoint function by 
creating unattached kinetochores 185. Is there also 
a “direct” tension-specific signal that activates the 
checkpoint in the complete absence of  unattached 
kinetochores? Experiments performed in budding 
yeast suggest that this could be the case 186-188. Re-
cently, King et al. 188 created a situation in which 
cells enter mitosis with replicated chromatids that 
lack cohesion. The authors showed that these sin-
gle chromatids remain attached to microtubules 
and cannot be under tension, and such a situa-
tion triggered a checkpoint response. This arrest 
depended on phosphorylation of  Mad3 (the or-
thologue of  BubR1) by Ipl1 (the orthologue of  
Aurora-B), suggesting the presence of  a tension 
specific, Aurora-B dependent, checkpoint branch 
that acts in the complete absence of  unattached 
kinetochores. These findings suggest that the lack 
of  tension promotes the production of  a “wait-
anaphase” signal from attached kinetochores (in 
an Aurora-B dependent fashion). However, Mad2 
(that is largely displaced from attached kineto-
chores) is still required for the tension-specific 
checkpoint response, indicating that this signal on 
itself  cannot inhibit APC/CCdc20 in response to a 
lack of  tension 175-177, 189. Furthermore, because the 
amount of  tension and the attachment-state of  the 
kinetochore are tightly linked, it is difficult to per-

turb only the presence of  tension 190. The amount 
of  tension influences the number and the stability 
of  microtubule-kinetochore interactions 191, and 
since kinetochores in most organisms will bind to 
multiple microtubules, it has been suggested that a 
lack of  tension could lead to a decrease in micro-
tubule-occupancy. This state of  occupancy could 
also be a state that is sensed by the checkpoint 178.

Anaphase and Cytokinesis

 Upon silencing of  the checkpoint, active 
APC/CCdc20 will trigger the onset of  anaphase by 
promoting the destruction of  Cyclin B and Se-
curin. This causes a decrease in Cyclin B-associ-
ated Cdk1 activity and the resolution of  cohesion 
between the paired sister chromatids, respectively 
141. Besides the down regulation of  Cdk1 activity, 
the present Cdk1-phosphorylations on multiple 
substrates need to be removed and this requires 
the specific anaphase activation of  a Cdk1 coun-
teracting phosphatase called Cdc14 192, 193. Com-
bined, these events set the stage for the final phases 
of  mitosis: anaphase, telophase and cytokinesis. 
During the first phase of  anaphase, anaphase-A, 
the separated sisters are pulled towards the oppo-
site poles of  the mitotic spindle driven by the mi-
crotubule-generated poleward forces working on 
the chromatids (reviewed in 194) (Figure 1).  This 
movement is the result of  two additive forces: a 
force generated by microtubule plus-end depolym-
erisation at the kinetochore-microtubule interface, 
and a force generated by microtubule minus-end 
depolymerisation at the spindle pole 195-197. At the 
same time, the centre of  the mitotic spindle forms 
a dense array of  anti-parallel interpolar micro-
tubules, that is positioned where the paired sister 
chromatids aligned at the metaphase plate. This 
dense microtubule-array, called the central spindle, 
plays important roles in anaphase chromosome 
movements and in positioning the future cleav-
age plane later during cytokinesis (during which 
the central spindle condenses into a compact 
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microtubule-dense structure called the midbody) 
(reviewed in 198, 199). As anaphase progresses into 
anaphase-B, the centrosomes move apart, causing 
spindle elongation and further separation of  the 

two packs of  individual chromatids. Kinesin mo-
tor proteins that localise on the central spindle are 
important factors driving this centrosome separa-
tion. They push interpolar microtubule towards 

RhoA-GDP

central
spindle

contractile
ring

ROCK
kinase

Citron
kinase

Formin
proteins

Myosin and actin filament
assembly

Contractile ring
formation

(centralspindlin complex)

promoting
central spindle

 localisation P   of  
Mklp-1/ZEN-4

conversion into RhoAGAP
or enhancing Ect2-

centralspindlin interaction?

 P   of  Vimentin,
Myosin II RLC, Desmin

 and GFAP

Mklp1/
ZEN4

MgcRacGAP/CYK-4 ? Ect2

 P   of  
MgcRacGAP

/CYK-4

Aurora-B

Aurora-B

Aurora-B

RhoA-GTP

MgcRacGAP/CYK-4

Figure 4: Model depicting the multiple effects of  Aurora-B on determining contractile ring formation and func-
tion. Note that it is still unclear whether MgcRacGAP/Cyk-4 is the GAP for RhoA during cytokinesis and what role 
Aurora-B exactly plays in controlling function of  this protein.



16

Chapter 1

their associated poles, and because microtubule 
minus-end depolymerisation is stopped during 
anaphase-B this will cause the spindle poles to 
migrate away from the central spindle and each 
other (reviewed in 200). Additionally, the forces 
generated by astral microtubule-associated mo-
tors like Dynein also contribute to spindle pole 
separation 201. From anaphase onwards Aurora-B 
localises to both the central spindle/midbody and 
to the cell cortex, to which it is transported via 
astral microtubules (Figure 1, and for more detail 
on Aurora-B localisation see Chapter 3). Aurora-
B function has been shown to be required for the 
efficient execution of  anaphase and cytokinesis in 
several organisms 7, 12, 180, 181, 202-204. Localisation of  
Aurora-B to the anaphase spindle most likely also 
contributes to the switch from a dynamic to a sta-
ble central spindle during anaphase 205.
During telophase, the individual chromatids that 
are gathered around the spindle poles decondense 
and collectively stimulate the formation of  a new 
nuclear envelope (Figure 1). Besides these nuclear 
events, the mitotic spindle is disassembled, result-
ing in the reformation of  an interphase-like cy-
toskeleton. During telophase, APC/CCdh1, which 
replaces APC/CCdc20, is important for these late 
mitotic events by promoting degradation of  sev-
eral mitotic regulators like Plk-1 and Aurora-A 
(two kinases involved in mitotic spindle formation) 
(reviewed in 143). Additionally, Aurora-B has also 
been shown to influence the efficient disassembly 
of  the mitotic spindle during telophase through 
largely unknown mechanisms 206. 
During cytokinesis, the cytoplasm is divided into 
two new daughter cells each containing a single 
nucleus. This event is driven by the contractile 
ring, a molecular apparatus containing contractile 
bundles of  Actin and Myosin II (reviewed in 198, 199). 
The cleavage furrow that is generated by contrac-
tion of  this ring encircles the cell and will eventu-
ally divide its cytoplasm into two. It is important 
that the cleavage furrow is not formed until chro-
mosome segregation has occurred and that it is 

positioned correctly between the two new daugh-
ter nuclei to prevent the generation of  polyploidy. 
Two distinct pathways control the correct posi-
tioning of  the furrow. The first pathway requires 
the proper formation and function of  the central 
spindle, and the second depends on astral micro-
tubules that interact with the cell cortex at the site 
of  contractile ring formation. An essential deter-
minant of  contractile ring assembly and function 
is the GTPase RhoA (reviewed in 207 and Figure 
4). Active (GTP-bound) RhoA controls the func-
tion of  several downstream effectors involved in 
regulating contractile ring formation and func-
tion, such as members of  the Formin protein 
family, Rho-dependent kinase (Rock) and Citron 
kinase 207.  Active RhoA concentrates on the equa-
torial cortex at the site of  furrow formation and 
it is thought that this localised activation plays an 
important role in determining the position of  the 
cleavage furrow. RhoA activation and localisation 
during cytokinesis is regulated in part by a central 
spindle-localised complex called centralspindlin. 
This complex, consisting of  a GTPase activat-
ing protein (GAP) (MgcRacGAP/Cyk4) and a 
kinesin (Mklp-1/ZEN-4), is thought to influence 
RhoA function by controlling localisation of  a 
Rho-GEF (Ect2) 208-210. Ect2, whose function is 
also essential for cytokinesis, promotes the forma-
tion of  GTP-bound (and thus active) RhoA 211, 212. 
Formation of  the Ect2-MgcRacGAP/Cyk4 com-
plex is promoted during anaphase by reversal of  
an inhibitory (and most likely Cdk1-dependent) 
phosphorylation 208. Localisation of  the central-
spindlin complex to the central spindle depends 
on Aurora-B kinase activity 213. Independently of  
controlling centralspindlin localisation, Aurora-B 
is also required for Mklp-1 function during cytoki-
nesis through direct phosphorylation 214. Further-
more, Aurora-B phosphorylates the other com-
ponent of  the centralspindlin complex, MgcRac-
GAP/Cyk4, and thereby possibly converts it 
from a GAP for Rac into a GAP with affinity for 
RhoA 215. It is at present unclear how activation 
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of  a protein that drives formation of  RhoA-GDP 
could promote localised RhoA activity and thus 
contractile ring formation.  Alternatively, this Au-
rora-B phosphorylation could enhance the Ect2-
MgcRacGAP/Cyk4 interaction 207. Furthermore, 
Aurora-B also phosphorylates a range of  other 
proteins during cytokinesis, including components 
of  the cleavage furrow, like Vimentin 216, Myosin II 
regulatory light chain 217, Desmin 218, and glial fi-
brillary acidic protein (GFAP) 218. In total, Aurora-
B controls contractile ring formation and function 
of  the cytokinetic furrow on multiple levels and is 
thereby an essential regulator of  cytokinesis (Fig-
ure 4). In budding yeast, the Aurora-B orthologue 
(Ipl1) plays an additional role during cytokinesis by 
controlling the NoCut pathway 219. This pathway 
prevents abscission (the final step of  cytokinesis) 
when chromosomes are present in the direct vi-
cinity of  the site of  abscission. Ipl1 controls the 
localisation of  the anillin-related proteins Boi1 
and Boi2 to the site of  cleavage ingression. When 
present at the site of  cleavage, Boi1 and Boi2 func-
tion as abscission inhibitors, and thereby prevent 
premature abscission and chromosome breakage. 
It is at present unclear whether a similar pathway 
exists in other organisms.

Outline of this thesis

 It is clear that Aurora-B kinase is the 
central enzymatic activity present in the CPC. In 
order to function properly, Aurora-B needs to be 
activated and localised properly throughout mito-
sis. It was known that the non-enzymatic subunits 
of  the CPC are required for mitotic progression 
and for the function of  Aurora-B. However, it re-
mained largely unclear what their exact individual 
contributions to this process were. In Chapter 2 
we uncover an important new function for the 
CPC subunit Survivin within the CPC. We show 
that Survivin is an important contributor to the 
proper localisation of  the whole CPC (and thus 
Aurora-B) in mitosis. In Chapter 3, we summa-

rise our current understanding of  how the CPC is 
targeted to different mitotic structures, and how 
this is regulated in a dynamic fashion. In Chapter 
4, we show that the CPC can control the spindle 
assembly checkpoint parallel to its role in correct-
ing defective attachments. The coiled-coil domain 
in INCENP is required to maintain a proper 
checkpoint arrest, even in the presence of  unat-
tached kinetochores. These data show that besides 
its role in the creation of  unattached kinetochores, 
the CPC (and specifically the coiled-coil domain 
in INCENP) also influences checkpoint function 
in a more direct fashion. In Chapter 5, we experi-
mentally test the hypothesis that Aurora-B activity 
needs to be reduced on aligned chromosomes to 
allow efficient anaphase onset. We show that both 
spatial restriction between Aurora-B and its (kine-
tochore-localisation) substrates and a decrease in 
the amount of  Aurora-B on centromeres contrib-
ute to the decrease in Aurora-B activity. The over-
all findings reported in this thesis are summarised 
and discussed in light of  the present literature in 
the Summarising Discussion in Chapter 6.
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Abstract

 The chromosomal passenger complex (CPC) coordinates chromosomal 

and cytoskeletal events of  mitosis. The enzymatic core of  this complex (Aurora-

B) is guided through the mitotic cell by its companion chromosomal passen-

ger proteins, INCENP, Survivin and Borealin/Dasra-B, allowing it to act at the 

right place at the right time. Here, we addressed the individual contributions of  

INCENP, Survivin and Borealin to the proper functioning of  this complex. We 

show that INCENP plays an important role in stabilising the complex and that 

Borealin acts to promote binding of  Survivin to INCENP. Most importantly, when 

Survivin is directly fused to INCENP, this hybrid can restore CPC-function at the 

centromeres and midbody, even in the absence of  Borealin and the centromere 

targeting domain of  INCENP. Thus, Survivin is an important mediator of  centro-

mere and midbody docking of  Aurora-B during mitosis.

Introduction

 Proper mitosis requires accurate nuclear 
division followed by cytoplasmic partitioning into 
two daughter cells during cytokinesis. Nuclear 
division is monitored by the spindle assembly 
checkpoint (SAC), an intrinsic cell cycle check-
point that prevents the onset of  anaphase until all 
sister chromatids have attained proper attachment 
to the mitotic spindle 1. To satisfy this checkpoint, 
kinetochores of  paired sister chromatids have 
to attach in a bipolar fashion, creating tension 2. 
Aurora-B kinase is essential to resolve naturally 
occurring monopolar or syntelic micotubule-
kinetochore attachments 3, 4, and to communicate 
a lack of  bipolarity (i.e. tension) to the core SAC 5, 

6. Additionally, in several organisms, interference 
with Aurora-B leads to a cytokinesis failure 7-10. 
Aurora-B acts in concert with Survivin, INCENP 
(INner CENtromere Protein) and Borealin/Dasra-
B (hereafter referred to as Borealin). These proteins 
physically interact and display a typical chromo-
some passenger localisation pattern during mitosis. 
That is at the inner centromere in (pro)metaphase, 
on the central spindle during anaphase and at the 
midbody during cytokinesis 11. Interference with 

Survivin, INCENP or Borealin function disrupts 
Aurora-B localisation and leads to similar mitotic 
defects as observed after interference with Aurora 
B function (11 and references therein). Aurora-B 
is activated at the G2/M transition and remains 
active until mitotic exit 12. Thus, it is likely that the 
specific functions of  Aurora-B are mainly deter-
mined by its dynamic localisation pattern. Until 
now, INCENP has been put forward as the target-
ing module of  the complex 13, but specific func-
tions for Survivin and Borealin within the CPC 
have yet to be determined. 

Results and Discussion

An RNAi-complementation approach 
to study the function of  CPC compo-
nents
 We developed an INCENP RNA-inter-
ference (RNAi) complementation system to study 
the role of  INCENP in the CPC. To this end, 
endogenous INCENP was knocked-down by vec-
tor-driven siRNA (Figure 1a and Supp. Figure. 
1a-c) and cells were reconstituted with an INCENP 
cDNA harboring two silent mutations in the 
siRNA-targeting region, rendering it insensitive 
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Figure 1: U2OS cells were transfected with 10 μg mock or INCENP siRNA vector combined with pBABE-puro. 
(a) Puromycin was added to enrich for transfected cells, and lysates for Western blotting were prepared. (b) Trans-
fected cells were released from a thymidine block and at indicated timepoints lysates were prepared for western blot-
ting. N indicates nocodazole-treatment for 24 hours to enrich for mitotic cells. (c) 5 μg of  the indicated VSV-tagged 
plasmids were transfected in combination with the siRNA plasmids and pBABE-puro. After Puromycin-selection 
lysates were analysed by Western blotting. (d) Similar to (c), after release from the thymidine block cells were treated 
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to the siRNA 14. INCENP-depleted cells showed 
the typical “chromosome passenger deficiency” 
phenotype: defects in chromosome alignment and 
segregation, and a failure to undergo cytokinesis 
(Supp. Figure 1a-c)15. Additionally, Aurora-B 
and BubR1 were mislocalised and the INCENP-
depleted cells failed to maintain an active SAC in 
response to taxol (Supp. Figure 1b,d,e). All these 
mitotic defects could be reverted by expression of  
a full-length INCENP containing two silent muta-
tions (VSV)-INCENP-sil; Figure 1c-e, Figure 2f 
and Supp. Figure 2b,c; for INCENP constructs 
used see Figure 4a), confirming the specificity of  
the RNAi and the functionality of  the comple-
mentation approach. 

CPC formation is crucial for protein 
stability
 In line with earlier observations 15, total 
protein levels of  Aurora-B and Survivin were sig-
nificantly reduced after INCENP-depletion (Fig-
ure 1a). This reduction was interpreted as being 
an indirect consequence of  a failed cell division 
followed by a cell-cycle arrest in a tetraploid G1-
state 15. However, we found that INCENP-depleted 
cells already failed to accumulate these proteins 
during passage through G2 (Figure 1b). More-
over, mitotic cells lacking INCENP also showed 
reduced Aurora-B and Survivin levels (Figure 
1b,h-lane2), indicating that the effect of  INCENP-
depletion on protein stability is more direct. 
By introducing different INCENP truncation 
mutants into INCENP-depleted cells, we could 
show that a mutant lacking the N-terminal “cen-
tromere targeting” domain (VSV-INCENP47-920-sil, 
Figure 4a) restored Aurora-B levels, but failed to 

stabilise Survivin (Figure 1g-lane 4). In line with 
previous observations 13, this mutant failed to con-
centrate at centromeres during prometaphase and 
to transfer to the midbody upon anaphase onset 
(Supp. Figure 2b,c). Consequently, this mutant 
was unable to restore a SAC-mediated arrest in 
response to taxol and to overcome the cytokinesis 
defect in INCENP-depleted cells (Figure 1d,e). 
Because of  the presence of  the C-terminal Aurora 
B interaction domain (IN-box) 16, INCENP47-920-sil 
was capable of  binding Aurora B. In contrast, this 
truncation mutant failed to interact with Survivin 
(Figure 1f-lane 3). Inversely, a construct express-
ing only the first N-terminal 47 amino acids of  
INCENP (INCENP1-47, Figure 4a), thus har-
boring the centromere-localisation domain, was 
capable of  binding Survivin (Figure 1f-lane 4), 
but failed to stabilise it (Figure 1g-lane 5). Thus, 
this domain is both necessary and sufficient for 
interaction with Survivin, but the presence of  
Aurora B in the complex might be needed for 
stabilisation of  Survivin. Interestingly, Survivin is 
an in vivo substrate of  Aurora-B 17, but whether 
this phosphorylation affects protein stability is 
unknown. In contrast, the presence of  Survivin in 
the complex was not essential to stabilise Aurora-
B, since we found that a complex of  Aurora-B and 
a truncated INCENP, but lacking Survivin could 
exist (Figure 1f, g). However, although Aurora-
B protein levels could be restored by expression 
of  INCENP47-920-sil, phosphorylation of  serine-10 
Histone-H3 in mitotic INCENP-depleted cells 
remained impaired (Figure 1h-lane 4). Thus, sta-
bilisation of  Aurora-B by INCENP47-920-sil is not 
sufficient to mediate Histone-H3 phosphorylation. 

with taxol for 18 hrs and harvested for FACS-analysis. Mitotic percentages were determined by staining the cells with 
the MPM-2 antibody that specifically recognizes mitotic phospho-epitopes. (e) Similar to (c), 60 hrs after transfection, 
cells were harvested for FACS-analysis. (f) HEK293-cells were transfected with 5 μg of  the indicated GFP-tagged 
constructs. After 48 hours, cells were harvested, immunoprecipitations were performed with a-GFP, and samples 
were analysed by Western blotting. Presence of  GFP-protein (arrowhead) is due to the presence of  an additional 
transcription-site in the used plasmids. (g) Similar to (c), Note that INCENP1-47 contains both a N-terminal VSV-tag 
and a C-terminal GFP-tag. The asterisk denotes an aspecific band recognized by the a-VSV mAb. (h) Similar to 
(c). 24 hours after puromycin selection, nocodazole was added to the cells for 18 hrs. Mitotic cells were obtained by 
shake-off  and lysates were analysed by Western blotting.
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Figure 2: (a) U2OS cells were transfected with the indicated plasmids. Puromycin was added to enrich for trans-
fected cells. Lysates were analysed by Western blotting. (b) and (c) Cells were transfected with the indicated siRNA-
plasmids combined with the indicated VSV-tagged constructs. (b) After release from a thymidine block cells were 
treated with taxol and harvested for FACS-analysis 18 hours later. Mitotic percentages were determined by MPM-2 
staining. (c) Cells were harvested for FACS-analysis 60 hours after transfection. (d) and (e) Cells grown on coverslips 
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Immunostainings were performed with indicated antibodies. DNA (H2B-GFP) is depicted in blue. (f) Cells grown 
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on coverslips were transfected with indicated plasmids and H2B-GFP. Cells were stained with a-Aurora-B, and the 
percentage of  H2B-GFP positive prometaphase cells in which Aurora-B localised on the centromeres were scored. 
Number of  cells counted per condition is indicated. (g) Time-lapse images of  a representative cell transfected with 
INCENP siRNA plasmid, Survivin-INCENP47-920-sil-GFP and H2B-diHcRed. DIC (Differential Interference Con-
strast), GFP and DiHcRed signals are shown. (h) Time-lapse imaging of  cells transfected with mock (upper panel) or 

Survivin siRNA plasmid (lower panel), INCENP1-47-GFP, and H2B-diHcRed. Scale bars; 5 μm.

This suggests that mitotic phosphorylation of  His-
tone-H3 on serine-10 by Aurora-B requires either 
the direct presence of  Survivin in the complex or 
centromeric localisation of  the kinase. 

Survivin mediates mitotic localisation 
of  the CPC
 Although INCENP contains a highly 
conserved “centromere targeting” domain in its N-
terminus 13, the mechanism by which this domain 
mediates centromeric localisation remains elusive. 
Since INCENP interacts with Survivin via this 
N-terminal domain (Figure 1f) it is possible that 
actually Survivin mediates mitotic localisation of  
the CPC. To test this, a chimeric protein, refrac-
tory to both INCENP and Survivin RNAi (Figure 
2a and data not shown), was generated in which 
the centromere-targeting domain in INCENP 
was replaced by Survivin (Survivin-INCENP47-

920-sil, Figure 4a). This fusion localised normally 
during mitosis both in an INCENP-depleted or 
in a combined INCENP/Survivin-depleted back-
ground (Figure 2d,g; see arrows). This chimera 
was also capable of  localising Aurora-B during 
mitosis (Figure 2e and f), of  restoring serine-10 
Histone-H3 phosphorylation (Supp. Figure 2d), 
and of  restoring CPC function, since expression 
of  the chimera in INCENP, Survivin or combined 
INCENP/Survivin depleted cells rescued SAC 
function and the proper execution of  cytokinesis 
(Figure 2b,c). 
To obtain more evidence that Survivin can serve 
as a determining factor in localising the CPC, 
we analysed the location of  INCENP1-47 in the 
absence or presence of  endogenous Survivin. 
INCENP1-47-GFP localised to centromeres dur-
ing mitosis in control cells (Figure 2h-upper, 
see arrows), but failed to concentrate at centro-

meres in the absence of  endogenous Survivin and 
instead localised diffusely in the cytoplasm during 
mitosis (Figure 2g-lower, see arrows), indicating 
that the centromere-targeting domain in INCENP 
requires at least the presence of  Survivin to localise 
to centromeres. Taken together, these results show 
that Survivin is an important mediator of  mitotic 
localisation of  the CPC.

Survivin can target a functional CPC in 
the absence of  Borealin
 Recently, it was suggested that Borealin 
plays a role in determining centromeric localisation 
of  the CPC 18. Since our results suggest that target-
ing of  the Survivin/INCENP/Aurora-B complex 
is mediated by Survivin, we asked whether this 
depended on the presence of  Borealin. Therefore 
we depleted Borealin using siRNA (Figure 3a-c) 
and introduced the Survivin-INCENP chimera 
into these cells. Interestingly, expression of  this 
chimera in Borealin-depleted cells significantly 
restored CPC function, as judged by restora-
tion of  a mitotic arrest in response to taxol and 
a reduction in the percentage of  polyploid cells 
that were observed after depletion of  Borealin 
(Figure 3d,e). Expression of  neither Survivin 
nor INCENP individually was sufficient to restore 
CPC function in Borealin-depleted cells (Figure 3e 
and data not shown). In line with these functional 
data, the chimera was found to localise to centro-
meres and the midbody in Borealin-depleted cells 
(Figure 3f) and to restore Aurora-B localisation 
(Supp. Figure 3). However, it should be noted 
that the association of  the Survivin-INCENP 
chimera to centromeres and the central spindle 
was affected in Borealin-depleted cells. Instead of  
concentrating at centromeres and central spindle, 
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a significant portion of  the chimera localised to 
chromatin throughout mitosis (Figure 3f-lower 
panel and data not shown). Taken together, these 
data show that the Survivin-INCENP chimera is 
sufficient to restore a functional CPC in Borea-
lin-depleted cells, but that Borealin might facili-
tate dissociation of  the CPC from chromatin or 
enhance its concentration at centromeres and the 
central spindle.

Efficient Survivin-INCENP interaction 
depends on Borealin
 Since Borealin is essential for localisa-
tion of  INCENP and Survivin 18, but not for a 
chimera in which these two proteins are covalently 
linked, we reasoned that Borealin might be impor-
tant for the Survivin-INCENP interaction. To 
further investigate the potential role of  Borealin 
in regulating the Survivin-INCENP interaction, 
immunoprecipitations were performed with GFP-
INCENP from Borealin-depleted cells expressing 
either exogenous Survivin or Borealin. In control 
cells, both endogenous and exogenous Survivin 
could interact with INCENP (Figure 3h-lanes 
1-3). In contrast, in the absence of  endogenous 
Borealin neither endogenous nor exogenous Sur-
vivin was able to interact with INCENP (Figure 
3h, lanes 4,5). Since depletion of  Borealin also 
reduced Survivin levels this most likely explains 
why no endogenous Survivin was found to inter-
act with INCENP (Figure 3h, lanes 4,10; 18, 19). 
Indeed, after expression of  exogenous, RNAi-
resistant, Borealin both endogenous Survivin-lev-
els and Survivin interaction with INCENP were 
restored (Figure 3e-lanes 6,12). Importantly, 
although exogenous Survivin-levels were not 
affected by Borealin-depletion, Survivin failed to 
interact with INCENP, demonstrating that in vivo 
an efficient interaction of  Survivin with INCENP 
is dependent on the presence of  Borealin (Figure 
3e-lanes 5,11). The observation that Borealin can 
still interact with INCENP lacking the Survivin 
interaction domain (INCENP47-920, Figure 3g-

lanes 6, 8 and Supp. Figure 3) in combination 
with previous in vitro data that have shown direct 
interaction between Survivin and INCENP 20, 21, 
rules out a direct bridging function for Borealin 
between Survivin and the centromere-targeting 
domain of  INCENP. Hence, similar to CSC-1, its 
distant homologue in C. elegans 21, human Borea-
lin has a role in facilitating the Survivin-INCENP 
interaction. By generating the Survivin-INCENP 
chimera, we have circumvented the necessity 
for Borealin in stabilising the Survivin-INCENP 
interaction, which most likely explains why a func-
tional CPC can be directed to the right mitotic 
structures in Borealin-depleted cells.

Conclusions

 Given the essential functions of  Aurora-
B during mitosis, the elucidation of  the mecha-
nisms behind its dynamic localisation is of  great 
importance. The observation that depletion of  
one CPC component by siRNA results in destabi-
lisation of  the entire complex instigates the need 
for more complex experiments to unravel the 
functions of  single CPC components. Using RNAi-
complementation we here provide evidence that 
an important function of  Survivin is to serve as an 
interface between the centromere/central spindle 
and the CPC, while Borealin facilitates the inter-
action between Survivin and INCENP (Figure 4b). 
Importantly, the targeting function of  Survivin 
was only revealed when fused to INCENP lacking 
its centromere-targeting domain. This suggests 
that although Survivin can mediate localisation 
of  the CPC to its proper mitotic structures, the 
other CPC components are most likely needed to 
obtain a stable association (possibly by affecting 
the on/off  rate of  the complex). Identifying the 
Survivin interaction-partners at the centromere 
and midbody will be an important next step in 
understanding regulation of  the CPC.
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Figure 3: (a) U2OS cells were transfected with the indicated plasmids, puromycin was added to enrich for trans-
fected cells and lysates were analysed by Western blotting. (b), (d) and (e): Cells were transfected with the indicated 
plasmids. (c) Cells grown on coverslips were transfected with mock or Borealin siRNA plasmid and H2B-GFP. 
Immunostainings were performed with a-Borealin, and the percentage of  H2B-GFP positive prometaphase cells 
in which Borealin localised on centromeres were scored. Number of  cells counted per condition is indicated. (b) 
and (d) Cells were grown asynchronously for 60 hours and harvested for FACS-analysis. (e) Taxol was added after 
thymidine release, and cells were harvested for FACS-analysis 18 hours later. Mitotic percentages were determined 
by MPM-2 staining. (f) Cells grown on coverslips were transfected with Borealin siRNA plasmid and VSV-Sur-
vivin-INCENP47-920-sil-GFP. Immunostainings were performed with indicated antibodies, DNA was stained with 
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Abs. Scale bars; 5 μm.
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Materials

Antibodies and reagents
 The following antibodies were used: rab-
bit a-INCENP and rabbit a-Aurora-B (Abcam), 
rabbit a-Survivin (R&D), rabbit a-Borealin (gift of  
Dr. H. Funabiki), mouse a-Aurora-B (Transduc-
tion), mouse a-VSV and mouse a-alpha-Tubulin 
(Sigma), rabbit a-Cdk6 and rabbit a-Cdk4 (Santa 
Cruz), sheep a-BubR1 (gift of  Dr. S. Taylor), rab-
bit a-GFP (gift of  dr. J. Neefjes), rabbit a-phospho-
Ser10-histone-H3 and mouse a-MPM-2 (Upstate), 
CREST antiserum (Cortex Biochem), peroxidase-
conjugated goat-a rabbit and peroxidase-conju-
gated goat-a mouse (Dako) and donkey-a mouse/
Cy5 (Jackson), Goat-a rabbit/Alexa-568, goat-a 
rabbit/Alexa-633, goat-a mouse/Alexa-568 and 

donkey-a sheep/Alexa-568 (Molecular Probes). 
Reagents were from Sigma unless stated other-
wise.

Plasmids
 RNAi vectors were generated as 
described 14 and based on 5’-TGACACGGA-
GATTGCCAAC-3’ (INCENP) and 5’-CAGCT-
GACCTGGATATCAC-3’ (Borealin). Human 
INCENP and Borealin were PCR-amplified from 
a T-cell cDNA-library using a 5’-primer containing 
a VSV-tag and cloned into pcDNA3.1 (INCENP) 
or cloned into pCR3 containing a N-terminal 
VSV-tag (Borealin). RNAi-resistant INCENP 
and Borealin constructs were generated using 
QuickChange© Mutagenesis kit (Stratagene). For 
INCENP47-920, INCENP was digested with EcoRI/
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Figure 4: (a) Schematic representation of  INCENP-constructs. Survivin and Aurora-B binding domains are de-
picted. (b) Model showing the proposed upstream targeting role of  Survivin within the CPC. 
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XhoI. This fragment was cloned into pCR3 con-
taining a N-terminal VSV-tag. For INCENP1-47, 
INCENP was digested with HindIII/EcoRI, and 
the product was cloned into pcDNA3.1. For Sur-
vivin-INCENP47-920, Survivin was ligated N-ter-
minal of  INCENP47-920 after EcoRI-digestion. For 
C-terminal-GFP constructs, inserts were cloned 
into various peGFP-N-vectors (Clontech). Note 
that the INCENP-GFP constructs also contain a 
N-terminal VSV-tag. Histone H2B-GFP, Histone 
H2B-diHcRed (gifts of  Dr. J.Ellenberg), Survivin 
siRNA, VSV-Survivin, pBABE-puro and Spectrin-
GFP have been described 14.

Cell culture and transfection
 Human osteosarcoma U2OS and 
embryonic kidney HEK293 cells were cultured 
and synchronised as described 14. Cells were trans-
fected with the standard calcium-phosphate pro-
tocol.

Flow cytometry and time-lapse micros-
copy
 Percentage of  mitotic cells (MPM-2 pos-
itivity) and cell cycle distribution of  spectrin-GFP 
transfected cells was determined by flow cytome-
try as described 22. H2B-GFP expressing cells were 
followed by time-lapse microscopy as described 14.

Immunoblotting, immunoprecipita-
tion and immunofluorescence
 Immunoblotting was performed as 
described 22. For immunoprecipitation, cells were 
lysed in E1A-lysis buffer with protease inhibitors 
(Complete©, Roche) for 30 min at 4 °C 22. GFP-
tagged proteins were immunoprecipitated with 
3 μg a-GFP precoupled to protein G-sepharose 
(Amersham Biosciences). Immunofluorescence 
was performed as described 14. DNA was stained 
with DAPI. 
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Supplementary figure 1: (a) U2OS cells were transfected with the indicated plasmids. At the indicated time 
points after thymidine release, cells were harvested and analysed by FACS (b) Cells grown on coverslips were trans-
fected with either mock (left panel) or INCENP siRNA plasmid (right panel). Cells were synchronised and harvested 
for confocal imaging 14 hours after release from a thymidine block. Cells were stained with the indicated antibodies. 
DNA (H2B-GFP) is in blue. Quantification of  INCENP localization on prometaphase kinetochores in H2B-GFP 
positive cells is included (c) Time-lapse images of  a representative INCENP-siRNA transfected cell. Cells were 
transfected with INCENP siRNA in combination with H2B-GFP. After a thymidine block, cells were released and 
followed by live microscopy. (d) Similar to (a). After thymidine release, cells were treated with taxol (right panel) 
or nocodazole (left panel) and harvested for FACS-analysis at the indicated time points. Mitotic percentages were 
determined after MPM-2 staining (e) Cells grown on coverslips were transfected with either mock (left panel) or 
INCENP siRNA plasmid (right panel) combined with H2B-GFP. Cells were harvested for confocal imaging 14 
hours after release from a thymidine block and stained with a-BubR1. Quantification of  BubR1-localisation on 
prometaphase kinetochores scored as strong (for example see mock siRNA-panel) or weak/absent (for example see 

INCENP siRNA-panel) is included. Scale bars; 5 μm.
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S u p p l e m e n -
tary figure 2: 
(a) U2OS cells 
were transfected 
with indicated 
plasmids, puro-
mycin was 
added to enrich 
for transfected 
cells and lysates 
were prepared 
for Western (b) 
Cells grown on 
coverslips were 
transfected with 
INCENP siRNA 
in combination 
with INCENP-
sil-GFP (left pan-
el), or INCENP47-

920-sil-GFP (right 
panel). Cells 
were synchro-
nised and har-

vested for confocal imaging 14 hours after release from a thymidine block. TOPRO-III was used to visualize DNA. 
(c) Cells grown on coverslips were transfected with pS-INCENP in combination with wt-INCENP-sil (left panel), 
or INCENP47-920-sil-GFP (right panel) and H2B-GFP. Cells were synchronised and harvested for confocal imaging 
14 hours after release from a thymidine block. Cells were stained with the indicated antibodies. DNA (H2B-GFP) 
is in blue. (d) 5 μg of the indicated VSV-tagged plasmids were transfected into U2OS cells in combination with the 
pSuper plasmids and pBABE-puro. 24 hours after puromycin selection, nocodazole was added to the cells for 18 

hrs. Mitotic cells were obtained by shake-off and lysates were analysed by Western blotting. Scale bars; 5 μm.
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b Supplementary figure 
3: (a) U2OS cells grown 
on coverslips were trans-
fected with indicated plas-
mids in combination with 
H2B-GFP. Cells were syn-
chronized by thymidine 
treatment and harvested 
for confocal imaging 14 
hours after release from 
a thymidine block. Quan-
tification of  Aurora-B 
localisation on promet-
aphase centromeres in 
H2B-GFP positive cells is 
shown. Number of  cells 
counted per condition is 
indicated. (b) HEK293-
cells were transfected with 

5 μg of  the indicated constructs. After 48 hours, cells were harvested, immunoprecipitations were performed with 
a-GFP, and samples were analysed by Western blotting. Presence of  GFP-protein (arrowhead) is due to the presence 
of  an additional transcription-site in the used INCENP-GFP plasmid.
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Introduction

The CPC has recently received much 
attention as an important mitotic regulatory 
complex. In early mitosis, this complex 
promotes chromosome alignment, by correcting 
misattachments between chromosomes and 
microtubules of  the mitotic spindle 1. Additionally, 
the CPC is responsible for the displacement of  
heterochromatin protein-1 (HP-1) from mitotic 
chromosomes by modifying Histone H3 2, 3. At 
the end of  mitosis, the CPC regulates the proper 
execution of  cytokinesis 1. All these functions 
can be attributed to the action of  the enzymatic 
heart of  the CPC, the Aurora-B serine/threonine 
protein kinase, since chemical inhibition of  this 
kinase impairs all CPC-functions described above 
2-5. Here, instead of  focusing on the specific 
functions of  the CPC during mitosis, we primarily 
discuss how the non-enzymatic components of  
the CPC enable Aurora-B to function properly 
during mitosis.

The Chromosomal Passenger 
Complex

The CPC can be regarded as a complex 
similar to the Cyclin/CDK kinase complexes, in 
which binding of  (a) non-enzymatic protein(s) to 
its enzymatic partner is essential for functioning 
of  the kinase. Instead of  one non-enzymatic/

regulatory subunit in a Cyclin/CDK complex, 
the CPC contains three non-enzymatic subunits, 
which are all essential for the function of  Aurora-
B. These sub-units determine activity, localisation, 
stability and possibly also substrate specificity 
of  Aurora-B. In human cells, these subunits 
are: Survivin, the Inner Centromere Protein 
(INCENP), and Borealin/Dasra-B (hereafter 
referred to as Borealin) (Figure 1). These proteins 
are conserved among species, as in all investigated 
model organisms similar proteins have been 
identified. Borealin forms an exception, since 
orthologues have not been identified so far in 
S.cerivisae and S.pombe. Also, the putative functional 
orthologue of  Borealin in C.elegans, CSC-1, is only 
distantly related to other Borealin-proteins 6. The 
Survivin orthologue in yeast, Bir1p, is roughly 
the size of  mammalian Borealin and Survivin 
combined, raising the intriguing possibility that 
Bir1p has diverged into different polypeptides 
during evolution. In all studied organisms, these 
proteins function in multi-protein complexes, and 
in mammalian cells, complex formation between 
the CPC-proteins is needed for protein stability 
7, 8. Recent evidence suggests that two distinct 
passenger complexes exist during mitosis; one 
containing all four CPC-members, and another 
consisting of  INCENP and Aurora-B 6. Of  these 
two complexes, the quaternary CPC functions 
during chromosome alignment and cytokinesis, 
whereas the INCENP/Aurora-B complex might 

Abstract

 During mitosis, the Chromosomal Passenger Complex (CPC) orches-

trates highly different processes like chromosome alignment, histone modifica-

tion and cytokinesis. Proper and timely localisation of  this complex is the key to 

allow for precise control over the enzymatic core of  the CPC, the Aurora-B kinase. 

Here, we discuss the molecular mechanisms by which the CPC-members direct 

the dynamic localisation of  the complex throughout cell division. Also, we sum-

marise post-translational modifications that occur on the CPC, and discuss their 

roles in regulating localisation and function of  this mitotic complex.
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Figure 1: Schematic representation of  direct interactions between CPC-proteins, and phosphorylations of  Aurora-
B within the CPC. Survivin and Borealin interact with the N-terminus of  INCENP, whereas Aurora-B binds the 

C-terminal IN-box in INCENP. Mapped Aurora-B phosphorylation-sites are indicated.

be responsible for modifying Histone H3 6.
How do these proteins dictate Aurora-B function? 
The CPC-proteins show a very dynamic localisation 
during mitosis that originally gave them their name 
9: they initially paint the entire chromatin during 
the onset of  mitosis, move from the chromosome 
arms towards the inner centromeric chromatin (in 
between the kinetochores, the sites of  microtubule 
attachment) during prometaphase, relocalise to the 
microtubules of  the central spindle at the metaphase-
anaphase transition, and finally concentrate at 
the midbody during telophase/cytokinesis. This 
localisation correlates with the diverse functions 
of  the CPC during mitosis: modifying histones at 
the chromatin, correcting misattachments while 
at the centromere, and regulating cytokinesis at 
the central spindle (and later midbody). Given the 
correlation between localisation and function, it 
is apparent that timely and proper localisation of  
the CPC is the key to allow Aurora-B to exert its 
diverse functions during mitosis. 

Regulation of  Aurora-B localisation by 
the CPC-proteins

To allow timely CPC localisation, one 

(or multiple) CPC sub-unit(s) should recognize a 
docking site (i.e. receptor) on chromosome arms, 
centromere or central spindle. Because of  the 
molecular differences between these structures (e.g. 
centromeric chromatin versus microtubules on the 
central spindle), it is likely that different receptors 
exist on these structures and that different CPC-
members are involved in the specific targeting of  
Aurora-B. The mechanism by which the CPC is 
targeted to the chromosome arms in unclear, but 
a plausible possibility would be via interaction 
with HP-1, since INCENP has been described 
to interact with this chromatin-associated protein 
10. Since HP-1 displacement from chromosome 
arms is mediated by Aurora-B 2, 3, this could 
explain the transient localisation of  the CPC 
at chromosome arms during prometaphase. 
Also, the CPC-receptors at the centromeres are 
unknown, but there are clues to the mechanisms 
by which the CPC interacts with its centromeric 
receptor(s) (Figure 2). INCENP-deletion studies 
identified an N-terminal domain needed for 
centromere localisation of  the CPC 10. Survivin 
interacts with INCENP via this domain, and 
replacement of  this domain with Survivin suffices 
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for targeting a functional CPC to the centromeres 
8. When Survivin is linked covalently to INCENP, 
a functional CPC can be targeted (albeit less 
efficient) to the centromeres and central spindle 
in the absence of  Borealin 8. Thus, Borealin 
appears to play only a minor role in centromere 
targeting when Survivin and INCENP are forced 
into a complex. However, Borealin is essential 
for centromere localisation of  the endogenous 
proteins, suggesting it plays a major role in 
promoting interaction between Survivin and 
INCENP. Indeed, depletion of  Borealin disrupts 
the interaction between (exogenously expressed) 
Survivin and INCENP 8. Similarly, efficient in 
vitro interaction between C.elegans Survivin (BIR-
1) and INCENP (ICP-1) depends on the Borealin 
orthologue CSC-1 11. Interestingly, recent data 
showed that Borealin also interacts with the 
N-terminus of  INCENP and that Borealin can 
interact with double-stranded DNA in vitro 12, 
suggesting that, additionally to facilitating the 
Survivin-INCENP interaction, the contribution 
of  Borealin to centromere targeting is mediated 
via direct interaction with chromatin 12. Taken 
together, this allows for a model in which Survivin 
and Borealin cooperatively mediate centromere 
targeting of  the CPC through multiple docking 
sites, among which the chromatin itself. By 
interacting with the N-terminus of  INCENP, these 
proteins can then recruit INCENP and Aurora-B 
to centromeres. Because Survivin and Borealin can 
oligomerise in vitro 6, 13-15, it is possible that a hetero- it is possible that a hetero-
oligomer of  Borealin and Survivin assembled on 
the N-terminus of  INCENP forms the centromere-
binding interface of  the CPC. Within Survivin, 
the Baculovirus-IAP-repeat (BIR)-domain is the 
most likely domain to interact with putative CPC-
receptor(s) at the centromere, since disruption of  
this domain impaired CPC-centromere function 
(but not Borealin interaction) 16. Interestingly, 
Bir1p, the S.cerivisae Survivin orthologue, interacts 
with Ndc10, a subunit of  the centromere binding 
factor-3 (CBF3) complex 17 making this protein a 

good candidate for a CPC centromere-receptor. 
However, a mammalian orthologue of  Ndc10 has 
not been identified. Clearly, identifying SurvivinClearly, identifying Survivin 
(BIR-domain) and Borealin interactors is needed 
to further elucidate the mechanisms of  CPC 
centromere targeting. 
Most of  our knowledge regarding CPC-centromere 
targeting is based on immunofluorescence data in 
fixed cells. However, it is clear that association 
of  the CPC to centromeres is highly dynamic. 
For example, Survivin localises dynamically to 
the centromere 18. Inhibition of  Aurora-B or 
depolymerisation of  microtubules greatly reduces 
Survivin turnover at centromeres 18, suggesting 
that CPC-localisation and microtubule attachment 
are linked during (pro)metaphase. Indeed, recent 
evidence showed that proper dynamics of  Survivin 
(and presumably the entire CPC) at the centromeres 
is essential for proper chromosome alignment. 
Vong and co-workers identified ubiquitination 
as a post-translational modification required 
for proper targeting and dynamics of  Survivin 
at centromeres 19. Interference with this process, 
by removing either a de-ubiquitinating enzyme 
(hFAM) or an ubiquitin-binding protein (Ufd1) 
impaired localisation and turnover of  Survivin at 
the centromeres, and as a consequence disturbed 
chromosome alignment 19. Moreover, Survivin 
is also an Aurora-B substrate and mimicking 
constitutive phosphorylation impairs centromere 
localisation 20. It will be interesting to see whether 
these modifications are interdependent and/or 
influence each other, and how post-translational 
modifications on Survivin can influence function 
of  the entire CPC. 

From centromere to central spindle
To function during cytokinesis, Aurora-

B needs to translocate from the centromeres to 
the central spindle at the metaphase-anaphase 
transition. In S.cerivisae, this translocation is this translocation is 
negatively regulated by Cyclin-B/Cdk1-dependent 
phosphorylation of  INCENP. Dephosphorylation 
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Figure 2: For chromatin localization during prometaphase, interaction between HP-1 and INCENP might be 
required. A multimeric complex of  Survivin and Borealin might cooperatively serve as binding interface at the 
centromere. Within Survivin, the BIR-domain (BIR) is important for centromere targeting, whereas the C-terminus 
(C) plays a role in central spindle localization. Putative centromere receptors are Ndc10 and centromeric DNA. 
At the central spindle during anaphase, Aurora-B interacts with Mklp2, INCENP has an affinity for microtubules 
(MTs) regulated by Cdc14. Survivin can also interact with microtubules, but it is unknown whether this contributes 
to central spindle targeting.

of  residues within the coiled-coil domain of coiled-coil domain of  
INCENP by Cdc14 triggers translocation of the triggers translocation of  the 
CPC to the central spindle 21. However, a recenta recent 
phosphoproteomics analysis failed to identify 
phosho-sites in the coiled-coil domain of  human 
INCENP. Yet, multiple putative Cyclin-B/Cdk1 
phospho-sites were identified in a region in 
INCENP previously shown to interact with HP-1 
10, 22. Together with the observation that expression 
of  a non-degradable Cyclin-B mutant prevented 
spindle transfer of  Aurora-B during anaphase 
in human cells 23, this suggests that phospho-
dependent regulation of  CPC-spindle transfer is 

conserved, but that different domains in INCENP 
might be involved. Besides the phospho-sites found Besides the phospho-sites found 
within the HP-1 binding domain, several other 
residues on INCENP where found phoshorylated, 
suggesting additional complex phospho-dependent 
regulation of  the CPC 22. Relocalisation of  the 
CPC from centromeres to the central spindle at 
the metaphase-anaphase transition requires also 
dynamic microtubules, since treatment of  anaphase 
cells with the microtubule-stabilising drug taxol 
impaired central spindle targeting 24. INCENPINCENP 
interacts directly with polymerized microtubules 
via its coiled-coil domain 25. Additionally, a small 
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domain in the N-terminus of  INCENP interacts 
with β-tubulin, and is essential for efficient spindle 
localisation of  the CPC 10, 24. Survivin can also 
interact in vitro with polymerized microtubules, 
and mutation of  the coiled-coil domain in 
Survivin impaired this interaction 26, suggesting 
a dual interaction of  the CPC with microtubules 
(i.e. via INCENP and Survivin). However, it is. However, it is 
unclear whether this interaction is crucial for 
proper CPC-localisation during anaphase. Besides 
microtubules, central spindle localisation of  the 
CPC also depends on Mklp2, a mitotic kinesin. In 
human cells depleted of  Mklp2, the CPC fails to 
relocalise to the central spindle during anaphase 
27. Aurora-B directly interacts with Mklp2 in 
human cells 27, and similarly, C. elegans Aurora-B 
functionally interacts with the related kinesin Zen-
4 28. In this case, Aurora-B itself  targets the CPC 
to the central spindle by interacting with Mklp2. 
Additionally, Mklp2 interacts with (and is required 
for central spindle localisation of) human Cdc14a, 
a homologue of  S.cerivisae Cdc14. Altogether, 
(re)localisation of  the CPC to the central spindle 
depends on the orchestrated actions of  (at least) 
spindle microtubules, Mklp2, and Cdc14 (Figure 
2). 
Is centromere localisation a prerequisite for 
central spindle localisation? Initial experiments 
in which disruption of  centromeric localisation 
also impaired anaphase spindle transfer indicated 
that it might be 10. However, Drosophila mutants 
undergoing meiosis without chromosomes can 
execute cytokinesis, and concomitantly localise 
Aurora-B to the central spindle 29. Additionally, 
recent experiments revealed that the C-terminal 
region of  Survivin (the region containing the coiled-
coil domain that binds microtubules in vitro 26) is is 
sufficient to direct a functional CPC to the central 
spindle without prior centromere concentration 16. 
It will be interesting to investigate if  this domain 
in Survivin interacts in vivo with one of  the known 
central spindle CPC-receptors, or with, yet 
unidentified central spindle receptors. Taken as. Taken as 

a whole, it seems that, although in normal cells 
centromeric and central spindle localisation is 
tightly linked, they can be uncoupled and involve 
different targeting mechanisms.

Activation of  Aurora-B and CPC-
phosphorylation

In vitro experiments have demonstrated 
that INCENP is critically needed to activate 
Aurora-B. INCENP interacts with Aurora-B via its 
conserved c-terminal IN-box, and incubation of  
this domain with Aurora-B causes an increase in 
kinase activity 30, 31. Addition of  Borealin does not 
activate Aurora-B in vitro 6, whereas conflicting data 
exist regarding the ability of  Survivin to activate 
Aurora-B. In Xenopus extracts, Survivin is needed 
for full Aurora-B activity 31, but in vitro experiments 
with human proteins did not reveal a role for 
Survivin in activating Aurora-B, suggesting that 
INCENP is the major Aurora-B activator in human 
cells  7. Alternatively, additional in vivo regulatory 
mechanisms might exist (e.g. modifications and/
or additional proteins), that are needed for full 
(Survivin-dependent) activation of  Aurora-B. 
INCENP, Survivin and Borealin are subject to 
phosphorylation by Aurora-B (Figure 1). INCENP 
phosphorylation at a TSS-motif  close to the IN-
box induces a conformational change in Aurora-
B, causing full activation of  Aurora-B 32. This 
phosphorylation is essential for in vitro 7 32 andand in 
vivo (our unpublished observations) functionality 
of  Aurora-B. Survivin is phosphorylated on 
threonine-117 by Aurora-B in vitro 20, and 
this phosphorylation is involved in regulating 
localisation (see above). The C-terminus of The C-terminus of  
Borealin is phosphorylated by Aurora-B, but the 
functionality of  this phosphorylation is unknown 6. 
Further research regarding these phosphorylations 
in CPC-function (e.g. on localisation and dynamics) 
will be necessary to deepen our understanding 
of  CPC-regulation. Additionally, it will also be 
interesting to explore whether INCENP, Survivin 



4�

Regulation of Aurora-B by the CPC

and Borealin also influence substrate specificity 
and recognition of  Aurora-B.

Concluding remarks
Aurora-B kinase activity is essential for 

faithful chromosome segregation and execution 
of  cytokinesis. To fulfil these critical functions the 
kinase needs to be in its active conformation at the 
right place at the right time. It is clear that activity 
and localisation of  Aurora-B is tightly controlled 
by its interaction partners INCENP, Survivin and 
Borealin. Since Aurora B is targeted to different 
structures during (pro)metaphase and anaphase 
(i.e. centromeric chromatin and microtubules/
tubulin, respectively), it will be a challenge to build 
a complete picture of  the CPC-specific receptors 
on these structures and the composition of   CPC 
proteins that serve as ligands for these receptors. 
Since Aurora-B is a promising anti-cancer drug 
target 33, interference with these receptor-ligand 
interactions by small molecules could be an 
alternative therapeutic strategy to disturb Aurora 
B function.
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Abstract

The Chromosomal Passenger Complex (CPC) is a critical regulator of  

chromosome segregation during mitosis by correcting non-bipolar microtubule-

kinetochore interactions. By severing these interactions, the CPC is thought to 

create unattached kinetochores that are subsequently sensed by the Spindle 

Assembly Checkpoint (SAC) to prevent premature mitotic exit.  

We now show that spindle checkpoint function of  the CPC and its role in 

eliminating non-bipolar attachments can be uncoupled. Replacing the 

chromosomal passenger protein INCENP with a mutant allele that lacks its 

coiled-coil domain results in an overt defect in a SAC-mediated mitotic arrest 

in response to taxol treatment, indicating that this domain is critical for CPC-

function in spindle checkpoint control. Surprisingly, this mutant could restore 

alignment and cytokinesis during unperturbed cell divisions, and was capable 

of  resolving syntelic attachments. Also, Aurora-B kinase was localised and 

activated normally on centromeres in these cells, ruling out a role for the 

coiled-coil domain in general Aurora-B activation.

Thus, mere microtubule destabilisation of  non-bipolar attachments by the 

CPC is insufficient to install a checkpoint-dependent mitotic arrest, and 

additional, microtubule destabilisation-independent CPC signalling towards 

the spindle assembly checkpoint is required for this arrest, potentially through 

amplification of  the unattached kinetochore-derived checkpoint signal.

Introduction

During mitosis, equal chromosome seg-
regation is essential to maintain a stable genome 1. 
Microtubule capture by chromosomes occurs in a 
stochastic process that eventually results in bipo-
lar attachments of  all paired sister chromatids to 
microtubules of  the mitotic spindle. Bipolarity pro-
duces tension across the two sister chromatids gen-
erated by the pulling forces of  the mitotic spindle 
that are opposed by cohesion between sister chro-
matids. During the stochastic attachment process 
all but bipolar attachments need to be destabilised 
to allow for new rounds of  attachments. The cen-
tromeric Aurora-B kinase destabilises these non-
bipolar microtubule-kinetochore attachments 2, 3. 
Aurora-B phosphorylates several key microtubule 

capture factors on the kinetochore (e.g. the Dam1 
and Hec1/Ndc80 complexes) and by doing so it 
is thought to influence microtubule binding affin-
ity of  the kinetochore 4, 5. Inhibition of  Aurora-B 
kinase results in an increase in syntelic (with both 
sister chromatids attached to microtubules from 
the same pole) attachments 6, 7. Besides correct-
ing non-bipolar attachments, cells have evolved 
a control mechanism called the spindle assembly 
checkpoint (SAC) that delays anaphase onset until 
all chromosomes are attached in a bipolar fash-
ion. Combined, these two systems allow cells to 
only segregate their duplicated genome once all 
sister chromatids are attached in a bipolar fashion 
1. The SAC can detect the presence of  unattached 
kinetochores and a lack of  tension between two 
opposing kinetochores (e.g. lack of  bipolarity). For 
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the latter, the Aurora-B kinase has been shown to 
play a critical role 3.  It is clear that a major con-
tribution of  Aurora-B to activation of  the SAC is 
its ability to generate unattached kinetochores in 
response to non-bipolar attachments 8. However, 
it is unclear whether Aurora-B or its interaction 
partners can communicate to the SAC in an alter-
native fashion independent of  their role in creat-
ing unattached kinetochores.
In mammalian cells, Aurora-B functions in a 
quaternary chromosomal passenger complex 
(CPC) consisting of  INner CENtromere Protein 
(INCENP), Survivin and Borealin/Dasra-B (here-
after referred to as Borealin) 9. These proteins 
activate and localise Aurora-B on centromeres of  
sister chromatids during prometaphase. INCENP 
contains a putative coiled-coil domain that can 
interact in vitro with polymerised microtubules 10, 
and this domain mediates CPC-interaction with 
and -localisation on the central spindle during 
anaphase in S. cerevisiae 10, 11. This domain is phos-
phorylated by Cdk during (pro) metaphase, and 
dephosphorylation by Cdc14 during anaphase 
triggers microtubule interaction and spindle tar-
geting 11.
Here, we investigated the role of  the putative 
coiled-coil-domain in INCENP in regulating CPC 
function on the centromere in human cells. We 
found that, by creating a CPC containing a coiled-
coil less INCENP, the SAC-associated role of  the 
CPC was specifically perturbed. However, dur-
ing unperturbed mitoses and after recovery from 
monastrol-induced monopolarity, chromosomes 
could achieve bipolarity in this situation, showing 
that the correction-mechanisms that resolve non-
bipolar attachments functioned properly. These 
findings show that besides its well-established role 
in creating unattached chromosomes, the CPC 
needs to exert an additional effect on the SAC-
machinery to allow an efficient mitotic arrest.

Material and Methods

Antibodies and reagents
 The following antibodies were used: 
mouse anti-Aurora-B (Transduction), a-Borealin 
(kind gift of  S. Wheatley), sheep a-BubR1 (kind gift 
of  S. Taylor), mouse a-CENP-A (Upstate), rabbit 
a-phospho-Serine 7-CENP-A (Upstate), rabbit a-
CLIP-170 (kind gift of  N. Galjart), rabbit a-GFP 
(kind gift of  G. Kops), rabbit a-phospho-Serine 10 
Histone H3 (Upstate), mouse a-Mad1 (kind gift 
of  A. Musacchio), rabbit a-Mad2 (Bethyl), mouse 
a-MPM-2 (Upstate), rabbit a-Survivin (R&D), 
mouse a-alpha-tubulin (Sigma), rabbit a-gamma-
tubulin (Sigma), mouse a-VSV (Sigma),    human 
CREST antiserum (Cortex Biochem), peroxidase-
conjugated goat a-rabbit and peroxidase-conju-
gated goat a-mouse (Dako) and donkey a-mouse/
Cy5 (Jackson), Goat a-rabbit/Alexa-568, goat a-
rabbit/Alexa-633, goat a-mouse/Alexa-568 and 
donkey a-sheep/Alexa-568 (Molecular Probes). 
Reagents were from Sigma unless stated other-
wise.

Plasmids
 The INCENP siRNA-vector and 
siRNA-resistant human wt-INCENP have been 
described 12. siRNA-resistant INCENP-D539-747 
was generated by looping out the DNA sequence 
corresponding to amino-acids 539-747 by using 
site-directed mutagenesis on full length human 
siRNA-resistant INCENP 12. Histone H2B-GFP 
and Spectrin-GFP have been described 13, 14.

Cell culture and functional assays
 Human U2OS cells were cultured and 
synchronised as described 14. U2OS cells were 
transfected with the standard calcium-phosphate 
protocol. ZM447392 (in DMSO) was from Astra-
Zeneca. Monastrol was from Sigma. Spectrin-GFP 
was used as transfection marker in flow cytometric 
assays. H2B-GFP was used as transfection marker 
in immunofluorescence/live imaging assays. 
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To analyse chromosome alignment, thymidine 
synchronized cells were treated for the indicated 
periods with MG132, starting twelve hours after 
release from the thymidine-block to prevent 
mitotic exit.
For monastrol-release experiments, thymidine 
synchronized cells were treated for two hours 
with monastrol (with addition of  MG132 during 
the second hour) starting ten hours after release 
from the thymidine-block. Cells were washed and 
released into fresh medium containing MG132 for 
ninety minutes. DNA was stained with DAPI (4’,6-
Diamidino-2-phenylindole)

Flow cytometry and time-lapse micro-
scopy
 Percentage of  mitotic cells (MPM-2 
positivity) and cell cycle distribution (DNA was 
stained with propidiumiodide (PI)) of  Spectrin-
GFP positive cells was determined by flow cytome-
try as described 15. In each experiment, 2500 GFP-
positive cells were analysed. Cells were analysed 
on a FACScan flowcytometer (Becton Dickinson) 
and data was processed using CellQuest software. 
H2B-GFP expressing cells were followed by time-
lapse microscopy as described 14. 

Immunoblotting, immunoprecipita-
tion and immunofluorescence
 Immunoblotting and immunoprecipita-
tion was performed as described 15. Immunofluo-
rescence was performed as described 14. Images 
were acquired using a Zeiss Meta confocal micro-
scope, with a 63X 1.3 N.A. objective. For Aurora-
B/CENP-A and phospho-CENP-A/CENP-A-
ratio calculations, images with multiple Z-planes 
were taken. In the projection of  the different 
Z-planes, CENP-A staining was used to define 
kinetochore/centromere regions and CENP-A 
intensity was used as constant reference for the 
kinetochore/centromere signal. Background fluo-
rescence, from regions of  the cell without kineto-
chores, was subtracted. Per condition, fifteen cells 

were quantified, and from each on average ten 
kinetochores were analysed.  

Results

Identification of  a domain in INCENP 
required for SAC-function of  the CPC

It has been shown that both checkpoint 
arrest in response to lack of  tension and the exe-
cution of  cytokinesis rely on CPC function, since 
chemical inhibition or siRNA (small interfering 
RNA) mediated depletion of  any CPC subunit 
impairs both of  these functions 6, 7, 12, 14, 16-19. We sys-
tematically tested a series of  truncation mutants 
of  human INCENP in an siRNA-protein replace-
ment assay 12, 14, 20 to search for mutants that could 
separate distinct functions of  the CPC. These 
mutants were designed based on previous domain 
mapping studies that focused on CPC-localisa-
tion during mitotic progression 21-24. Initially, these 
mutants were tested on CPC-functionality during 
prometaphase and cytokinesis by using previously 
established flow cytometric assays 12, 14. The first 
assay detects the capability of  cells to arrest in 
mitosis after exposure to the microtubule-stabil-
ising poison taxol, an indicator of  SAC-defects. 
This capability is a reflection of  centromeric CPC 
function. The second assay detects the percentage 
of  tetraploid and polyploid cells in (a)synchronous 
cultures, an indicator of  cytokinesis errors and a 
reflection of  CPC function at the spindle mid-
zone/midbody. When testing these INCENP-
mutants we found that cells, in which endogenous 
INCENP was depleted and an INCENP-mutant 
lacking the putative coiled-coil domain (INCENP-
D539-747) was expressed, were unable to sustain 
a taxol-induced SAC arrest (Figure 1a). However, 
reconstituting INCENP depleted cells with this 
mutant partially alleviated the appearance of  cells 
containing a tetra- and polyploid DNA content 
in synchronized cultures and in asynchronously 
growing cultures (Supp. Figure 1c-e), showing 
that this mutant is capable of  (partially) restoring 
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Figure 1: (a) U2OS cells were transfected with the indicated plasmids and GFP-Spectrin. Cells were synchronised 
using thymidine. Eighteen hours after release into taxol, cells were harvested and mitotic percentages (± SEM) were 
determined by MPM-2/propodium iodide staining and FACS analysis (b) U2OS cells were transfected with the indi-
cated plasmids and pBabe-puro. Cells were selected for puromycin-resistance for 36 hours to enrich for transfected 
cells. Cells were lysed and analysed by immunoblotting with the indicated antibodies. Alpha-tubulin was used as load-
ing control. (c) and (d) U2OS cells were grown on glass-bottom culture dishes and cotransfected with H2B–GFP and 
the indicated plasmids. Cells were synchronised using thymidine, and were followed by time-lapse imaging starting 
10 hours after release from thymidine. Time in lower right corner refers to the elapsed time (hours: minutes) from the 
time of  Nuclear Envelope Breakdown (NEB). Quantification (± SEM) of  live cell imaging data  is shown in (d).  (e) 
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the cytokinetic function of  the CPC. In chicken 
INCENP, the coiled-coil domain is needed for 
interphase microtubule bundling, but not for 
central-spindle localisation during anaphase of  
INCENP 21. Surprisingly, human INCENP lack-
ing the homologous coiled-coil domain was par-
tially impaired in localisation to the central spindle 
in anaphase but did show midbody-localisation of  
INCENP during telophase/cytokinesis (Supp. 
Figure 2a). Similar observations were made in 
fixed and live cells by using a GFP-tagged version 
of  INCENP-D539-747 (Supp. Figure 2b and 
data not shown). These data thus suggest that cen-
tral spindle localisation of  the CPC during early 
anaphase is not required per se for cytokinesis in 
human cells. Here, we will focus on the centro-
meric role of  the CPC, and therefore do not fur-
ther elaborate on this observation.
The SAC-defect in cells expressing the INCENP-
D539-747-protein was confirmed by live cell imag-
ing of  cells that were treated with taxol (Figure 1c 
and d). Western blotting of  this deletion mutant 
showed that it was expressed to similar amounts as 
the wild-type INCENP (Figure 1b), and expres-
sion of  increasing amounts of  the INCENP-
mutant did not have a significant effect on the 
ability of  this mutant to restore checkpoint-func-
tion (Supp. Figure 1a and b).  This demonstrates 
that the observed defect is not due to a difference 
in protein expression. In addition, several lines 
of  evidence argue that deletion of  the coiled-coil 
domain did not create an inert CPC at the centro-
mere. First, immunofluorescence analysis showed 
that the coiled-coil-less INCENP protein was 
capable of  localising to (pro) metaphase centro-
meres similar to wild type INCENP (Figure 2a), 
and more importantly, it was capable of  restoring 
centromeric Aurora-B localisation to wild-type 
levels in a siRNA-replacement assay (Figure 2b-
d). Second, reconstitution of  INCENP-depleted 

cells with this mutant brought back Aurora-B and 
Survivin protein levels that are severely dimin-
ished in INCENP-depleted cultures 12, 17) (Fig-
ure 1b).Third, INCENP-Δ539-747 was capable 
of  binding Survivin, Borealin and Aurora-B in a 
co-immunoprecipitation assay (Supp. Figure 2c 
and d). 
Expression of  INCENP-Δ539-747 in cultures 
that were not depleted of  endogenous INCENP 
caused a dose-dependent decrease in spindle 
checkpoint response after taxol-treatment, show-
ing that INCENP-Δ539-747 exerts a dominant-
negative effect on SAC-associated CPC-function 
to a similar extent as an established dominant-
negative mutant lacking the centromere-targeting 
domain (INCENP-Δ1-47) 12 (Figure 1e and f). 
Collectively, these results indicate that removing 
the coiled-coil domain from INCENP impairs a 
specific CPC-function at the centromere, but does 
not affect several other aspects of  INCENP-func-
tion within the CPC. 

INCENP-D53�-�4� expressing cells can 
efficiently correct syntelic attachments 
and display no alignment defects

Impaired CPC-function is characterized 
by the presence of  persistent misaligned chromo-
somes during prometaphase, that are presumably 
caused by the inability of  the cells to correct non-
bipolar (syntelic) microtubule-kinetochore attach-
ments, a process that critically depends on CPC-
function. It is generally believed that the failure to 
correct non-bipolar attachments is the underlying 
reason of  the SAC-defect in CPC-compromised 
cells after exposure to taxol 8. Therefore, the fact 
that cells expressing the INCENP-D539-747 fail to 
arrest in the SAC after taxol-treatment, suggested 
that these cells would also show a failure to correct 
non-bipolar attachments and to create unattached 
kinetochores.

U2OS cells were transfected with the indicated plasmids and GFP-Spectrin. Cells were synchronised using thymidine. 
Eighteen hours after thymidine release, cells were harvested and mitotic percentages (± SEM) were determined by 
MPM-2 staining and FACS analysis (f) Western blotting analysis of  (e).
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To investigate this, we performed three different 
assays. First, we prevented mitotic exit through 
inhibition of  proteasome function by treating the 
cells for 3 hours with MG132 (Figure 3a and b). 
This prevents degradation of  Cyclin B and Securin 
and will therefore trap cells at the metaphase to 
anaphase transition. In the majority (77.6 %) 
of  the mock siRNA cells that were treated with 
MG132 all chromosomes were aligned in a met-
aphase configuration. A large percentage (72.0 %) 
of  INCENP siRNA cells showed persistent mis-

alignments, indicating that these cells indeed failed 
to correct non-bipolar attachments.  Surprisingly, 
INCENP-depleted cells that were reconstituted 
with INCENP-D539-747 were indistinguishable 
from mock depleted or wt-INCENP reconstituted 
cells and the vast majority (74.5 %) of  these cells 
showed properly aligned metaphase chromosomes 
(Figure 3a and b). Experiments in which cells 
were treated with MG132 for shorter periods (45 
and 90 minutes) showed identical results (Figure 
3c). Live cell imaging corroborated these findings, 

Figure 2: (a-d) U2OS cells grown on coverslips were transfected with indicated plasmids and H2B-GFP (depicted in 
blue). Cells were synchronised using thymidine. Fourteen hours after thymidine release, cells were fixed and immu-
nostained with the indicated antibodies. Insets show magnified images of  the indicated regions. (c, d) The percentage 
(± SEM) of  transfected cells with centromeric Aurora-B staining (c) and Aurora-B-levels on individual centromeres 
(± SEM) (d) was quantified. See Experimental Procedures for more detail on how Aurora-B levels on individual 
centromeres were determined.
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as the majority (73.0 %) of  the INCENP-D539-747 
reconstituted cells showed normal chromosome 
alignment before entering anaphase (Figure 3d 
and e). However, a slight increase of  cells entering 
anaphase with one misaligned chromosome was 
observed in these cells, suggesting the presence of  
a minor SAC defect.
Second, to further investigate the ability of  the 
CPC formed by INCENP-Δ539-747 to correct 
non-bipolar attachments, we performed monas-
trol-washout experiments (Figure 4a). Monastrol 
is a well-characterized reversible inhibitor of  Eg5, 
a mitotic kinesin that is required for bipolar spin-
dle assembly 25. Inhibition of  Eg5 will result in 
cells with monopolar spindles, and consequently, 
will greatly increase the amount of  monotelic 
and syntelic microtubule-kinetochore interactions. 
After washing away monastrol, cells will quickly 
form a bipolar spindle, and the present syntelic 
attachments are resolved in an Aurora-B-depend-
ent manner. Therefore, this is a robust method to 
test the microtubule-correction function of  the 
CPC 26.  To prevent premature mitotic exit during 
the monastrol treatment, MG132 was added to 
block proteasome function and to arrest cells at 
the metaphase-anaphase transition. The major-
ity (75.0 %) of  INCENP depleted cells failed to 
correct the syntelic attachments and as a conse-
quence nearly all chromosomes failed to align on 
a metaphase plate (Figure 4b and c).  Expression 
of  INCENP-Δ539-747 restored the correction of  
syntelic attachments to a large extent, as judged 
by the percentage of  metaphase-aligned cells (60.0 
%). However, we did observe a small increase in 
the percentage of  cells that had a few persistent 
misaligned chromosomes after monastrol release 
(14.0 %), as compared to wt-INCENP reconsti-
tuted INCENP depleted cells (10.0 %). Despite 
this small increase in cells with a few persistent 
misalignments, the majority of  the cells expressing 
INCENP-Δ539-747 showed the same efficacy in 
correcting syntelic attachments as the wt-INCENP 
(68.5 %), indicating that microtubule-correction is 

functioning largely normal in these cells (Figure 
4b and c).
Third, we investigated whether cells expressing 
INCENP-Δ539-747 had retained the capability 
to create unattached kinetochores in taxol treated 
cultures. Hereto, kinetochore localisation of  the 
microtubule plus-end tracking protein CLIP-170 
was monitored. During mitosis, CLIP-170 local-
ises to unattached kinetochores and is displaced 
from kinetochores upon microtubule capture 27. It 
is therefore a good marker for unattached kine-
tochores. Control depleted cells that were treated 
with taxol contained a subset of  kinetochores with 
strong CLIP-170 staining, whereas in INCENP 
depleted cells a profound decrease in cells with 
CLIP-170 positive kinetochores could be found, 
confirming that CPC function is required for 
the generation of  unattached kinetochores after 
taxol treatment (Figure 4d and e). Cells in 
which INCENP was replaced by wt-INCENP or 
INCENP-Δ539-747 did contain CLIP-170 posi-
tive kinetochores, indicating that INCENP-Δ539-
747 reconstituted cells had retained the capabil-
ity to create unattached kinetochores after taxol 
treatment in a manner comparable to wild type 
INCENP reconstituted cells (Figure 4d and e). 
Similar results were obtained with the spindle 
checkpoint protein Mad2 (that is also specifically 
recruited to unattached kinetochores (reviewed by 
1) (Supp. Figure 3a). Moreover, CLIP-170 posi-
tive kinetochores stained positive for the check-
point protein Mad1 (Supp. Figure 3b). Impor-
tantly, the number of  kinetochores per mitotic cell 
staining positive for CLIP-170 upon reconstitution 
of  INCENP depleted cells by either wt-INCENP 
or INCENP-Δ539-747 were indistinguishable 
(Figure 4f). Taken together, these observations 
strongly suggest that the correction of  non-bipolar 
attachments during chromosome alignment and 
the generation of  unattached kinetochores (that 
recruit spindle checkpoint proteins) are restored 
in INCENP depleted cells expressing INCENP-
Δ539-747.



5�

Spindle checkpoint control by the CPC

The disability of  cells expressing INCENP-Δ539-
747 to arrest in mitosis upon taxol treatment, 
despite the presence of  unattached kinetochores, 
suggested that the coiled-coil domain in INCENP 
was required for checkpoint signalling in the pres-
ence of  unattached kinetochores. To further test 
this, we investigated the checkpoint response upon 
complete microtubule depolymerisation by treat-
ing cells with nocodazole. As described previously 
6, 7, inhibition of  Aurora-B function leads to a par-
tial decrease in the efficacy of  the mitotic arrest 
caused by complete microtubule depolymerisa-
tion (after nocodazole treatment).  A similar par-
tial decrease in checkpoint response was observed 
in INCENP-depleted cells expressing INCENP-
Δ539-747 (Figure 4g and h), showing that this 
response indeed requires INCENP’s coiled-coil 
domain. It is important to note that the defect in 
checkpoint response after nocodazole treatment 
is much less severe as compared to the defect in 
checkpoint function in response to taxol treatment 
6, 7(Figure 4g), suggesting that cells containing a 
only few unattached kinetochores (e.g. after taxol 
treatment) more critically rely on CPC function 
for the mitotic arrest than cells containing a large 
number of  unattached kinetochores (e.g. after noc-
odazole treatment).

The defect in SAC-signalling cannot 
be explained by partial inactivation of  
Aurora-B

A possible explanation for the observed 
specific defect in checkpoint function could be that 
the coiled-coil domain in INCENP was needed 
for complete activation of  Aurora-B in vivo, and 
that only the SAC-function of  the CPC might be 
sensitive to minor alterations in Aurora-B kinase 
activity. If  this were the case, partial inhibition 
of  Aurora-B should cause the same differential 
effect on chromosome alignment versus SAC-
function. To test this possibility, cells were treated 
with decreasing concentrations of  the Aurora-B 
inhibitor ZM447392 7. Treatment of  cells with 2 

μM ZM447392 (a concentration commonly used 
7) caused dramatic chromosome misalignments, 
a failure to arrest in mitosis in response to taxol 
treatment, a significant increase in polyploidy and 
disappearance of  the phosphorylated form of  ser-
ine-10 Histone H3 during mitosis (data not shown). 
Decreasing the ZM447392 concentration to 1 mM 
caused equally severe phenotypes, and therefore 
we chose this concentration as the highest concen-
tration in our titration experiments. Treating cells 
with decreasing concentrations of  the Aurora-B 
inhibitor caused a gradual decrease in the sever-
ity of  the defects in checkpoint response, chromo-
some alignment and execution of  cytokinesis, but, 
importantly, all phenotypes were equally sensitive 
to the concentration of  ZM447392 that was used 
(Figure 5a-d). 
To test whether Aurora-B could be properly acti-
vated by INCENP-Δ539-747 in vivo, the phospho-
rylation status of  serine-7 CENP-A, an established 
centromeric Aurora-B substrate was investigated 
28. Whereas INCENP depletion caused a dramatic 
decrease in the amount of  phosphorylated CENP-
A, reconstitution with INCENP-Δ539-747 caused 
a restoration of  the amount of  phosphorylated 
CENP-A that was indistinguishable from wild-type 
INCENP reconstitution in unperturbed mitoses 
(Figure 6a-c). Because of  the reported microtu-
bule-binding capacity of  the coiled-coil domain, it 
was investigated whether the presence of  microtu-
bules influenced Aurora-B activity in vivo. Hereto, 
we performed the same analyses in the presence 
of  the microtubule depolymerising drug nocoda-
zole or of  taxol (combined with MG132 to prevent 
mitotic exit).  As shown in Figure 6d and e, treat-
ment with taxol or nocodazole did not significantly 
alter the amount of  phosphorylated CENP-A in 
either wild-type INCENP or INCENP-Δ539-747 
reconstituted cells. Taken together, these data sug-
gest that the loss of  checkpoint function in cells 
expressing INCENP-Δ539-747 is not due to par-
tial loss of  Aurora-B activity. Additionally, this sug-
gests that the specific loss of  SAC function after 
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Figure 3: (a, b) U2OS cells grown on coverslips were transfected with indicated plasmids and H2B-GFP (blue). 
Cells were synchronised using thymidine and twelve hours after thymidine release, MG132 was added for the final 
three hours. Cells were fixed and immunostained with the indicated antibodies. (a) Typical examples of  cells found 
in different samples. (b) Quantification (± SEM) of  the observed metaphase configurations. (c) Similar to (a and b), 
with the exception that cells were treated with MG132 for 45 (black bars) or 90 minutes (white bars). Percentage (± 
SEM) of  the metaphase cells within the total mitotic population is shown. (d, e) U2OS cells were grown on glass-bot-
tom culture dishes and cotransfected with H2B–GFP and the indicated plasmids. Cells were synchronised, and were 
followed by time-lapse imaging starting 10 hours after release from a thymidine block. Time in lower right corner 
refers to the elapsed time (hours: minutes) from the time of  Nuclear Envelope Breakdown (NEB). (e) Quantifications 
(± SEM) of  alignment state upon anaphase onset.
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thymidine and twelve hours after thymidine release taxol and MG132 were added for three hours. Cells were fixed 
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removal of  the coiled-coil domain is most likely 
a qualitative effect, also because partial chemical 
inhibition of  Aurora-B causes equal defects in 
both chromosome alignment and SAC-function.

BubR1 retention on kinetochores is not 
altered in INCENP-D53�-�4� express-
ing cells

The SAC protein BubR1 is recruited 
to unattached kinetochores during prometaphase. 
During a mitotic arrest triggered by microtubule 
stabilising (taxol) or microtubule destabilising 
drugs (nocodazole) BubR1 is retained at high lev-
els on kinetochores. Interference with CPC func-
tion has been shown to cause a premature loss 
of  BubR1 from kinetochores in nocodazole or 
taxol treated mitotic cells, suggesting a tight rela-
tion between CPC-function and BubR1 kineto-
chore recruitment 6, 7, 14, 16. To investigate whether 
BubR1 retention was altered after reconstitution 
of  INCENP depleted cells with INCENP-D539-
747, transfected cells were treated with nocoda-
zole and BubR1 kinetochore localisation was 
monitored. As shown in Figure �a and b, BubR1 
kinetochore recruitment was not impaired upon 
microtubule destabilisation in INCENP-D539-747 
reconstituted cells as compared to INCENP-wt 
reconstituted cells, indicating that the CPC influ-
ences SAC-function independently from BubR1 
recruitment to kinetochores. 

Discussion

Elegant experiments in budding yeast 
have demonstrated that a major route through 
which Aurora-B contributes to spindle checkpoint 
function in response to a lack of  stable bipolar 
attachments (lack of  tension) is via the creation of  

unattached kinetochores by destabilising micro-
tubule-kinetochore interactions 8. These unat-
tached kinetochores subsequently recruit check-
point proteins and thereby produce an inhibitory 
checkpoint signal that halts cell cycle progression. 
If  this would be the only way by which Aurora-B 
communicates to the spindle checkpoint, impair-
ing Aurora-B’s checkpoint function should always 
correlate with a failure to correct non-bipolar 
attachments. 
Here, we provide evidence that microtubule desta-
bilisation and SAC-function are not necessarily 
coupled. We show that removal of  the putative 
coiled-coil domain in INCENP critically impairs 
spindle checkpoint function, but essentially leaves 
the microtubule-correction function of  Aurora-B 
intact. This implies that the CPC has an addi-
tional, more direct (i.e. not via microtubule desta-
bilisation) effect on SAC signalling and that mere 
microtubule destabilisation is not sufficient for 
an efficient checkpoint arrest in response to lack 
of  tension.  These findings also suggest that the 
coiled-coil domain in INCENP is essential for this 
specific function the CPC in SAC-signalling. 
The effect that we observe cannot be explained 
by a failure in global activation or localisation 
of  Aurora-B. The centromeric localisation of  
Aurora-B was normal in INCENP-depleted cells 
that were reconstituted with INCENP-Δ539-747. 
It was shown previously that the IN-box in the 
carboxy-terminus of  INCENP is sufficient to bind 
and activate Aurora-B in vitro 29, and the IN-box is 
present in INCENP-Δ539-747. By using a phos-
pho-specific antibody for serine-7 in CENP-A we 
could indeed show that the coiled-coil domain is 
dispensable for normal activation of  Aurora-B in 
vivo, either in the presence or absence of  microtu-
bules. Additionally, titration experiments with an 

kinetochore staining was quantified. (f) Quantification of  the number (± SEM) of  CLIP-170 positive kinetochores 
per cell. (g, h) U2OS cells were transfected with the indicated plasmids and GFP-Spectrin. Cells were synchronised 
using thymidine. Eighteen hours after release into taxol or nocodazole, cells were harvested and mitotic percentages 
were determined by MPM-2/propidium iodide staining and FACS analysis. (h) A fraction of  the cells from (f) was 
lysed and analysed by immunoblotting with the indicated antibodies. Asterisk denotes aspecific background signal 
that was used as loading control.
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Figure 5: (a, b) U2OS cells were synchronised using thymidine. Directly after release cells were treated with the 
indicated concentrations of  ZM447392 or DMSO with or without taxol. Eighteen hours later, cells were harvested 
and mitotic percentages (right panel) and percentages (± SEM) of  cells with 4n DNA content (left panel) were deter-
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release from thymidine. (d) After fixation, mitotic figures were quantified (± SEM).



64

Chapter 4

p-CENP-A
(Ser-7) CENP-A

Merge 
w/DNA

+ em
pty

ve
cto

r 

+ w
t-I

NCENP 

+ IN
CENP

-Δ
53

9-7
47

M
oc

k s
iR

NA

a

 (p
ro

)m
et

ap
ha

se
 c

el
ls 

w
ith

 
 p

-C
E

N
P-

A
 s

ta
in

in
g 

(%
)

0

20

40

60

80

100

n=
80

n=
62

n=
49

n=
56

b
 p

-C
E

N
P-

A
/C

E
N

P-
A

 r
at

io
 

on
 in

di
vi

du
al

 c
en

tr
om

er
es

c

0.6

1.0

1.4

0.2

 p
-C

E
N

P-
A

/C
E

N
P-

A
 r

at
io

 
on

 in
di

vi
du

al
 c

en
tr

om
er

es

0.6

1.0

1.8

0.2

1.4

+Taxol/MG132 (180 minutes)

p-CENP-A
CENP-A

d

+ empty
 vector

+ wt-INCENP

+INCENP
-Δ539-747

INCENP siRNAIN
C

E
N

P 
si

R
N

A
M

oc
k 

si
R

N
A

+ empty
 vector

 p
-C

E
N

P-
A

/C
E

N
P-

A
 r

at
io

 
on

 in
di

vi
du

al
 c

en
tr

om
er

es

0.6

1.0

1.4

0.2

+ Nocodazole

e

+ em
pty

ve
cto

r 

+ w
t-I

NCENP 

+ IN
CENP

-Δ
53

9-7
47

M
oc

k s
iR

NA

INCENP siRNA

+ em
pty

ve
cto

r 

+ w
t-I

NCENP 

+ IN
CENP

-Δ
53

9-7
47

M
oc

k s
iR

NA

INCENP siRNA

+ em
pty

ve
cto

r 

+ w
t-I

NCENP 

+ IN
CENP

-Δ
53

9-7
47

M
oc

k s
iR

NA

INCENP siRNA

Figure 6: (a-d) U2OS cells grown on coverslips were transfected with indicated plasmids and H2B-GFP (blue). Cells 
were synchronised using thymidine. Fourteen hours after thymidine release, cells were fixed and immunostained 
with the indicated antibodies. (b-d) Quantification of  the percentage (± SEM) of  transfected cells with positive 
phospho-CENP-A staining (b) and phospho-CENP-A-levels on individual centromeres (± SEM)  (c, d). See Experi-
mental Procedures for more detail on how phospho-CENP-A-levels on individual centromeres were determined. (d) 
Experiments similar to (a), with the exception that three hours prior to fixation, taxol (in combination with MG132) 
was added to the cells. (e) Experiments similar to (a), with the exception that upon release form thymidine block, 
nocodazole was added to the cells.
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Aurora-B inhibitor did not reveal a specific sensi-
tivity for checkpoint-function versus chromosome 
alignment. 
We envision that INCENP, via its coiled-coil domain, 
interacts with a certain, at present unknown, fac-
tor either by direct recruitment, or via its reported 
interaction with microtubules. One possibility is 
that this interaction allows Aurora-B to phospho-
rylate this factor and that this is a crucial event for 
normal SAC-function. In this scenario, INCENP 
would facilitate Aurora-B function within the SAC. 
Alternatively, since important Aurora-B functions 
(like destabilisation of  defective microtubule-kine-
tochore interactions) are intact in cells expressing 
INCENP-Δ539-747 and because a functional Sur-
vivin/INCENP subcomplex has been described 
30, INCENP might play a role in checkpoint 
control independent of  Aurora-B kinase activity.  
At present, we cannot rule out either possibility. 
However, we favour a model in which INCENP 
facilitates the availability of  specific substrates of  
Aurora-B, since earlier studies have shown that 
Aurora-B kinase activity (independently of  disrup-
tion or mislocalisation of  the CPC) is necessary to 
maintain an efficient checkpoint dependent arrest 
in response to microtubule depolymerisation 6, 7. 
Recently, a study in budding yeast identified Mad3 
(the budding yeast homologue of  BubR1) as a 
critical substrate of  Ipl1 (the budding yeast homo-
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Figure �: (a-b) U2OS cells grown on coverslips were 
transfected with indicated plasmids and H2B-GFP 
(blue). Cells were synchronised using thymidine and 
nocodazole was added immediately after release from 
thymidine. Fourteen hours later cells were fixed and 
immunostained with the indicated antibodies. Typical 

examples (a) and quantification (± SEM) (b) from each 
category are shown. (c) Model depicting the bifurcated 
effect of  the CPC on spindle checkpoint function. Upon 
the presence of  non-bipolar attachments, lack of  ten-
sion is detected by the CPC (in a currently unknown 
way). The concurrent response to the lack of  tension 
across the sister chromatids is two-fold. First, the CPC 
promotes destabilisation of  the microtubule-kinetochore 
interactions that do not create tension and thereby cre-
ates unattached kinetochores that subsequently produce 
a spindle assembly checkpoint signal. Second, the CPC 
(with a specific requirement for the coiled-coil domain) 
is required to strengthen the signal emanating from the 
unattached kinetochores to produce efficient checkpoint 
signals that are required to prevent premature anaphase 
onset. This effect could either be dependent or inde-
pendent of  Aurora-B (possibly via a Survivin/INCENP 
subcomplex)
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of  tension towards Aurora-B. At present we do 
not know whether microtubule binding by the 
coiled-coil domain is the underlying cause of  the 
phenotype we observed. Regardless, the effect we 
find due to removal of  the coiled-coil domain is 
fundamentally different from the effect described 
by Sandall et al. 30. We find a specific effect in spin-
dle checkpoint function, but we do not detect sig-
nificant changes in efficacy of  chromosome align-
ment and correction of  non-bipolar microtubule-
kinetochore interactions. This suggests that if  the 
coiled-coil domain functions as a tension sensor in 
our system, and if  this is the specific function we 
disturb, it only has an effect on Aurora-B function 
towards the spindle checkpoint and not towards 
microtubule-kinetochore interactions.  A possible 
explanation for the difference in effect caused by 
removal of  the coiled-coil domain found here 
and by Sandall et al. could lie in the fundamen-
tal difference in organization of  the microtubule-
kinetochore interface between budding yeast and 
human kinetochores. Yeast kinetochores bind a 
single microtubule, whereas human kinetochores 
interact with up to 20 individual microtubule fib-
ers and need to co-ordinately regulate all these 
interactions 33. Therefore, microtubule binding by 
the CPC might have evolved to play a differential 
role in chromosome dynamics in budding yeast 
versus other eukaryotes.
Finally, an important implication of  this work is 
that the CPC influences SAC-function addition-
ally to its ability to create unattached kinetochores. 
We propose that in the case of  non-bipolar attach-
ments the CPC responds to this lack of  tension in a 
bifurcated fashion: (i) through the creation of  unat-
tached kinetochores via destabilisation of  these 
incorrect microtubule-kinetochore interactions, (ii) 
through the generation of  a signal that is required 
to amplify the “wait anaphase” signal produced 
at the unattached kinetochores (Figure �c).  This 
amplification step is essential to halt mitotic pro-
gression when a low number kinetochores is unat-
tached, and could explain why this CPC-function 

logue of  Aurora-B) in spindle checkpoint function 
in response to a lack of  tension 31, 32. Phosphoryla-
tion of  Mad3 by Ipl1 was required in a situation 
that was characterized by a lack of  tension in the 
complete absence of  unattached kinetochores. We 
have tested a potential direct link between Aurora-
B and BubR1 in checkpoint function in human 
cells, also because BubR1 contains four puta-
tive Ipl1-consensus sites 4. However, BubR1 was 
not phosphorylated by Aurora-B in vitro (C.W.A. 
Cruijssen and S.M.A. Lens, unpublished observa-
tions), and alanine mutations of  the four putative 
Ipl1 sites within BubR1 did not affect the function 
of  BubR1 within the SAC (SMAL, unpublished 
observations). Most importantly, mass spectro-
metric analysis of  BubR1 isolated from check-
point-arrested mitotic cells failed to identify phos-
phorylated serine or threonine residues that map 
within Ipl1-consensus motifs (G. Kops, personal 
communication). Taken together, these findings 
suggest that in human cells, BubR1 is most likely 
not a direct substrate of  Aurora-B during check-
point signalling. Furthermore, although King and 
co-workers 31, 32 suggested the existence of  a ten-
sion-specific (Aurora-B-dependent) checkpoint 
branch, the fact that our experimental set-up (in 
which we evidently detect a number of  unattached 
kinetochores in the presence of  taxol (Figure 4c-
e)) is clearly different from their system precludes 
us from drawing any conclusions regarding the 
presence or absence of  such a separate checkpoint 
branch in human cells.
Why is the coiled-coil domain essential for this spe-
cific function? Recent data by Sandall et al. implied 
the coiled-coil domain in Sli15 (the budding yeast 
orthologue of  INCENP) in regulation of  Aurora-
B at centromeres 30. They showed that this domain 
interacts with microtubules while the CPC is local-
ised at the centromere. Deletion of  this domain 
from Sli15 caused a defect in chromosome segre-
gation and this domain was therefore suggested 
to function as a tension sensor at the kinetochore/
centromere that could somehow relay the absence 
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only becomes essential in cases when only a few 
kinetochores are unattached (upon taxol-treat-
ment) or in a spindle checkpoint arrest after pro-
longed nocodazole-treatment. These findings are 
not unprecedented since inhibition of  Aurora-B 
was shown to influence the efficacy of  the mitotic 
arrest imposed by microtubule depolymerisation, 
implicating the presence of  microtubule-destabili-
sation independent mechanisms by which Aurora-
B communicates to, and strengthens the mitotic 
checkpoint 6, 7. Furthermore, in budding yeast, 
overexpression of  the spindle checkpoint kinase 
Mps1 resulted in an Aurora-B dependent check-
point arrest. This arrest does not require func-
tional kinetochores, again arguing that Aurora-B 
is also required for checkpoint function independ-
ently of  kinetochore-microtubule interactions 3. 
Evidently, the CPC influences spindle checkpoint 
signalling through multiple pathways to control 
faithful chromosome segregation and these find-
ings open the way for the identification of  new 
CPC interactors and/or Aurora-B substrates that 
are critical in these events.
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Abstract

Aurora-B protein kinase corrects improper microtubule-chromosome 

attachments and functions as an auxiliary factor for the spindle assembly 

checkpoint (SAC). Here we provide experimental evidence that Aurora-B activity 

towards its kinetochore substrates needs to be tightly constrained on bi-oriented 

chromosomes to allow for timely anaphase onset. Tethering of  Aurora-B to a site 

more proximal to the kinetochore compared to its normal inner centromeric 

localisation severely delayed cells in an Aurora-B kinase activity-dependent met-

aphase-like state. This delay was characterised by a failure to displace Aurora-B 

from bi-oriented chromosomes, uncontrolled microtubule destabilisation and a 

failure to silence the SAC. Importantly, although sister-kinetochores were under 

tension, kinetochore levels of  the checkpoint proteins BubR1 and Bub1, but not 

Mad2 remained high, and SAC-inhibition promoted rapid anaphase onset in 

these metaphase-delayed cells. Thus, both spatial separation between Aurora-B 

and the kinetochore and displacement of  a portion of  Aurora-B from centro-

meres cooperatively restrict Aurora-B activity, and this is a key event that couples 

the maintenance of  stable attachment and silencing of  the SAC in metaphase.

Introduction

To ensure equal segregation of  the 
duplicated genome during mitosis, microtubules 
of  the mitotic spindle need to capture the kine-
tochores of  the duplicated sister chromatids in a 
bipolar fashion. This process is controlled by the 
spindle assembly checkpoint (SAC) that monitors 
kinetochore attachment to the mitotic spindle and 
delays anaphase onset until all paired sister chro-
matids have obtained bipolar attachments. The 
core spindle checkpoint consists of  Mps1, the Mad 
(Mad1, 2) and Bub (Bub1, 3 and BubR1) proteins 
(for reviews see 1, 2). These proteins are recruited 
to unattached kinetochores during prometaphase 
and signal to inhibit the Anaphase Promoting 
Complex/Cyclosome (APC/C), thereby prevent-
ing anaphase onset. 
The Chromosomal Passenger Complex (CPC) is 
an auxiliary factor for the SAC, that is needed for 
checkpoint-function specifically when sister chro-
matids are not under tension, i.e. are not attached 

to the mitotic spindle in a bipolar fashion. Aurora-
B is the enzymatic core of  quaternary CPC and 
is activated and guided through the mitotic cell 
by the concerted actions of  its fellow passenger 
proteins: INner Centromere Protein (INCENP), 
Survivin and Borealin/Dasra-B (reviewed in 3). 
INCENP binds and activates Aurora-B, whereas 
Survivin and Borealin/Dasra-B cooperate to 
bring INCENP and Aurora-B to the inner centro-
mere during (pro) metaphase and to the spindle 
midzone during anaphase 3. 
Aurora-B destabilises improper microtubule 
attachments and is thought to create unattached 
kinetochores that re-activate the SAC 4-7. Addi-
tionally, Aurora-B activity controls kinetochore 
retention of  the spindle checkpoint proteins 
BubR1 and Bub1 8-11. How Aurora-B specifi-
cally directs its microtubule-destabilising activity 
towards non-bipolar attachments and not towards 
bipolar attachments and how the checkpoint sig-
nal is extinguished on bi-orientated chromosomes 
remain open questions. Bipolar attachments cre-
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ate tension on paired chromatids, thereby stretch-
ing the kinetochore/centromere region, which 
increases the distance between the inner centro-
mere and microtubule-binding site on the kine-
tochore. Since the CPC is localised at the inner 
centromere between the two sister-kinetochores, a 
proposed but untested model is that upon bi-ori-
entation, tension will spatially separate Aurora-B 
from its substrates on the kinetochore 6, 12. A con-
comitant shift in the equilibrium between Aurora-
B phosphorylation and dephosphorylation by a 
phosphatase (localised on the kinetochore) would 
ensure that the Aurora-B signal on bi-orientated 
chromatid pairs becomes reduced to guarantee 
maintenance of  bi-orientation and allow spindle 
checkpoint silencing 6, 12. 
Here, we provide experimental evidence that 
Aurora-B activity towards its kinetochore sub-
strates needs to be tightly controlled on bi-oriented 
chromosomes to allow for efficient anaphase onset. 
Additionally, our data suggest that both spatial 
separation between Aurora-B and the kinetochore 
and displacement of  a portion of  Aurora-B from 
centromeres cooperatively reduce Aurora-B activ-
ity upon bi-orientation.

Results

CENPB-INCENP positions Aurora-B 
closer to kinetochores and disturbs 
Aurora-B displacement upon chromo-
some alignment

Separation of  Aurora-B kinase from 
its substrates at the kinetochore (either via spa-
tial separation on the kinetochore/centromere 
region during (pro)metaphase or via complete 
removal from centromeres through displacement 
to the central spindle during anaphase) has been 
put forward as a potential regulatory step during 
chromosome segregation. To experimentally test 
this hypothesis, we attempted to position Aurora-
B away from the inner centromere to a site more 
proximal to the kinetochore. Centromere target-

ing of  the CPC occurs through a Survivin-Borea-
lin/Dasra-B complex that assembles on the NH2-
terminus (amino acids 1-58) of  INCENP 13, 14. We 
replaced this NH2-terminal domain of  INCENP 
(amino acid 1-47, known to interact with Survivin 
13) by the centromere-targeting domain of  the cen-
tromere protein CENPB 15(Figure 1a; CENPB-
INCENP). We chose CENPB because it localises 
to the centromere at a position flanking the kineto-
chore-plate as compared to the inner centromeric 
localisation of  the CPC (reviewed in 16 and Figure 
1b). Additionally, the well-defined centromere-tar-
geting domain of  CENPB has previously been used 
to target proteins to the centromere 15. CENPB is 
non-essential for centromere function 16, and there-
fore expression of  the CENPB-INCENP hybrid 
is unlikely to disturb centromere assembly and 
integrity. This was confirmed in our experiments 
by expressing the CENPB DNA-binding domain 
(CENPB) alone as a control (see below). CENPB 
remains associated to the centromere throughout 
mitosis, unlike Survivin and Borealin/Dasra-B 
that transfer from centromere to central spindle in 
anaphase. Thus, by fusing INCENP to CENPB, 
we also created a situation in which INCENP and 
Aurora-B remained tethered to centromeres con-
stitutively throughout mitosis (Supp. Figure 1a). 
In control-transfected cells, Aurora-B was located 
at the inner centromere, and appeared as a single 
dot in between two CREST dots (Figure 1b and 
c). In CENPB-INCENP-transfected cells, Aurora-
B localisation overlapped with CREST and hence 
appeared as two separate dots (Figure 1b and c), 
showing that in these cells, Aurora-B is placed away 
from the inner-centromere and positioned closer 
to the kinetochore. This localisation also exactly 
overlapped with the localisation of  the CENPB-
INCENP protein (Figure 1b, see vsv-staining). 
In addition to this difference in localisation, cen-
tromeric levels of  Aurora-B were also affected by 
expression of  the hybrid. In control cells (both 
non-transfected and CENPB-transfected cells), 
centromeric Aurora-B levels on aligned chromo-
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Figure 1: (a) Schematic representation of  the CENPB-INCENP hybrid, consisting of  the DNA-binding domain 
of  CENPB (amino acids 1-158) fused to INCENP lacking amino acids 1-47. (b) U2OS cells grown on coverslips 
were transfected with indicated plasmids. Cells were synchronised using thymidine. Fourteen hours after thymidine 
release cells were fixed and stained for Aurora-B, vsv and CREST. DNA was stained with DAPI. Merges with CREST 
(Aurora-B; red, vsv; green and CREST; blue) and DNA (Aurora-B; red, vsv; green, and DNA; blue) are shown. Mag-
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are presented (c). White lines in inset indicate position were cross-sections were taken. (d) and (f) U2OS cells grown 
on coverslips were transfected with indicated plasmids. Cells were synchronised using thymidine. Cell were released 
from thymidine and treated with 25 μg/l Nocodazole to induce minor misalignments. Fourteen hours after thymidine 
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somes were significantly reduced as compared 
to the Aurora-B levels on centromeres of  chro-
mosomes that were non-aligned (Figure 1d-g), 
suggesting that a part of  the centromeric pool of  
Aurora-B becomes displaced upon bi-orientation. 
As expected, inter-kinetochore distance between 
aligned sister-kinetochores was shorter than 
between aligned sister-kinetochores (Supp. Fig-
ure 1b). This differential localisation pattern was 
also observed for Survivin and Borealin/Dasra-B 
and by using a second Aurora-B antibody (Supp. 
Figure 1c). In CENPB-INCENP expressing cells, 
high levels of  Aurora-B were retained on centro-
meres of  aligned chromosomes (Figure 1f and 
g). Taken together, CENPB-mediated centromere 
targeting of  INCENP and Aurora-B creates a situ-
ation in which high levels of  Aurora-B are retained 
on metaphase chromosomes in close proximity to 
the kinetochore.

CENPB-INCENP-mediated targeting 
results in functional Aurora-B kinase 
on the centromere

To evaluate the functionality of  the 
CENPB-INCENP protein, several experiments 
were performed in INCENP depleted cells. 
INCENP depletion by siRNA is characterised by 
severe alignment defects caused by a failure to 
correct non-bipolar attachments and a failure to 
localise and activate Aurora-B on centromeres 13, 

17 (Figure 2a). Expression of  the hybrid protein 
restored chromosome alignment in INCENP-
depleted cells (Figure 2a). Additionally, it was 
capable of  supporting in vivo Aurora-B kinase 
activity on centromeres since it was able to restore 
phosphorylation of  CENP-A, an endogenous 
centromere substrate of  Aurora-B 18, in INCENP-
depleted cells (Figure 2b). Finally, the CENPB-
INCENP-directed centromere localisation of  
Aurora-B was sufficient to sustain SAC signalling 

in response to lack of  tension (i.e. after paclitaxel-
treatment) that is impaired in INCENP-depleted 
cells  (Supp. Figure 2a). Additionally, expression 
of  the CENPB-INCENP hybrid restored cen-
tromeric localisation of  Aurora-B in Survivin or 
Borealin/Dasra-B depleted cells, whereas these 
two proteins are normally required to target 
INCENP/Aurora-B to centromeres (Figure 2c). 
Taken together, these data demonstrate that the 
CENPB-INCENP hybrid is able to recruit a func-
tional INCENP/Aurora-B complex to mitotic 
centromeres.

CENPB-dependent centromere locali-
sation of  INCENP and Aurora-B results 
in a prominent metaphase delay

Previously, a related CENPB-chicken 
INCENP hybrid was shown to perturb mitotic 
progression, but the nature and mechanism of  this 
disturbance remained unclear 19. Although able 
to restore chromosome alignment in an INCENP 
knockdown background (Figure 2a), expres-
sion of  the human hybrid at near endogenous 
INCENP levels (Figure 3a) caused a prominent 
accumulation of  mitotic cells in the presence or 
absence of  endogenous INCENP in both U2OS 
and HeLa cells (Figure 3b and c and Supp. Fig-
ure 2b and c). Compared to control-transfected 
cells, expression of  the fusion protein elicited an 
increase in the number of  cells in which all chro-
mosomes were congressed at the metaphase plate 
(48.9% ± 4.4 versus 33.8% ± 2.5 in control trans-
fected cells) and of  cells in which a 1 or 2 chromo-
somes were misaligned (11.4% ± 0.8 versus 6.8% 
± 0.2 in control transfected cells) (Figure 3d and 
e). Live imaging confirmed the observed delay in 
a metaphase-like state. The majority of  the cells 
(Figure 3g-cell#1 and i) showed a strong delay 
in metaphase (74.5 minutes (n=74) compared to 
8.1 minutes (n=64) for control transfected cells 

release cells were fixed and stained for Aurora-B (a-mouse) and CREST. Quantification of  Aurora-B/CREST ratios 
(± st. dev.) are shown in (e) and (g). See Material and Methods for more information on how Aurora-B/CREST ratios 
were determined. 
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Figure 2: (a) U2OS cells were grown on glass-bottom culture dishes and cotransfected with H2B–GFP and the 
indicated plasmids. Cells were synchronised, and were followed by time-lapse imaging starting 10 hours after release 
from a thymidine block. Time in lower right corner refers to the elapsed time (hours: minutes) from the time of  
Nuclear Envelope Breakdown (NEB). (b) U2OS cells grown on coverslips were transfected with indicated plasmids 
and H2B-GFP Cells were synchronised using thymidine. Fourteen hours after thymidine release, cells were fixed 
and immunostained with a phospho-CENP-A (serine-7) specific antibody and the phospho-CENP-A status was 
determined as positive or negative. The percentage (± SEM) of  transfected cells with centromeric phospho-CENP-A 
staining was quantified. (c) U2OS cells transfected with the indicated plasmids and H2B-GFP were grown on cover-
slips and synchronised using thymidine. Fourteen hours after thymidine release cells were fixed and immunostained 
with the indicated antibodies.
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(Figure 3f-h). In a subset of  these arrested cells 
(14.8%, n=74) chromosomes were detaching 
from the metaphase plate after complete align-
ment (Figure 3g-cell#2). This effect is most likely 
responsible for the increased percentage of  cells 
with 1 or 2 chromosome misalignments observed 
in the fixed samples (Figure 3d and e). Taken 
together, CENPB mediated tethering of  INCENP 
and Aurora-B to centromeres causes a prominent 
metaphase delay. 
Four lines of  evidence showed that Aurora-B kinase 
activity was responsible for this mitotic delay: (i) 
co-expression of  a dominant negative kinase-dead 
version of  Aurora-B (Aurora-B-KD 20) with the 
hybrid efficiently alleviated the mitotic accumula-
tion (Figure 4a), (ii) expression of  the CENPB-
INCENP hybrid containing a serine-895-alanine 
(S895A) mutation within its TSS-motif  (a motif  
that needs to be phosphorylated by Aurora-B to 
support full Aurora-B kinase activity 17, 21) did not 
induce a mitotic arrest (Figure 4b and c), (iii) addi-
tion of  an Aurora-B kinase inhibitor (ZM447439) 
9 to cells with constitutive centromeric Aurora-B 
overcame the accumulation of  mitotic cells (Supp. 
Fig 3a) and (iv) acute addition of  ZM447439 to 
metaphase cells efficiently caused these cells to 
enter anaphase (mean 12.3 ± 4.3 minutes after 
addition, n=10 (Figure 4d and e). In conclusion, 
alternative tethering of  INCENP and Aurora-B to 
centromeres elicited an Aurora-B kinase-depend-
ent accumulation of  mitotic cells in which the 
majority of  the cells display a delay in metaphase.

Sustained checkpoint activation upon 
CENPB-INCENP dependent centro-
mere targeting of  Aurora-B

Since the metaphase to anaphase 
transition is controlled by the spindle assembly 
checkpoint, this checkpoint could be responsi-
ble for the observed mitotic arrest upon expres-
sion of  CENPB-INCENP. To test this, the spin-
dle checkpoint proteins Mad2 and BubR1 were 
knocked-down by siRNA in CENPB-INCENP 

expressing cells. This caused an efficient allevia-
tion of  the mitotic arrest induced by expression of  
the CENPB-INCENP fusion protein (Figure 5a). 
Addition of  a small molecule Mps1-kinase inhibi-
tor (SP600125 22) also relieved the mitotic accumu-
lation (Figure 5b) and, importantly, acute addi-
tion of  SP600125 to metaphase cells efficiently 
caused these cells to rapidly commence anaphase 
(mean 8.7 ± 4.2 minutes after addition, n=29) 
(Figure 5c and d). The majority of  the arrested 
cells that entered anaphase upon addition of  the 
Mps1 inhibitor (88.9%, n=27) executed anaphase 
without obvious lagging chromosomes, indicating 
that all chromosomes in these cells were attached 
properly, allowing for faithful chromosome segre-
gation in anaphase. However, it should be noted 
that in cells eventually undergoing anaphase 
after an extended metaphase delay (for example 
see Figure 3f-cell#2), we did observe lagging 
chromosomes. These findings demonstrate that 
a major cause of  the observed metaphase delay 
upon expression of  CENPB-INCENP was due to 
a failure to silence the SAC.

Sustained microtubule destabilisation 
and retention of  BubR1/Bub1 in met-
aphase upon expression of  CENPB-
INCENP

Aurora-B controls centromeric micro-
tubule-destabilising activity that is responsible 
for correcting improper microtubule-kinetochore 
interactions, thereby allowing for new attempts 
of  attachments until bi-orientation is achieved. 
This process temporarily creates unattached kine-
tochores that re-activate the SAC 5. Additionally, 
Aurora-B activity can potentially control SAC func-
tion via kinetochore retention of  the spindle check-
point proteins BubR1 and Bub1 8-11. To assess why 
the SAC failed to be silenced in CENPB-INCENP 
expressing cells, we therefore investigated both the 
attachment status of  kinetochores and the localisa-
tion of  the spindle checkpoint proteins BubR1 and 
Bub1 in these cells. Since the spindle checkpoint 
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Figure 3: (a) U2OS cells were transfected with the indicated plasmids in combination with pBabe-Puro. Cells were 
selected for puromycin-resistance for thirty-six hours to enrich for transfected cells. Cells were lysed and analysed by 
immunoblotting with the indicated antibodies. Cdk4 was used as loading control. (b) U2OS and (c) HeLa cells were 
transfected with the indicated plasmids and GFP-Spectrin. Cells were synchronised using thymidine. Eighteen hours 
after thymidine release cells were harvested and mitotic percentages were determined by MPM-2 staining and FACS 
analysis. (d) and (e) U2OS cells grown on coverslips were transfected with indicated plasmids and H2B-GFP. Cells 
were synchronised using thymidine. Fourteen hours after thymidine release cells were fixed and percentages (± SEM) 
of  indicated mitotic figures (for examples see (d) (arrowheads indicate misaligned chromosomes) were counted. (f) 



�1

Aurora-B restriction upon bi-orientation

and (g) U2OS cells were grown on glass-bottom culture dishes and cotransfected with H2B–GFP and the indicated 
plasmids. Cells were synchronised, and were followed by time-lapse imaging starting 10 hours after release from a 
thymidine block. Time in lower right corner refers to the elapsed time (hours: minutes) from the time of  Nuclear 
Envelope Breakdown (NEB).: (f):Two representative control transfected cells undergoing mitosis. (g): two CENPB-
INCENP transfected cells undergoing mitosis. Cell#1 is a representative cell undergoing a prominent metaphase 
delay before entering anaphase. Cell#2 is an example of  cells in which after initial metaphase delay, a chromosome 
(arrowhead) transiently detached from the metaphase plate before the cell exits mitosis. (h) and (i) Cumulative fre-
quency plots of  Nuclear Envelope Breakdown (NEB)-alignment and NEB-anaphase onset times in cells expressing 
indicated plasmids and H2B-GFP, as determined from live-cell imaging.

protein Mad2 is recruited to unattached kineto-
chores and becomes undetectable at kinetochores 
upon microtubule attachment 2, we analysed 
Mad2-kinetochore localisation during metaphase 
upon CENPB-INCENP expression.  Although 
in 36.4% of  the control metaphase cells a subset 
of  metaphase-aligned kinetochores stained posi-
tive for Mad2, this percentage was increased to 
59.1% in metaphase-aligned cells after CENPB-
INCENP expression (Figure 6a and b). When 
the metaphase to anaphase transition was blocked 
via inhibition of  the proteasome by MG132, a dif-
ference was still present, but became smaller. In 
76.1% of  the CENPB-INCENP expressing cells 
that were treated with MG132 all kinetochores 
were negative for Mad2, compared to 83.3% of  
the control cells (Figure 6c and d). Analysis of  the 
kinetochore localisation of  CLIP-170, a protein 
that is displaced from kinetochores upon attach-
ment 23, 24, on metaphase congressed chromosomes 
showed a similar pattern: a slightly higher percent-
age of  CENPB-INCENP expressing cells con-
tained a subset of  CLIP-170-positive kinetochores  
(67.0% versus 55.8% of  the control cells) (Figure 
6e and f). Collectively, these results indicate that 
upon expression of  the hybrid, chromosomes 
can properly attach and align on the metaphase 
plate but more frequently become unattached. 
These Mad2/CLIP170-positive chromosomes 
most likely represent the chromosomes that we 
observed detaching from metaphase plates in our 
live imaging analysis (Figure 3g-cell#2). Taken 
as a whole, these findings show that during the 
metaphase delay of  CENPB-INCENP expressing 
cells an increased number of  kinetochores become 
unattached, causing re-recruitment of  Mad2.

Next, kinetochore localisation of  BubR1 and Bub1 
was examined. In prometaphase, Aurora-B con-
trols retention of  these checkpoint proteins at the 
kinetochore 8-11. Normally, BubR1 and Bub1 levels 
diminish from kinetochores that are attached to 
the mitotic spindle in a bipolar fashion and have 
congressed to the metaphase plate 2 (Figure �a-d). 
Strikingly, when Aurora-B was tethered to centro-
meres, Bub1 and BubR1 were not displaced from 
kinetochores of  congressed chromosomes (Fig-
ure �a-d) but instead were maintained at high 
levels on kinetochores of  metaphase congressed 
chromosomes.

Tension between sister-kinetochores is 
generated normally in CENPB-INCENP 
expressing cells

Because BubR1 and Bub1 kineto-
chore-levels normally remain high until proper 
bi-orientation occurs and hence tension has been 
generated 2, we investigated the generation of  
tension in cells expressing CENPB-INCENP. As 
sister-kinetochores become attached in a bipolar 
fashion, pulling forces generated by the mitotic 
spindle will spatially separate the paired kineto-
chores, creating an increased inter-kinetochore 
distance. This can thus be used as a measure for 
stable bipolar attachments. Interestingly, the dis-
tance between sister-kinetochores was similar on 
metaphase-aligned chromosomes in cells express-
ing CENPB-INCENP compared to control-trans-
fected cells (1.30 μM ± 0.26 versus 1.26 μM ± 
0.30 in control cells) (Figure �e), indicating that 
tension (and hence bipolarity) is created normally 
on kinetochores in CENP-B-INCENP expressing 
cells. Taken together, these results show that the 
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majority of  the microtubule-kinetochore interac-
tions that occur in CENPB-INCENP expressing 
cells are stable enough to produce the force that is 
required to generate tension. 

Discussion

It is clear that displacement of  certain 
checkpoint proteins (e.g. Mad2) from kinetochores 
that become attached contributes to silencing of  
the kinetochore-derived SAC-signal. However, 
other checkpoint proteins (e.g. Bub1 and BubR1) 
only leave kinetochores when bipolar attachment 
is achieved, and it is unclear what triggers displace-
ment of  these proteins 2.  Additionally, it is unclear 
how chromosomes that obtain bi-orientation can 

maintain these attachments for a prolonged time 
during metaphase. Aurora-B controls the destabi-
lisation of  microtubule-kinetochore interactions 
of  non-bipolar attachments. It would thus seem 
logical that Aurora-B action needs to be control-
led once a kinetochore pair has been properly 
attached to reduce the chance of  unwanted desta-
bilisation of  correct bipolar microtubule-kineto-
chore interactions. Additionally, reducing Aurora-
B activity on bi-orientated chromosomes could 
trigger silencing of  the spindle checkpoint signal 
on these kinetochores. A proposed model suggests 
that upon bi-orientation, microtubule-driven 
forces working on the kinetochores pull the sister-
kinetochores away from the chromosomal passen-
ger complex at the centromere, thereby spatially 
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Figure 4: (a) and (b) U2OS cells were transfected with the indicated plasmids and GFP-Spectrin. Cells were syn-
chronised using thymidine. Eighteen hours after thymidine release cells were harvested and mitotic percentages were 
determined by MPM-2 staining and FACS analysis. Western blot analysis of  experiment (b) is shown in (c), Actin was 
used as loading control. Representative experiments for at least three independent experiments are shown. (d) and (e) 
U2OS cells were grown on glass-bottom culture dishes and cotransfected with H2B–GFP and vsv-CENPB-INCENP. 
Metaphase cells were randomly selected and chromosome behaviour was analyzed by live imaging. DMSO or 2 μM 
ZM447439 was added to the medium. Time in lower right corner refers to the elapsed time (hours: minutes) after 
addition of  the compound. (e) The percentage (± st. dev) of  metaphase arrested cells that initiated anaphase within 
25 minutes after compound addition was scored.
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Figure 5: (a) U2OS cells were transfected with the indicated plasmids and GFP-Spectrin. Cells were synchronised 
using thymidine. Eighteen hours after thymidine release cells were harvested and mitotic percentages were deter-
mined by MPM-2 staining and FACS analysis. (b) Similar to (a), with the exception that cells were treated with DMSO 
or 10 μM SP600125 upon thymidine release and harvested for FACS-analysis eighteen hours later. Mitotic percent-
ages were determined by MPM-2 staining. Representative experiments for at least three independent experiments 
are shown. (c) and (d) U2OS cells were grown on glass-bottom culture dishes and cotransfected with H2B–GFP and 
vsv-CENPB-INCENP. Metaphase cells were randomly selected, and chromosome behaviour was analyzed by live 
imaging. DMSO or 10 μM SP600125 was added to the medium. Time in lower right corner refers to the elapsed 
time (hours: minutes) after addition of  the compound. (e) The percentage (± st. dev) of  metaphase arrested cells that 
initiated anaphase within 25 minutes after compound addition was scored.

restricting Aurora-B substrate availability 6, 12. Our 
data both lend support for and extend this model. 
First, we find that placing Aurora-B to a position 
closer to the kinetochore as compared to its wild-
type inner centromeric localisation interferes with 
mitotic progression. Our data suggest that prevent-
ing Aurora-B to become separated from its kine-
tochore substrates keeps bi-oriented chromosomes 
in a state with high microtubule-destabilisation 
activity and an active spindle checkpoint. Second, 
we find that the centromeric levels of  Aurora-B are 
reduced upon alignment, suggesting an additional 
mechanism that contributes to the reduction of  
Aurora-B activity towards kinetochore substrates 
on bipolar chromosomes. We propose that this 
displacement cooperates with spatial separation 
to ensure restriction of  Aurora-B upon bi-orienta-

tion. It is important to note that the mechanism 
behind this displacement must be fundamentally 
different from the mechanism behind Aurora-B re-
localisation during anaphase, when the Aurora-B 
transfers to microtubules of  the central spindle 25. 
This re-localisation depends on Cyclin-B degrada-
tion 26-28, an event that is downstream of  the SAC.  
The Aurora-B displacement we observe occurs 
when the SAC is still active, and thus in a situation 
where Cyclin-B is not yet degraded. The centro-
meric levels of  the targeting subunits of  the CPC, 
Survivin and Borealin/Dasra-B, are also reduced 
upon bipolar attachments. Combined with the 
fact that post-translational modifications (ubiquiti-
nation and phosphorylation) of  Survivin affect its 
affinity for the centromere 29, 30, this suggests that 
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Figure 6: (a) U2OS cells grown on coverslips were transfected with indicated plasmids and H2B-GFP. Cells were 
synchronised using thymidine. Fourteen hours after thymidine release cells were fixed and stained for Mad2 and 
CENP-A. In transfected cells, the presence or absence of  Mad2-positive kinetochores within the metaphase plate was 
scored on visually selected metaphases (i.e. with all chromosomes aligned at the cell equator). Typical examples (arrow-
heads indicate Mad2-positive kinetochores) and a prometaphase cell (upper panel) are shown. Percentages of  different 
situations are shown in (b). (c) Experiment similar to (a), with the exception that three hours prior to fixation, the 
proteasome inhibitor MG132 was added to the cells. Arrowheads indicate Mad2-positive kinetochores. Percentages 
of  different situations are shown in (d). (e) U2OS cells grown on coverslips were transfected with indicated plasmids 
and H2B-GFP. Cells were synchronised using thymidine. Fourteen hours after thymidine release cells were fixed and 
stained for CLIP-170 and CENP-A. In transfected cells, the presence or absence of  CLIP-170-positive kinetochores 
within the metaphase plate was scored on visually selected metaphases (i.e. with all chromosomes aligned at the cell 
equator). Typical examples (arrowheads indicate CLIP-170-positive kinetochores) and a prometaphase cell (upper 
panel) are shown. Percentages of  different situations are shown in (f)
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Figure �: (a-d) U2OS cells grown on coverslips were transfected with indicated plasmids and H2B-GFP. Cells were 
synchronised using thymidine. Fourteen hours after thymidine release cells were fixed and stained for BubR1 and 
CENP-A (a,b) or for Bub1 and CENP-A (c,d). Typical examples of  prometaphase (upper panel) and metaphase cells 
(lower panel) are shown. (b-d) Percentages (± SEM) of  different BubR1 stainings in prometaphase and metaphase 
cells were determined. (e) U2OS cells grown on coverslips were transfected with indicated plasmids and H2B-GFP. 
Cells were synchronised using thymidine. Fourteen hours after thymidine release cells were fixed and stained for 
CENP-A. Prophase, prometaphase and metaphase cells were visually selected. Inter-kinetochore distances (± st. 
dev) were determined. See Material and Methods for more detail on how inter-kinetochore distances of  kinetochore 
pairs were determined.
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Aurora-B displacement is most likely regulated at 
the level of  Survivin and Borealin/Dasra-B.
We find that cells expressing CENPB-INCENP 
are severely delayed in metaphase in an Aurora-B 
kinase-dependent fashion. Our data suggest that 
the cause of  this spindle checkpoint-dependent 
metaphase arrest is two-fold. First, chromosomes 
that become aligned at the metaphase plate more 
frequently become unattached, as evidenced by 
Mad2- and CLIP-170-positivity and by live cell 
imaging, indicating undesired sustained microtu-
bule destabilisation during metaphase. It is likely 
that these unattached kinetochores are created 
through the continued phosphorylation of  micro-
tubule capture and destabilisation factors like 
Ndc80/Hec1 and MCAK by Aurora-B 31-33. Sec-
ond, the spindle checkpoint proteins BubR1 and 
Bub1 fail to become displaced from aligned chro-
mosomes, providing additional evidence for direct 
control of  BubR1/Bub1 kinetochore localisation 
by Aurora-B, irrespective of  kinetochore-attach-
ment status. Aurora-B inhibition causes premature 
displacement of  BubR1 from kinetochores, even 
in the absence of  microtubules upon nocodazole 
treatment 8-11. Here, we show the reverse effect: 
maintaining high centromere levels of  Aurora-B 
prevents displacement of  BubR1 (and Bub1) from 
properly aligned metaphase kinetochores. Impor-
tantly, the amount of  tension between these sister-
kinetochores is normal, suggesting that the micro-
tubule-kinetochore interactions that occur are 
strong enough to exert the force needed to create 
tension. BubR1 is hyper-phosphorylated in mitosis, 
which was shown to correlate with BubR1 kinase 
activity 34. Inhibition of  Aurora-B kinase activity 
prevents complete BubR1-phosphorylation in 
nocodazole-treated mitotic cells 9, implying a role 
for Aurora-B in influencing BubR1-phosphoryla-
tion state, potentially trough regulation of  BubR1 
kinase activity. At present, it is unclear what the 
relation of  this effect is to BubR1-kinetochore 
retention. Interestingly, Mad3 (the budding yeast 
BubR1-homologue) is phosphorylated by Ipl1 (the 

budding yeast Aurora-B-homologue), and this was 
recently shown to be required for SAC-function 35. 
We so far failed to detect direct phosphorylation of  
BubR1 by Aurora-B in vitro (our unpublished data), 
suggesting that BubR1-kinetochore function (and 
potentially phosphorylation-status) by Aurora-B 
may be controlled differently in human cells.
Taken as a whole, our findings lead us to conclude 
that both spatial separation and displacement of  
the kinase result in restriction of  Aurora-B activ-
ity upon bi-orientation, which is a key event that 
couples the maintenance of  stable attachment and 
silencing of  the SAC in metaphase. This will allow 
sister-kinetochores obtaining bi-polar attachment 
to switch from a “prometaphase-like” state with 
high microtubule-destabilising activity and active 
checkpoint signalling to a stable “metaphase-like” 
state, which will eventually result in the initiation 
of  anaphase.

Materials and Methods

Antibodies and reagents
 The following antibodies were used: rab-
bit a-INCENP (Sigma), rabbit a-Borealin (gift of  
S. Wheatley), mouse a-Aurora-B (Transduction), 
rabbit a-Aurora-B (Abcam), mouse a-vsv (Sigma) 
and mouse a-actin (Sigma), rabbit a-Cdk4 (Santa 
Cruz), sheep a-Bub1, sheep a-BubR1 (both gifts 
of  S. Taylor), rabbit a-Mad2 (Bethyl), rabbit a-
CLIP-170 (gift of  Dr. N. Galjart), mouse a-CENP-
A (Upstate), rabbit a-phospho-Ser7-CENP-A 
(Upstate) and mouse a-MPM-2 (Upstate), CREST 
antiserum (Cortex Biochem), peroxidase-conju-
gated goat-a rabbit and peroxidase-conjugated 
goat-a mouse (Dako) and donkey-a mouse/Cy5 
(Jackson), Goat-a rabbit/Alexa-568, goat-a rab-
bit/Alexa-633, goat-a mouse/Alexa-568 and 
donkey-a sheep/Alexa-568 (Molecular Probes) 
Reagents were from Sigma unless stated other-
wise.
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Plasmids
 Survivin, Borealin, INCENP, BubR1 
and Mad2 siRNA vectors were described 11, 13 For 
the CENPB-INCENP hybrid, full length human 
siRNA-resistant INCENP 13 was digested with 
EcoRI/XhoI to generate INCENP47-920. This 
fragment was cloned into pCR3 containing a 
N-terminal VSV-tag.  The centromeric DNA-
binding domain of  CENPB (amino acids 1-158 
15) was PCR amplified from pGAdGH-CENPB 
(kind gift of  H. Masumoto) and ligated in front of  
INCENP47-920. For vsv-CENPB, this domain was 
cloned in to pCR3 containing a N-terminal VSV-
tag. Aurora-B cDNA was amplified form a T-cell 
cDNA-library and cloned into pCR3 containing 
an NH2-terminal VSV-tag. An Aurora-B kinase 
dead mutant (K109R 20) was generated using site-
directed mutagenesis (Stratagene) with appropri-
ate primers. Histone H2B-GFP and Spectrin-GFP 
have been described 11, 36.

Cell culture, transfection and treat-
ment
 Human U2OS and HeLa cells were 
cultured and synchronised as described 11. U2OS 
cells were transfected with the standard calcium-
phosphate protocol, HeLa cells were transfected 
with Fugene (Roche) according to the protocol sup-
plied by the manufacturer. SP100625 (in DMSO) 
was from BioMol and ZM447439 (in DMSO) 
was from AstraZeneca. Spectrin-GFP was used 
as transfection marker in flow cytometric assays. 
H2B-GFP was used as transfection marker in 
immunofluorescence/live imaging assays. pBabe-
Puro was used as resistance marker in biochemical 
assays. 

Flow cytometry and time-lapse micro-
scopy
 Percentage of  mitotic cells (MPM-2 
positivity) and cell cycle distribution (DNA was 
stained with propidiumiodide (PI)) of  Spectrin-
GFP positive cells was determined by flow cytom-

etry as described 37. In each experiment 2500 GFP-
positive cells were analysed. Cells were analysed 
on a FACScan flowcytometer (Becton Dickinson) 
and data was processed using CellQuest software. 
H2B-GFP expressing cells were followed by time-
lapse microscopy as described 11. 

Immunoblotting and immunofluores-
cence
 Immunoblotting was performed as 
described 37. Immunofluorescence was essentially 
performed as described 11. Images were acquired 
using a Zeiss Meta confocal microscope with a 
63X 1.3 N.A. objective. For Aurora-B/CREST 
ratio calculations, images with multiple Z-planes 
were taken. For each plane in a Z-stack, CREST 
staining was used to define kinetochore/centro-
mere regions and CREST intensity was used as 
constant reference for the kinetochore/centro-
mere signal. The average CREST staining was 
similar on aligned and unaligned chromosomes. 
Background fluorescence from regions within the 
cell devoid of  kinetochores was subtracted.
For inter-kinetochore distance measurements, 
cells were stained with CENP-A, and images with 
multiple z-planes were captured at intervals of  
0.25 μm. The center-to-center distance between 
paired CENP-A signals that fell within the same 
focal planes were obtained by using Zeiss LSM 
Meta 510 software. On average 75 CENP-A pairs 
in a total of  10 cells were acquired per condition.
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Supplementary Figure 1: (a) U2OS 
cells grown on coverslips were transfected 
with indicated plasmids in combination 
with H2B-GFP. Cells were synchronised 
using thymidine. Fourteen hours after thy-
midine release cells were fixed and stained 
for Aurora-B and vsv. DNA was stained 
with DAPI. Arrowheads indicate residual 
localization of  Aurora-B to the central 
spindle during anaphase. (b) U2OS cells 
grown on coverslips and were synchro-
nised using thymidine. Cell were released 
from thymidine and treated with 25 μg/l 
Nocodazole to induce minor misalign-
ments. Fourteen hours after thymidine 

release cells were fixed and stained for CENP-A. Non-aligned chromosomes (see arrowheads) were defined as 
chromosomes clearly outside a metaphase plate. Aligned chromosomes were defined as chromosomes within a 
metaphase plate. Inter-kinetochore distances (± st. dev) were determined. See Material and Methods for more detail 
on how inter-kinetochore distances of  kinetochore pairs were determined. (c) U2OS cells were grown on coverslips 
and were synchronised using thymidine. Cells were released from thymidine and treated with 25 μg/l Nocodazole 
to induce minor misalignments. Fourteen hours after thymidine release cells were fixed and stained for Aurora-B 
(a-rabbit) and CENP-A (upper panel), Borealin and CENP-A (middle panel), and Survivin and CENP-A (lower 
panel). 
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Supplementary Figure 3: (a) U2OS cells were transfected with the indicated plasmid 
and GFP-Spectrin. Cells were synchronised using thymidine. DMSO or ZM447439 (2 μM) 
was added upon release from the thymidine block and eighteen hours after thymidine re-
lease cells were harvested and mitotic percentages were determined by MPM-2 staining and 
FACS analysis.

Supplementary Figure 2:(a)-(c) U2OS cells were 
transfected with the indicated plasmids and GFP-Spec-
trin. Cells were synchronised using thymidine. Cells 
were released from the thymidine block and eighteen 
hours after thymidine release cells were harvested and 
mitotic percentages were determined by MPM-2 stain-
ing and FACS analysis. (a) Taxol was added to half  of  
the samples upon release from the thymidine block.
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After the initial description of  the strik-
ing and dynamic localization pattern of  the chro-
mosomal passenger proteins 1, the function of  this 
protein complex during mitosis has been intimately 
linked with its localization at specific structures 
throughout the mitotic cell. Early in mitosis, the 
Chromosomal Passenger Complex (CPC) local-
ises to the chromosome arms, where it controls 
mitotic chromosome structure and organization. 
Concentration at the centromeres during promet-
aphase reflects its essential function in between the 
paired kinetochores to control and regulate proper 
microtubule-kinetochore interactions. Relocalisa-
tion of  the CPC to the central spindle and the 
equatorial cell cortex during anaphase is essential 
for the proper positioning and function of  the con-
tractile ring that ensures cytoplasmic division. Evi-
dently, proper localisation of  the CPC at the right 
time is essential for a faithful execution of  mitosis. 
However, at the onset of  the studies described in 
this thesis, the underlying mechanisms that control 
CPC localisation were poorly understood.

Regulation of  Aurora-B localization by 
CPC members

In Chapter 2, we identify an important 
function for Survivin within the CPC in regulat-
ing proper localisation throughout mitosis. Pre-
vious work indicated that the NH2-terminus of  
INCENP was essential for localisation of  the CPC 
2-4, but it was completely unclear what function 
Survivin played within the CPC. We could show 
that Survivin binds to the NH2-terminal region 
of  INCENP (amino acids 1-47) and as such plays 
an important part in targeting the CPC. Fus-
ing Survivin to INCENP lacking its NH2-termi-
nus (amino acids 1-47) was sufficient to create a 
functional CPC in mitosis, even upon depletion 
of  Borealin, suggesting that Survivin harbours 
essential binding interfaces with CPC-receptors at 
the centromere and central spindle (Chapter 2). 
Within the CPC, Borealin seems to enhance the 
interaction of  Survivin with INCENP (Chapter 

2 and 5. However, centromeric and central spindle 
localisation of  the CPC in a Borealin-independ-
ent manner was less efficient as compared to the 
localization of  the wild-type complex, indicating 
that most likely also Borealin (besides its role in 
promoting Survivin-INCENP binding) directly 
interacts with CPC-receptors (Chapter 2). Bore-
alin also binds to the NH2-terminal region of  
INCENP (although interaction of  Borealin with 
INCENP has been mapped to amino-acids 1-58 
whereas Survivin binds to amino-acids 1-47 in 
INCENP 6 and Chapter 2). Additionally, Borea-
lin also directly binds to Survivin 6, 7. A separate 
study concluded that a complex between Survivin 
and Borealin assembled on the NH2-terminus 
of  INCENP (amino acids 1-58) functions as the 
CPC targeting module 6. Thus, Borealin and 
Survivin could function in a cooperative manner 
to efficiently target the whole CPC to different 
structures. Possibly Borealin and Survivin cooper-
ate by both binding to the same single receptors-
molecule (at different residues), or alternatively, 
they could act in parallel through interaction with 
different receptors at the same location. Until 
now no Borealin orthologue has been identified 
in budding or fission yeast, and intriguingly, the 
Survivin protein in these organisms is much larger 
than its metazoan counterparts, suggesting that it 
might contain all the binding interfaces needed for 
efficient CPC targeting. Recently, the structure of  
a trimeric complex of  (a part of) human Borea-
lin, Survivin and the NH2-terminus of  INCENP 
(amino acids 1-58) that directs anaphase central 
spindle localisation has been solved (Dr. E. Conti, 
personal communication). This structure indeed 
implied several surface residues in both Survivin 
and Borealin as potential sites through which the 
CPC interacts with receptors. In vivo experiments 
showed that this CPC-subcomplex was able to 
localise to the central spindle during anaphase 
but not to the centromeres during (pro)metaphase, 
suggesting that structural changes within this com-
plex could possibly dictate either centromeric or 
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central spindle localisation. Alternatively, since the 
complex that was used in this study was assembled 
with a partial Borealin protein (amino acids 10-
109), the wild-type Borealin potentially contains 
additional targeting residues required for efficient 
centromeric targeting of  the CPC. Furthermore, 
the first 58 amino acids (and not the first 47 amino 
acids) of  INCENP contain a part of  a conserved 
domain that has been described to specifically 
direct anaphase central spindle (but not centro-
mere) localisation 4, potentially trough interaction 
with a-tubulin 8, indicating the presence of  addi-
tional factors within this complex determining 
anaphase localisation.

CPC-receptors on centromeres and the 
central spindle 

Recently, the fission yeast centromeric 
Shugoshin-protein Sgo2 was shown to be required 
for proper centromeric localization of  the CPC 9, 

10. Together with the fact that Sgo2 and the CPC 
overlap on the centromere, this finding made Sgo2 
a good candidate for a centromeric CPC-recep-
tor. However, it remains uncertain how direct this 
dependency is, since one study reported a direct 
interaction between fission yeast Survivin (Cut17p) 
and Sgo2 10, whereas another failed to do detect 
such an interaction 9. Furthermore, human Sgo2 
(also known as Tripin) seems to differ significantly 
from its fission yeast orthologue. Centromere 
localization of  human Sgo2 depends on CPC 
function and not vice versa 11. This indicates that 
in human cells, Sgo2 rather functions downstream 
of  the CPC at the centromere instead of  upstream, 
as was shown for Sgo2 in fission yeast. Another 
candidate for a centromeric CPC receptor comes 
from studies in budding yeast. The budding yeast 
CBF3 complex is a core centromeric complex 
(consisting of  Cep3, Ctf13, Skp1 and Ndc10) 12, 
and within CBF3, Ndc10 was found to directly 
interact with the yeast Survivin orthologue (Bir1) 
13. This interaction is required for anaphase locali-
sation of  Bir1p 14, and was recently shown to link 

the CPC to centromeric DNA in vitro 15. However, 
a recent analysis that compared centromere/kine-
tochore composition and conservation in several 
different species suggested that the CBF3 complex 
is only present in organisms containing simple 
and short centromeric DNA (like budding yeast), 
whereas kinetochores in organisms containing 
complex underlying centromeric DNA sequences 
(like humans) seem to lack the CBF3 complex 16. 
These findings cast doubt on a potential conserved 
centromeric targeting mechanism of  the CPC via 
CBF3 complexes. Additionally, the spindle assem-
bly checkpoint kinase Bub1 has a clear effect on 
CPC localisation and inner centromere assembly 
17, but because the chromosomal localisations of  
Bub1 (on kinetochores) and the CPC (in between 
kinetochores on the centromere) do not overlap, it 
is more likely that Bub1 controls CPC localisation 
indirectly. Also, Survivin interacts with the nuclear 
export receptor Crm1 via its conserved leucine-
rich nuclear export signal 18. Disruption of  the 
Survivin/Crm1 interaction influences proper cen-
tromeric CPC localisation, but because (similarly 
to Bub1) Crm1 localises to kinetochores instead 
of  centromeres 19, a direct receptor role for Crm1 
is improbable. Moreover, chemical inhibition of  
Crm1 function by Leptomycin B only impairs cen-
tromeric localisation of  the CPC upon prolonged 
treatment 18, 20, again suggesting that Crm1 is con-
tributing to CPC localisation indirectly. Finally, 
the Cohesin complex and HP-1 show localization 
patterns similar to the CPC at the centromere, 
making these proteins potential centromeric CPC 
receptors. Disruption of  the Cohesin subunit Scc1/
Rad21 disrupted normal centromeric localisation 
of  INCENP, and this effect occurred independ-
ently of  loss of  sister chromatid cohesion 21, raising 
the possibility that Cohesin functions directly in 
controlling centromere localization of  the CPC. 
HP-1 interacts directly with INCENP (in a region 
outside its Survivin/Borealin-binding region), 
but disruption of  this interaction did not impair 
centromeric localization of  INCENP (4 and our 
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unpublished observations). Taken together, it is 
still largely unclear how the CPC is recruited to 
the centromeres during prometaphase in human 
cells, and identifying centromere-specific inter-
actors of  Survivin and Borealin should provide 
more insight into this issue. The targeting of  the 
CPC to the anaphase central spindle and cortex 
likely involves complex interactions of  different 
CPC-members (i.e. INCENP and Aurora-B) with 
several receptors, and our current understanding 
of  these mechanisms is extensively reviewed in 
Chapter 3. We do know that Survivin (together 
with Borealin and the NH2-terminus of  INCENP) 
is required for proper anaphase relocalisation of  
the CPC (Chapter 2 and 6). Again, identifying 
additional specific interactors of  these proteins 
during anaphase will be required to increase our 
understanding of  this process.

Control of  the spindle assembly check-
point by the CPC

Disruption of  CPC function clearly dis-
rupts spindle assembly checkpoint (SAC) function, 
and a major role for the CPC in controlling the 
SAC is linked with its ability to generate unat-
tached kinetochores in response to defective attach-
ments. In Chapter 4, we provide evidence for 
the notion that the CPC also controls checkpoint 
function independently of  its well-established role 
in destabilization of  non-bipolar attachments. By 
removing the coiled-coil domain in INCENP, we 
could show that whereas the correction of  non-
bipolar attachment is normal, a CPC containing 
a coiled-coil-less INCENP mutant was incapable 
of  supporting checkpoint function. This defect 
was particularly apparent when cells were treated 
with the microtubule-stabilising drug Taxol. Nor-
mally, Taxol treatment results in a mitotic arrest 
that is characterised by the lack of  tension on all 
sister chromatids, and by the presence of  a limited 
number of  unattached kinetochores 22. We now 
show that these unattached kinetochores are cre-
ated under the influence of  CPC function (Chap-

ter 4). In cells containing a CPC lacking the coiled-
coil domain in INCENP unattached kinetochores 
(that recruit spindle assembly checkpoint proteins 
like Mad1 and Mad2) can be created in Taxol, 
but the checkpoint arrest in Taxol is completely 
disrupted (Chapter 4). Thus, the CPC influences 
checkpoint function also in an alternative fashion, 
besides its role in creating unattached kineto-
chores. The coiled-coil domain in INCENP is also 
required for an effective checkpoint response when 
all kinetochores are unattached (i.e. after Nocoda-
zole treatment), further strengthening the idea of  
microtubule-independent effects of  the CPC on 
checkpoint function. Since Aurora-B activity is 
also required for an efficient nocodazole-induced 
arrest 23, 24, this makes it compelling to speculate 
that the coiled-coil domain in INCENP works 
through controlling a certain aspect of  Aurora-B 
function and is required to somehow translate the 
lack of  proper attachments into the generation of  
a checkpoint-signal. We suggest that the CPC is 
involved in the amplification of  the checkpoint 
signal, and thereby ensures that the checkpoint 
response is robust in the case of  a limited number 
of  unattached kinetochores. What might be the 
downstream targets of  the CPC (and Aurora-B 
activity) in this aspect? Good candidates are the 
Bub1 and BubR1 checkpoint kinases. The kine-
tochore localization of  both kinases requires CPC 
function (and Aurora-B activity) 23-26. Addition-
ally, the mitotic phosphorylation-status of  BubR1 
depends on Aurora-B activity 23, and full BubR1 
kinase activity is possibly also dependent on Aurora-
B (our unpublished observations). It is at present 
unclear how important kinetochore-recruitment 
of  Bub1/BubR1 is for proper checkpoint function, 
and how Aurora-B controls localization of  BubR1 
and Bub1. Besides functioning in the checkpoint, 
BubR1 and Bub1 have other duties at the kine-
tochore (i.e. in regulating microtubule attachment 
27 and sister chromatid cohesion 28, 29). Therefore, 
Aurora-B-dependent kinetochore localisation of  
BubR1/Bub1 could be a reflection of  these func-
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tions rather than of  their roles in checkpoint con-
trol. Bub1 has been shown to play an enzymatic 
role in the checkpoint through direct regulation of  
Cdc20 30 and it would be interesting to investigate 
whether this Bub1-dependent effect on Cdc20 
is impaired upon Aurora-B inhibition. In bud-
ding yeast, phosphorylation of  Mad3 (the BubR1 
orthologue) by Ipl1 (the Aurora-B orthologue) 
plays a role in checkpoint control 31. However, thus 
far, we have failed to find evidence for a direct con-
nection between BubR1 and Aurora-B in human 
cells (Chapter 4 and unpublished observations). 
Therefore, it seems likely that BubR1 function is 
controlled by Aurora-B in a more complex fash-
ion in metazoans. Alternatively, the CPC (and 
Aurora-B) might control checkpoint function 
independently of  BubR1/Bub1 function, possibly 
through direct modification of  the checkpoint tar-
get Cdc20, APC/C subunits or one of  the other 
checkpoint components.

Tension versus attachment
It is clear that unattached kinetochores 

function as potent activators of  the checkpoint, but 
it is still a matter of  debate whether the mere lack 
of  tension (thus without the presence of  unattach-
ments) is also capable of  activating the checkpoint 
(i.e. whether there exists a “tension-only”-check-
point). Classical experiments in budding yeast 
showed that the presence of  unreplicated chro-
matids (that cannot generate tension because they 
lack a sister chromatid) caused a SAC-dependent 
arrest in mitosis 32, 33. These studies suggested the 
presence of  a tension-specific checkpoint branch, 
but an inherent problem interpreting these find-
ings is that attachments that do not generate ten-
sion are intrinsically unstable 34, 35 (presumably due 
to the microtubule-destabilising activity of  Aurora-
B) and it is therefore very difficult to unequivocally 
prove a tension-specific checkpoint signal (and a 
role for Aurora-B herein). Another study in which 
mammalian cells were cultured at low temperatures 
showed that these cells arrested in metaphase 22. 

In these metaphase arrested cells, all kinetochores 
were attached to the spindle but experienced less 
tension generated by the mitotic spindle, provid-
ing the strongest evidence so far that suggests the 
presence of  a “tension-only”-checkpoint in mam-
malian cells 22. Clearly, the question whether the 
absence of  tension functions as a direct activator 
of  the checkpoint is a very important conceptual 
one that deserves additional investigation. To fur-
ther test whether solely the lack of  tension can trig-
ger the checkpoint, a situation should be created 
in which tension-lacking microtubule-kinetochore 
interactions exist that cannot be destabilised by 
Aurora-B. A possible approach to achieve this 
would be to prevent phosphorylation of  microtu-
bule-capture and destabilising factors (i.e. Ndc80/
Hec1, Dam1 and MCAK) that are controlled by 
Aurora-B (see Chapter 1), thereby artificially 
stabilising (defective) attachments. Upon com-
bination of  such mutations with a situation that 
prevents the build-up of  tension (e.g. by generat-
ing single individual chromatids through Cdc6 or 
Cohesin mutants or by Taxol treatment), such an 
experimental setup should be capable of  putting 
to the test the presence or absence of  a direct ten-
sion-specific checkpoint branch. Obviously, gen-
erating such a situation in human cells is a tech-
nically challenging endeavour, also because so far 
no Dam1 complexes have been identified outside 
budding yeast. However, since antibody-induced 
stabilisation of  the Ndc80/Hec1-microtubule 
interaction was shown to generate extremely 
stable microtubule-kinetochore interactions 36, 
merely mutating Aurora-B phosphorylations on 
Ndc80/Hec1 might suffice to prevent the creation 
of  unattachments in response to a lack of  tension. 
Additionally, it will be important to understand the 
mechanisms behind BubR1 kinetochore recruit-
ment in response to lack of  tension, and to get an 
idea whether (similar to what occurs with Mad2 
on unattached kinetochores) BubR1 is modified 
specifically on these kinetochores to function as a 
potent APCCdc20 inhibitor in the cytoplasm. Com-
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bined, such studies should provide more insight 
into the potential presence of  and molecular 
workings of  tension-specific checkpoint signals 
and their dependency on Aurora-B activity.

Reduction of  Aurora-B activity upon bi-
orientation

Upon bi-orientation, the spindle assem-
bly checkpoint signal needs to be silenced and 
microtubule-kinetochore interactions stabilised. 
When bi-orientation occurs, microtubule-based 
forces pull the kinetochores away from the under-
lying inner centromeric region of  the chroma-
tids, thereby increasing the distance between the 
inner centromere and the kinetochores. The inner 
centromeric localization of  the CPC led to the 
hypothesis that the spatial separation between the 
CPC and the kinetochores that take places upon 
bi-orientation is a regulatory mechanism by which 
Aurora-B action is controlled 37-39(Figure 1). Fol-
lowing this model, kinetochores that experience 
tension will have reduced checkpoint and micro-
tubule-destabilizing signals. In Chapter 5, we 
provide evidence for such a mechanism by show-
ing that tethering of  INCENP and Aurora-B to a 
position close to the kinetochore causes a delay in 
a metaphase-like state. This delay is characterized 
by sustained spindle checkpoint signalling and 
microtubule destabilization upon bi-orientation 
that presumably causes frequent displacement of  
chromosomes form the metaphase plate, indicat-
ing that preventing spatial separation between the 
CPC and the kinetochore prevents the restric-
tion of  Aurora-B activity. Besides spatial separa-
tion, also regulation of  Aurora-B levels on kine-
tochores appears to be an important mechanism 
that ensures reduction of  Aurora-B activity upon 
bi-orientation (Figure 1). At present, it has been 
difficult to judge the exact contribution of  these 
two defects to the observed mitotic delay, and it 
will be important to separate these two different 
effects (e.g. by generating mutants through which 
higher levels of  Aurora-B are maintained on its 

endogenous inner centromeric location). In yeast, 
a protein phosphatase 1 (Glc7) has been shown to 
counteract Aurora-B activity on the kinetochore 
40-43, and a kinetochore-associated phosphatase 
(PP1g) has been identified in human cells 44. It 
would be interesting to test the requirement of  this 
(and/or other) phosphatase(s) in spindle assem-
bly checkpoint silencing through counteracting 
Aurora-B function. 

Aurora-B independent roles for the 
other CPC proteins? 

Inhibition of  the other CPC proteins 
leads to similar phenotypes as observed after 
chemical inhibition of  Aurora-B kinase, suggest-
ing that a major function of  the CPC proteins is 
to enable Aurora-B function. Since the mitotic 
defects caused by Aurora-B inhibition are so 
pleiotropic it has been difficult to address the 
existence of  additional (Aurora-B independent) 
functions for the other CPC subunits. Nonethe-
less, some data hint towards the presence of  differ-
ent CPC sub-complexes and specific functions for 
the different subunits. Depletion of  Borealin from 
human cells was shown to impair proper bipolar 
spindle formation in human cells 7, whereas such 
defects have not been described upon depletion 
of  Survivin, INCENP or Aurora-B 23-26, 45. It will 
be interesting to investigate whether this spindle 
phenotype is related to the described role for the 
CPC in spindle assembly in Xenopus cell extracts 
and human cells 46, 47, or whether this is a sepa-
rate Borealin-specific function. Human cells con-
tain, besides a quaternary complex (consisting of  
Survivin, Borealin, INCENP and Aurora-B), a 
heterodimeric INCENP/Aurora-B complex that 
was suggested to phosphorylate Histone H3 7. It 
has been shown that in budding yeast, Bir1 (Sur-
vivin) and Sli115 (INCENP) can interact with the 
centromere and microtubules in a dimeric com-
plex independently of  Aurora-B 15.  Interestingly, 
the microtubule interaction occurred within the 
coiled-coil domain of  Sli15, the same domain we 
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identified in INCENP as being critical for check-
point function of  the CPC (Chapter 4), sug-
gesting that this function could be an Aurora-B 
independent function. However, although these 
findings indicate that the presence and activity 
of  Aurora-B is not required for these interactions, 
they do not address whether these proteins actu-
ally function independently of  Aurora-B in vivo. 
A recent study biochemically identified the pres-
ence of  several different CPC complexes in bud-
ding yeast, and it was suggested that a Bir1/Sli15 
(Survivin/INCENP) complex could fulfil a specific 
function during cytokinesis, whereas a Sli15/Ipl1 
(INCENP/Aurora-B) complex would function at 
the centromeres in correcting defective attach-
ments 48. Remarkably, the Bir1 mutants used by 
Thomas et al. 48 did not significantly impair kine-
tochore-associated functions of  the CPC (but they 
did cause some additional chromosome alignment 
defects), whereas it is clear from studies in other 
systems that Survivin is required for (Aurora-B 
dependent) chromosome alignment functions. 
The presence of  distinct CPC complexes has so 

far only been studied biochemically. However, it 
is likely that the composition of  the CPC in live 
cells is dynamic. Therefore, investigating CPC 
composition in vivo, by using, for instance, fluo-
rescence correlative microscopy (for an example 
see 49), should give more insight into the existence 
and functional relevance of  such complexes dur-
ing mitosis. 

Concluding remarks
The work described in this thesis identi-

fied a specific role for the CPC subunit Survivin 
in controlling localisation of  the CPC in mitotic 
cells (Chapter 2). Secondly, it showed a critical 
role for the coiled-coil domain in INCENP in 
controlling general spindle checkpoint function 
and demonstrated that this function is critical 
for the CPC to influence SAC-function besides 
its well-established role in correcting defective 
non-bipolar attachments (Chapter 4). Finally, 
experimental evidence is provided that support 
the idea that Aurora-B activity needs to be tightly 
controlled upon bi-orientation to allow efficient 

Figure 1: Schematic overview of  the two proposed ways by which Aurora-B activity is controlled upon bi-orienta-
tion and the effects caused by disturbance of  these pathways. Upon bi-orientation, both the spatial separation and a 
partial reduction of  the amount of  centromeric Aurora-B promotes reduction of  Aurora-B activity and concomitant 
anaphase onset.
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spindle assembly checkpoint silencing and subse-
quent anaphase onset (Chapter 5). This reduc-
tion in Aurora-B activity is most likely achieved 
through spatial separation of  Aurora-B from its 
substrates and through reduction of  inner centro-
mere-associated Aurora-B levels on bi-orientated 
chromosomes. 
Overall, this work has opened new avenues of  
research. The identification of  the CPC receptors 
at the centromere and central spindle with which 
Survivin (and Borealin) interact is the next step 
that will increase our understanding of  the con-
trol of  CPC localisation during mitosis. Addition-
ally, understanding the molecular wirings through 
which the CPC (and the coiled-coil domain in 
INCENP) exerts its effect on SAC-function, and the 
potential identification of  new Aurora-B substrates 
that influence SAC-function should provide more 
insight into the way the CPC promotes genomic 
stability. Targeting important mitotic regulators is 
an attractive anti-tumour strategy, and chemical 
inhibitors of  Aurora-B kinase have shown great 
potential as anti-tumour therapeutics (reviewed in 
50). Interfering with CPC localisation causes simi-
lar mitotic phenotypes as chemical inhibition of  
Aurora-B activity. Therefore, by building on the 
finding that Survivin is a key determinant of  CPC 
localisation, the identification of  the receptors of  
the CPC during mitosis could eventually lead to 
the design of  compounds that interfere with these 
specific interactions and as such disturb CPC 
function. Potentially, such compounds could ulti-
mately function as therapeutic agents targeting the 
mitotic function of  the CPC. Moreover, the identi-
fication of  the mechanisms behind the checkpoint-
associated function of  the CPC might yield new 
insights leading to new therapeutic opportunities 
through the identification of  new CPC interactors 
and/or substrates.



101

Summarising Discussion

References

1. Earnshaw, W. C. & Bernat, R. L. Chromosomal passengers: toward an integrated view of  mitosis. Chromosoma 
100, 139-46 (1991).

2. Mackay, A. M., Ainsztein, A. M., Eckley, D. M. & Earnshaw, W. C. A dominant mutant of  inner centromere 
protein (INCENP), a chromosomal protein, disrupts prometaphase congression and cytokinesis. J Cell Biol 140, 991-
1002 (1998).

3. Mackay, A. M., Eckley, D. M., Chue, C. & Earnshaw, W. C. Molecular analysis of  the INCENPs (inner centro-
mere proteins): separate domains are required for association with microtubules during interphase and with the central 
spindle during anaphase. J Cell Biol 123, 373-85 (1993).

4. Ainsztein, A. M., Kandels-Lewis, S. E., Mackay, A. M. & Earnshaw, W. C. INCENP centromere and spindle 
targeting: identification of  essential conserved motifs and involvement of  heterochromatin protein HP1. J Cell Biol 
143, 1763-74 (1998).

5. Romano, A. et al. CSC-1: a subunit of  the Aurora B kinase complex that binds to the survivin-like protein BIR-1 
and the incenp-like protein ICP-1. J Cell Biol 161, 229-36 (2003).

6. Klein, U. R., Nigg, E. A. & Gruneberg, U. Centromere targeting of  the chromosomal passenger complex requires 
a ternary subcomplex of  Borealin, Survivin, and the N-terminal domain of  INCENP. Mol Biol Cell 17, 2547-58 
(2006).

7. Gassmann, R. et al. Borealin: a novel chromosomal passenger required for stability of  the bipolar mitotic spindle. J 
Cell Biol 166, 179-91 (2004).

8. Wheatley, S. P., Kandels-Lewis, S. E., Adams, R. R., Ainsztein, A. M. & Earnshaw, W. C. INCENP binds 
directly to tubulin and requires dynamic microtubules to target to the cleavage furrow. Exp Cell Res 262, 122-7 (2001).

9. Vanoosthuyse, V., Prykhozhij, S. & Hardwick, K. G. Shugoshin 2 regulates localization of  the chromosomal 
passenger proteins in fission yeast mitosis. Mol Biol Cell 18, 1657-69 (2007).

10. Kawashima, S. A. et al. Shugoshin enables tension-generating attachment of  kinetochores by loading Aurora to 
centromeres. Genes Dev 21, 420-35 (2007).

11. Huang, H. et al. Tripin/hSgo2 recruits MCAK to the inner centromere to correct defective kinetochore attachments. 
J Cell Biol 177, 413-24 (2007).

12. Lechner, J. & Carbon, J. A 240 kd multisubunit protein complex, CBF3, is a major component of  the budding yeast 
centromere. Cell 64, 717-25 (1991).

13. Yoon, H. J. & Carbon, J. Participation of  Bir1p, a member of  the inhibitor of  apoptosis family, in yeast chromosome 
segregation events. Proc Natl Acad Sci U S A 96, 13208-13 (1999).

14. Gillis, A. N., Thomas, S., Hansen, S. D. & Kaplan, K. B. A novel role for the CBF3 kinetochore-scaffold complex 
in regulating septin dynamics and cytokinesis. J Cell Biol 171, 773-84 (2005).

15. Sandall, S. et al. A Bir1-Sli15 complex connects centromeres to microtubules and is required to sense kinetochore 
tension. Cell 127, 1179-91 (2006).

16. Meraldi, P., McAinsh, A. D., Rheinbay, E. & Sorger, P. K. Phylogenetic and structural analysis of  centromeric 
DNA and kinetochore proteins. Genome Biol 7, R23 (2006).

17. Boyarchuk, Y., Salic, A., Dasso, M. & Arnaoutov, A. Bub1 is essential for assembly of  the functional inner cen-
tromere. J Cell Biol 176, 919-28 (2007).

18. Knauer, S. K., Bier, C., Habtemichael, N. & Stauber, R. H. The Survivin-Crm1 interaction is essential for chro-
mosomal passenger complex localization and function. EMBO Rep 7, 1259-65 (2006).

19. Arnaoutov, A. et al. Crm1 is a mitotic effector of  Ran-GTP in somatic cells. Nat Cell Biol 7, 626-32 (2005).
20. Rodriguez, J. A. et al. Subcellular localization and nucleocytoplasmic transport of  the chromosomal passenger 

proteins before nuclear envelope breakdown. Oncogene 25, 4867-79 (2006).
21. Sonoda, E. et al. Scc1/Rad21/Mcd1 is required for sister chromatid cohesion and kinetochore function in verte-

brate cells. Dev Cell 1, 759-70 (2001).
22. Shannon, K. B., Canman, J. C. & Salmon, E. D. Mad2 and BubR1 function in a single checkpoint pathway that 

responds to a loss of  tension. Mol Biol Cell 13, 3706-19 (2002).
23. Ditchfield, C. et al. Aurora B couples chromosome alignment with anaphase by targeting BubR1, Mad2, and Cenp-

E to kinetochores. J Cell Biol 161, 267-80 (2003).
24. Hauf, S. et al. The small molecule Hesperadin reveals a role for Aurora B in correcting kinetochore-microtubule 

attachment and in maintaining the spindle assembly checkpoint. J Cell Biol 161, 281-94 (2003).
25. Carvalho, A., Carmena, M., Sambade, C., Earnshaw, W. C. & Wheatley, S. P. Survivin is required for stable 

checkpoint activation in taxol-treated HeLa cells. J Cell Sci 116, 2987-98 (2003).
26. Lens, S. M. et al. Survivin is required for a sustained spindle checkpoint arrest in response to lack of  tension. Embo J 



102

Chapter 6

22, 2934-47 (2003).
27. Lampson, M. A. & Kapoor, T. M. The human mitotic checkpoint protein BubR1 regulates chromosome-spindle 

attachments. Nat Cell Biol 7, 93-8 (2005).
28. Tang, Z., Sun, Y., Harley, S. E., Zou, H. & Yu, H. Human Bub1 protects centromeric sister-chromatid cohesion 

through Shugoshin during mitosis. Proc Natl Acad Sci U S A 101, 18012-7 (2004).
29. Kitajima, T. S., Hauf, S., Ohsugi, M., Yamamoto, T. & Watanabe, Y. Human Bub1 defines the persistent cohe-

sion site along the mitotic chromosome by affecting Shugoshin localization. Curr Biol 15, 353-9 (2005).
30. Tang, Z., Shu, H., Oncel, D., Chen, S. & Yu, H. Phosphorylation of  Cdc20 by Bub1 provides a catalytic mecha-

nism for APC/C inhibition by the spindle checkpoint. Mol Cell 16, 387-97 (2004).
31. King, E. M., Rachidi, N., Morrice, N., Hardwick, K. G. & Stark, M. J. Ipl1p-dependent phosphorylation of  

Mad3p is required for the spindle checkpoint response to lack of  tension at kinetochores. Genes Dev 21, 1163-8 (2007).
32. Stern, B. M. & Murray, A. W. Lack of  tension at kinetochores activates the spindle checkpoint in budding yeast. 

Curr Biol 11, 1462-7 (2001).
33. Shonn, M. A., McCarroll, R. & Murray, A. W. Requirement of  the spindle checkpoint for proper chromosome 

segregation in budding yeast meiosis. Science 289, 300-3 (2000).
34. King, J. M. & Nicklas, R. B. Tension on chromosomes increases the number of  kinetochore microtubules but only 

within limits. J Cell Sci 113 Pt 21, 3815-23 (2000).
35. Nicklas, R. B. & Ward, S. C. Elements of  error correction in mitosis: microtubule capture, release, and tension. J 

Cell Biol 126, 1241-53 (1994).
36. DeLuca, J. G. et al. Kinetochore microtubule dynamics and attachment stability are regulated by Hec1. Cell 127, 

969-82 (2006).
37. Cheeseman, I. M. et al. Phospho-regulation of  kinetochore-microtubule attachments by the Aurora kinase Ipl1p. 

Cell 111, 163-72 (2002).
38. Tanaka, T. U. et al. Evidence that the Ipl1-Sli15 (Aurora kinase-INCENP) complex promotes chromosome bi-orien-

tation by altering kinetochore-spindle pole connections. Cell 108, 317-29 (2002).
39. Andrews, P. D., Knatko, E., Moore, W. J. & Swedlow, J. R. Mitotic mechanics: the auroras come into view. Curr 

Opin Cell Biol 15, 672-83 (2003).
40. Francisco, L., Wang, W. & Chan, C. S. Type 1 protein phosphatase acts in opposition to IpL1 protein kinase in 

regulating yeast chromosome segregation. Mol Cell Biol 14, 4731-40 (1994).
41. Sassoon, I. et al. Regulation of  Saccharomyces cerevisiae kinetochores by the type 1 phosphatase Glc7p. Genes Dev 

13, 545-55 (1999).
42. Hsu, J. Y. et al. Mitotic phosphorylation of  histone H3 is governed by Ipl1/aurora kinase and Glc7/PP1 phosphatase 

in budding yeast and nematodes. Cell 102, 279-91 (2000).
43. Pinsky, B. A., Kotwaliwale, C. V., Tatsutani, S. Y., Breed, C. A. & Biggins, S. Glc7/protein phosphatase 1 

regulatory subunits can oppose the Ipl1/aurora protein kinase by redistributing Glc7. Mol Cell Biol 26, 2648-60 
(2006).

44. Trinkle-Mulcahy, L. et al. Time-lapse imaging reveals dynamic relocalization of  PP1gamma throughout the mam-
malian cell cycle. Mol Biol Cell 14, 107-17 (2003).

45. Honda, R., Korner, R. & Nigg, E. A. Exploring the functional interactions between Aurora B, INCENP, and sur-
vivin in mitosis. Mol Biol Cell 14, 3325-41 (2003).

46. Sampath, S. C. et al. The chromosomal passenger complex is required for chromatin-induced microtubule stabiliza-
tion and spindle assembly. Cell 118, 187-202 (2004).

47. Tulu, U. S., Fagerstrom, C., Ferenz, N. P. & Wadsworth, P. Molecular requirements for kinetochore-associated 
microtubule formation in mammalian cells. Curr Biol 16, 536-41 (2006).

48. Thomas, S. & Kaplan, K. B. A Bir1p-Sli15p Kinetochore Passenger Complex Regulates Septin Organization dur-
ing Anaphase. Mol Biol Cell (2007).

49. Wang, Z., Shah, J. V., Berns, M. W. & Cleveland, D. W. In vivo quantitative studies of  dynamic intracellular proc-
esses using fluorescence correlation spectroscopy. Biophys J 91, 343-51 (2006).

50. Keen, N. & Taylor, S. Aurora-kinase inhibitors as anticancer agents. Nat Rev Cancer 4, 927-36 (2004).







Nederlandse Samenvatting

Curriculum Vitae

List of  Publications

Dankwoord



106

Nederlandse samenvatting

 Celdeling is een proces dat essentieel is voor de ontwikkeling en instandhouding van organis-
men. Het in dit proefschrift beschreven onderzoek bestudeert de laatste fase van het celdelingsproces, 
de mitose. Tijdens de mitose ontstaan twee nieuwe dochtercellen uit een moedercel.  Tijdens dit proces 
wordt het dupliceerde genetische materiaal (het DNA) van de moedercel precies verdeeld over de twee 
nieuwe dochtercellen zodanig dat elke dochtercel een exacte kopie van het genetische materiaal ont-
vangt. Het DNA in de moedercel is in een voorafgaand stadium van het celdelingsproces gedupliceerd en 
er zijn tijdens de mitose dus twee exacte kopieën van het genetisch materiaal in de moedercel aanwezig. 
Het DNA is verpakt in 46 chromosomen en het gekopieerde genetisch materiaal bestaat na duplicatie 
dus uit 92 chromosomen (verpakt in 46 chromosoomparen die aan elkaar verbonden blijven tot aan 
de mitose). Deze 46 paren dienen tijdens de mitose allen gelijktijdig van elkaar gescheiden en eerlijk 
verdeeld te worden . De scheiding van de chromosomenparen wordt uitgevoerd door de mitotische spoel 
(de “mitotic spindle”), een complex eiwitnetwerk dat bestaat uit draden (microtubuli) die contact maken 
met de paren van de dupliceerde chromosomen. Nadat deze draden goed contact hebben gemaakt met 
de chromosoomparen trekken ze deze uit elkaar en zorgen er zo voor dat elke toekomstige dochtercel 
één kopie van elk chromosoom krijgt. Nadat dit gebeurd is, worden de twee dochter cellen van elkaar 
gescheiden tijdens de laatste fase van de mitose (de cytokinese). Zo ontstaan twee nieuwe cellen uit een 
oude cel, en bevat elke nieuwe cel een exacte kopie van het genetisch materiaal van de oude cel. De 
hele mitose wordt nauwlettend gecontroleerd om er voor te zorgen dat het precies wordt uitgevoerd. 
Vooral het eerlijk verdelen van de twee kopieën van het genetisch materiaal is een proces dat precies 
moet gebeuren, aangezien dochtercellen met meer of  minder dan 46 chromosomen potentieel kunnen 
uitgroeien tot tumorcellen. Het is echter ook duidelijk dat een rigoreuze verstoring van de chromosoom 
verdeling kan leiden tot celdood. Het opwekken van zulke verstoringen in tumorcellen via het remmen 
van specifieke eiwitten die betrokken zijn bij deze processen is dan ook een veelbelovende antikanker 
strategie.
Het eiwitcomplex genaamd het “Chromosomal Passenger Complex” (CPC), dat onderzocht is in het 
onderzoek beschreven in dit proefschrift, speelt een cruciale rol tijdens de exacte verdeling van het 
gedupliceerde genetische materiaal en tijdens de daaropvolgende scheiding van de twee dochter cellen 
tijdens cytokinese. Dit eiwit complex is gelokaliseerd op hele specifiek plekken tijdens de mitose en deze 
lokalisatie correleert perfect met de rol die de CPC op dat moment vervult in het goed laten verlopen van 
de verschillende processen tijdens de mitose. Tijdens de scheiding van de gedupliceerde chromosomen 
is de CPC nodig om ervoor te zorgen dat de draden van de mitotische spoel op een correcte manier 
binden aan de chromosoomparen, een proces dat nodig is voor een eerlijke scheiding van de chromo-
somen. Tijdens de cytokinese is dit complex nodig voor om de laatste scheiding van de dochtercellen 
te bewerkstelligen.
In Hoofdstuk 2 hebben we onderzocht wat de individuele bijdragen van de verschillende eiwitten 
binnen dit eiwitcomplex zijn aan het goed lokaliseren en functioneren van de CPC. In het complex 
bevindt zich een enzym (het kinase Aurora-B) wiens activiteit nodig is voor een goede uitvoering van de 
mitose. Middels zijn kinase-activiteit modificeert Aurora-B andere eiwitten tijdens de mitose en bevor-
dert zo een goed verloop van de chromosoomverdeling. Naast Aurora-B bestaat het complex uit nog 
drie andere, niet-enzymatische, eiwitten (Survivin, Borealin en INCENP) die allen nodig zijn voor een 
goed functionerend Aurora-B. We konden laten zien dat Survivin, wiens exacte rol binnen de CPC nog 
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onbekend was, een belangrijke rol speelt in het reguleren van de typische lokalisatie van de CPC tijdens 
de mitose. Daarnaast heeft ons onderzoek duidelijk gemaakt dat INCENP een belangrijke rol heeft in 
het stabiliseren van de andere eiwitten in het complex en dat Borealin een rol speelt in het mogelijk 
maken van de binding tussen Survivin en INCENP binnen het complex. Zo dragen deze eiwitten samen 
bij aan Aurora-B functie.
In Hoofdstuk 3 geven we een overzicht van onze huidige kennis van de precieze functies van de ver-
schillende eiwitten binnen het complex in het tot stand brengen van het correct lokaliseren en functio-
neren van het enzym in het complex, Aurora-B.
In Hoofdstuk 4 laten we zien dat de CPC twee belangrijke en aparte functies vervult tijdens het regu-
leren van een correcte scheiding van de dupliceerde chromosomen tijdens mitose. We konden laten zien 
dat, behalve nodig voor een goede scheiding van de gedupliceerde  chromosomen via het controleren 
van de binding tussen de mitotische spoel en de chromosomen, de CPC ook nodig is voor het goed 
functioneren van het controlemechanisme (het “spindle checkpoint”) dat de voortgang van de mitose 
kan blokkeren zolang de binding tussen de chromosoomparen en de mitotische spoel zodanig is dat de 
scheiding van de chromosomen niet goed zal verlopen. Verder hebben we laten zien dat een specifiek 
gedeelte (domein) in INCENP nodig is voor deze functie van de CPC terwijl het niet nodig is voor het 
goed laten verlopen van de binding tussen de draden van de mitotische spoel en de chromosomen.
In Hoofdstuk 5 hebben we verder onderzocht hoe de functie van de CPC tijdens de chromosoom-
scheiding en in het “spindle checkpoint” uitgezet wordt op het moment dat de binding tussen de draden 
van de mitotische spoel en de chromosoomparen zodanig is dat er een eerlijke scheiding van de chro-
mosomen plaatsvindt. We konden laten zien dat het goed uitzetten van de CPC activiteit cruciaal is om 
de mitose goed te vervolgen, en we hebben bewijs gevonden dat zowel een gedeeltelijke verwijdering 
van de CPC van de chromosomen en een ruimtelijke scheiding tussen de CPC en de bindingsplaats 
van de draden van de mitotische spoel op de chromosomen bijdragen aan het goed uitzetten van het 
CPC signaal. 
De resultaten beschreven in dit proefschrift dragen bij aan onze kennis van de regulatie van de verschil-
lende processen tijdens de mitose, en specifiek aan de rol van de individuele CPC-eiwitten daarin. Het 
remmen van de activiteit van Aurora-B is een veelbelovende antikanker therapie, en verdere kennis van 
de exacte functie van de CPC-eiwitten in het reguleren van dit enzym kan in de toekomst eventueel 
bijdragen aan het ontwikkelen van nieuwe antikanker therapieën die specifieke functies van dit belang-
rijke eiwitcomplex verstoren.
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Dankwoord

 Tijdens mijn promotieonderzoek heb ik met een groot aantal verschillende mensen mogen 
samenwerken. Heel veel mensen hebben op hun manier direct of  indirect bijgedragen aan het uitein-
delijke resultaat, en deze mensen wil ik hierbij graag bedanken.
Natuurlijk allereerst mijn begeleider en co-promotor Susanne Lens. Susanne: dank dat je het met mij 
als eerste AIO aandurfde, ondanks dat ik niks van apoptose af  wist….! Ik heb heel veel van je geleerd 
(maar, het spijt me, ik weet nog steeds weinig van apoptose…), waaronder het fatsoenlijk plannen van 
een experiment (met controles) en het gestructureerd werken aan een project. Ik hoop dat je niet al te 
gek bent geworden van al mijn wilde ideeën en plannen. Ik zal niet snel vergeten dat je, toen ik 1 jaar 
bezig was, me na een geslaagde proef  een cadeau gaf. Later stond je ook voor me klaar toen ik het even 
niet meer zag zitten…. Veel dank en succes met het uitbouwen van het lab! 
Ten tweede: René Medema: promotor, iets minder directe begeleider en ploegmaat. In het begin zat je er 
nog dicht op, maar in de loop van de tijd werd het meer toezicht van een afstandje. Ik heb veel geleerd 
van je pragmatische manier van wetenschap doen, en van je talloze (hopelijk geslaagde) pogingen om 
mij wat positiever de wetenschappelijke wereld in te laten kijken. Verder was het altijd een feest om ‘s 
ochtends onder het genot van een kop koffie op je bank te praten over wetenschap en minder belangrijke 
zaken in het leven, zoals voetbal. Op het voetbalveld heb ik zelden iemand gezien die zo geniet als jij 
van een mooie (gewonnen) wedstrijd, daar kan ik ook nog wat van leren! P.S. Ik ben het helemaal eens 
met je mening over het gebrek aan hygiëne bij hockeyers! En oh ja: Het is af !
Alle mensen van het Medema-lab (en later de Lens- en Kops-labs) op het NKI en in Utrecht hebben 
bijgedragen aan de leuke tijd op het lab. De NKI/Utrecht-club: Rob K., Jamila (good luck in the AMC!), 
Marie (& Ibrahim), Marcel, Barbara, Renske (de laatste paar jaar een gezellige kamergenoot, succes met 
je promotie!), Marvin (de one and only golfende celbioloog op het lab): Dank voor je enthousiasme, je 
kritische blik op mijn proeven en voor een hoop (wetenschappelijke) discussies!  Jos, Alexandra and Marc: 
thanks for all the fun and care on/off  the lab. Marcel: dank voor je enthousiaste begeleiding tijdens mijn 
stage en voor je betrokkenheid als collega-AIO later. Ondanks weinig gelukte proeven heb ik heel veel 
van je geleerd. Je was daarnaast de enige die mijn fascinatie voor rare wetenschappers deelde, googlen 
we er snel weer een paar? René en Marcel: wanneer wordt de hindernisbaan voor nieuwe studenten 
weer ingevoerd? 
De achterblijvers op het NKI: Rob W.: Ik vond het altijd een groot plezier met je te filosoferen over 
proeven, je bracht een berg kennis mee uit een “echt” mitose lab en hebt me een hoop geleerd over de 
wondere wereld die mitose heet. Succes met je eigen groep! Wouter: eerst student, later AIO van Rob 
en vergeetachtig reisgenoot. Ik weet nog goed dat je voor het eerst als student op het lab kwam en ons 
maar een raar stelletje vond omdat we mitose na al die tijd nog steeds niet helemaal begrepen… Ik weet 
zeker dat jij het Cyclin A-probleem wel even voor ons oplost! Vergeet je allebei je sokken niet aan te 
trekken tijdens mijn promotie? 
Met onze verhuizing naar Utrecht ook de komst van een groot aantal nieuwe mensen op het lab, onder 
wie een nieuwe mitose-expert: Geert. Ik sta nog steeds versteld van je ontzettend efficiënte en bijzondere 
manier van denken en proeven doen. Hoe je het allemaal combineert met je drukke leven als vader 
buiten het lab is me een raadsel. Dank voor je hulp en vele goede gesprekken en succes op de derde 
verdieping! Wie weet kunnen we samen nog een keer echt iets uitzoeken...!? De andere nieuwe mensen 
in Utrecht, zoals Livio (“I am not a scientist, I am a singer”, dank voor je constante vrolijkheid op het 
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lab en voor je hulp met mijn (vaak onnozele) microscoop-problemen. Kom je je dansmoves showen op 
mijn feestje?), Arne L. (tack for being my paraminf, for the numerous (scientific) discussions, for critically 
reviewing my manuscripts and for the many fun nights in the bar (only until 11.30 wasn’t it?)), Monica 
(¿que pasa, que pasa?, sorry for all the transfections I ruined with my horrible Tuesday afternoon-Spa-
nish, thanks for your down-to-earth opinions and for a place to stay after a (too) long night), Libor (a.k.a. 
Liborace, Liboracho, L-Bora, thanks for all the cloning-tips and good luck with all (!) your projects!), 
Veronica (good luck in New York!), Anneloes, Martijn (dank voor de vele experimenten, maken we er een 
mooi (Brabants) feestje van?) en (terug van weggeweest) Aniek. Helaas alweer vertrokken: Carin (jammer 
dat je gestopt bent, ik vond het leuk om met je samen te werken), Bennie en Frank (allebei succes op het 
Hubrecht!). Verhuisd naar de derde: Nannette (wat een feest hè, die chromosomal passengers!), Saskia 
en Merel. De nieuwe lichting: Patrick, Miranda en Ron. Mede dankzij jullie allemaal verveelde het op 
het lab nooit. Mijn student Tanja, dank voor je tomeloze inzet en interesse, het heeft geresulteerd in een 
mooi hoofdstuk in mijn boekje, veel succes op het NKI! Raimundo, being on the lab with you was quite 
an experience and great fun!
Mijn tijd op het lab is precies in tweeën te delen: de eerste helft op het NKI en de tweede helft in Utrecht. 
Ik heb het tijdens mijn stage en de eerste twee jaar van mijn promotieonderzoek ontzettend naar mijn 
zin gehad op het NKI, en dan vooral op (toenmalig) H8, en daar hebben een hoop mensen aan bijgedra-
gen: Henri de Manager (je had altijd even tijd voor mijn gekeuvel, kom je snel naar Boston?), Liesbeth, 
Floris (ik ben al aan het trainen voor New York, wat jij?), Paul-André (thanks for the many coffees on 
Sunday-evenings) en de vele anderen van de Borst, te Riele en Jonkers labs dank voor de hulp, gezellig-
heid, vele borrels en voor het creëren van een ontzettend motiverende onderzoeksomgeving. Elders op 
het NKI: Puck, ik vond het leuk zo’n relaxte collega en huisgenoot te hebben. Tot gauw in Boston! Arne 
B., bedankt voor de supergezellige etentjes/feestjes, snel weer doen in de US? Succes met het afronden! 
Jasper, succes met je promotie! Anja en Ferenc, dank voor de gezellige etentjes. Adriaan: dank voor je 
vele onnavolgbare passeerbewegingen!
Ook in Utrecht hebben veel mensen bijgedragen aan een goede sfeer op het Stratenum. Op de tweede 
verdieping: de Voest/Giles groep (Dorus: zullen we die tafeltennistafel maar ergens halverwege Boston/
Engeland zetten? Succes met de laatste loodjes!), het Holstege-lab, de artsen van Onno (dank voor de 
vele ritjes naar Amsterdam): Winan (wanneer mag ik een keer caddy zijn?), Menno en Frederik. Noeline, 
dank voor je hulp en interesse tijdens mijn sollicitaties in de US. Op de derde verdieping: de Bos/Burge-
ring/Timmers/(en nu Kops) labs. (Oud-Medema-er) Matthijs, Judith, Esther, Tobias dank voor de hulp 
en gezelligheid. Mijn mede-AIO-commissie leden: Leyla, Eelke, Esther,  Jerome en Lieke. 
Mijn huisgenoten in Wageningen en Amsterdam: Jeroen W. (“zo werkt het niet in de wetenschap”), 
Martijn, Klaas, Frank, Susan, Ronald, Puck, Mijntje, Finn, Harald,  Jeroen N.,  Janneke: dank voor de 
gezelligheid! 
De kaartclub van het HLO: Denis,  Jeroen VdV,  Jeroen L., Rutger: ik zal het zeilweekje met Daft Punk 
(Oh Yeah!) niet snel vergeten, dank voor heel veel plezier en bizarre (natte) avonturen! VdV en Rutger: 
succes met jullie promotie! Denis: dank dat je naast me wilt staan als paranimf. Uit nog eerder tijden: 
Bert, Victor, Michel. Ondanks het feit dat we elkaar de laatste tijd wat minder zagen is het nog altijd 
gezellig als we elkaar zien! Bert: ik weet nog goed dat we op het NSC besloten dat wetenschap toch 
wel erg gaaf  was... Volgens mij is het uitgekomen! Het was fijn om het de laatste tijd met je te kunnen 
hebben over promoveren/postdoc-en. Gaaf  dat je over komt uit Philly, ik zie ernaar uit om vaak af  te 
spreken in Amerika!
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Natuurlijk mijn ouders: Heel veel dank voor jullie altijd aanwezige liefde en steun, ook tijdens mijn 
studie(s) en AIO-tijd. Ik zal niet snel vergeten dat jullie volledig achter me stonden toen ik het in mijn 
hoofd had gehaald nog een studie te gaan doen in Wageningen, zonder die steun had ik hier nu niet 
gestaan. Heel erg veel dank daarvoor... Mamma: ik weet nog goed hoe je me achter mijn broek aanzat als 
ik weer eens snooker zat te kijken in plaats van te studeren voor een tentamen, het heeft geholpen! Pappa: 
kom je met het vliegtuig, of  toch met de boot..? Sander en Nienke: dank voor jullie interesse en steun 
voor dat rare werk van me. Sander, dank voor je (al dan niet gelukte) poging me te leren snowboarden, 
doen we het een keer over in de Rockies? Opa en Oma: ik kijk er naar uit om dit samen met jullie te 
vieren. Raymon: ik vind het gaaf  dat we elkaar vaker zien de laatste tijd, kom je een keer langs? 
Lieve Barbara: het heeft een poosje geduurd, maar je bent echt mijn liefje!! Ik ben heel gelukkig iemand 
te hebben met wie ik kan lachen en huilen en die me onvoorwaardelijk steunt. Ik ben heel trots op wat 
je allemaal zo snel hebt bereikt in je nieuwe carrière en kijk er naar uit om samen naar Amerika te 
vertrekken!
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