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Abstract

During mitosis, correct bipolar chromosome attachment to the mitotic spindle is an essential
prerequisite for the equal segregation of chromosomes. The spindle assembly checkpoint can
prevent chromosome segregation as long as not all chromosome pairs have obtained bipolar
attachment to the spindle. The chromosomal passenger complex plays a crucial role during
chromosome alignment by correcting faulty chromosome-spindle interactions (e.g. attachments
that do not generate tension). In the process of doing so, the chromosomal passenger complex
generates unattached chromosomes, a specific situation that is known to promote checkpoint
activity. However, several studies have implicated an additional, more direct role for the
chromosomal passenger complex in enforcing the mitotic arrest imposed by the spindle assembly
checkpoint. In this review, we discuss the different roles played by the chromosomal passenger
complex in ensuring proper mitotic checkpoint function. Additionally, we discuss the possibility
that besides monitoring the presence of unattached kinetochores, the spindle assembly checkpoint
may also be capable of responding to chromosome-microtubule interactions that do not generate
tension and we propose experimental set-ups to study this.

Background

After the initial description of the striking and dynamic
localisation of the chromosomal passenger proteins [1],
the function of these proteins during mitosis has been
intimately linked with their localisation at specific struc-
tures in the mitotic cell. Whereas various proteins show a
similar localisation pattern (e.g. TD60, Plk1) [2,3], we
refer to the chromosomal passenger complex as the com-
plex consisting of Aurora B kinase, Inner Centromere Pro-
tein (INCENP), borealin and survivin. Within the
chromosomal passenger complex Aurora B is the enzy-
matic core that is activated and guided to its specific loca-
tions in the mitotic cell by INCENP, borealin and survivin
[4,5].

In prophase, the chromosomal passenger complex local-
ises to the chromosome arms, where it controls mitotic
chromosome structure and organisation. Concentration
at the centromeres during prometaphase reflects its essen-
tial function in between the paired kinetochores (i.e. large
multiprotein complexes that assemble on the centromeres
of sister-chromatids constituting their microtubule bind-
ing sites) to control and regulate proper kinetochore-
microtubule interactions. Relocalisation of the chromo-
somal passenger complex to the central spindle and the
equatorial cell cortex during anaphase and to the mid-
body in telophase, is essential for the proper function of
the contractile ring and for final abcission, collectively
ensuring cytoplasmic division [6].
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Evidently, proper localisation of the chromosomal pas-
senger complex at the right time is essential for faithful
execution of mitosis [4]. In this review we summarize and
discuss the current understanding of chromosomal pas-
senger complex function in (pro)metaphase when it is
localised at the inner centromere, with a specific focus on
how this protein complex influences the control mecha-
nism that monitors chromosome alignment, the spindle
assembly checkpoint (also known as the spindle check-
point).

The spindle assembly checkpoint

The spindle assembly checkpoint guards the metaphase to
anaphase transition by monitoring the presence of unat-
tached and improperly kinetochores. It inhibits the ana-
phase promoting complex/cyclosome (APC/C), a
multisubunit E3-ubiquitin ligase that targets at least two
essential mitotic regulators, securin and cyclin B, for pro-
teasomal destruction. The APC/C functions in conjunc-
tion with two different specificity factors, Cdc20 or Cdhl
of which Cdc20 is essential for destruction of securin and
cyclin B in metaphase and hence for the onset of anaphase
and mitotic exit [7]. Cdc20 appears to be the primary tar-
get of the spindle assembly checkpoint as it is found in an
inhibitory complex with the checkpoint proteins Mad2,
Mad3/BubR1 and Bub3, known as the mitotic checkpoint
complex [8]. Core spindle checkpoint proteins, such as
Mps1, Mad1, Mad2, Bub3 and Mad3/BubR1 assemble or
dynamically exchange on unattached kinetochores where
at least Mad2 is known to undergo conformational
changes essential for optimal binding (and inhibition) of
Cdc20 [9,10]. As such the kinetochore seems to function
as a catalytic platform upon which a 'wait anaphase' signal
is created. Such a catalytic model could be an explanation
of how only one single unattached kinetochore can
inhibit the APC/C within the entire cell to such an extent
that it can delay anaphase onset [11,12].

The chromosomal passenger complex and the spindle
assembly checkpoint: creating unattached kinetochores
Disruption of chromosomal passenger complex function
in both yeast and mammalian cells impairs spindle check-
point activity [13]. Using different spindle poisons to
induce a spindle checkpoint-dependent mitotic arrest, it
became evident that Aurora B kinase activity was typically
required for spindle checkpoint function when microtu-
bules were stabilised by paclitaxel or when monopolar
spindles were created through inhibition of Eg5 by
monastrol. Yet, a mitotic arrest induced by the microtu-
bule destabilising drug nocodazole was only mildly
affected by inhibition of Aurora B kinase activity or by
knock-down of chromosomal passenger complex compo-
nents ([14-17] and figure 1). The major difference
between cells treated with these drugs is the presence
(paclitaxel and monastrol) or absence (nocodazole) of
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Different requirements for the chromosomal passen-
ger complex to maintain a mitotic checkpoint arrest
induced by different spindle poisons. Example of an
experiment in which osteosarcoma cells (U20S) were trans-
fected with mock shRNA, Mad2 shRNA, or shRNA for
INCENP (which results in knock-down of all chromosomal
passenger complex components). Transfected cells were
released from a 24 h thymidine block into the indicated
drugs. Eighteen hours after the release cells were fixed and
prepared for FACS analysis. The MPM2 antibody was used to
determine the mitotic index. This type of experiment shows
that knock-down of a classical checkpoint protein (Mad2)
does not allow cells to accumulate in mitosis with any of the
drugs, while knock-down of the chromosomal passenger
complex affects the response to paclitaxel and monastrol
more dramatically than the response to nocodazole.

microtubules that, when present, can bind kinetochores.
In monastrol-treated cells, these attachments are mono-
oriented and in the case of paclitaxel microtubules have
lost their dynamic property and thus have an impaired
ability to produce force [18,19]. Therefore these experi-
ments initially led to the idea that, unlike the classical
spindle checkpoint proteins, the chromosomal passenger
complex was not absolutely required to signal the pres-
ence of unattached kinetochores, but only the presence of
incorrectly attached kinetochores, i.e. kinetochores that
are not under tension.

Whereas unattached kinetochores potently promote spin-
dle checkpoint activity and hence APC/C inhibition, it has
remained unclear how incorrectly attached kinetochores
could signal to the spindle checkpoint. Landmark studies
in yeast demonstrated the involvement of Ipl-1, the yeast
homolog of Aurora B, in the regulation of kinetochore-
microtubule interactions [20] and in promoting chromo-
some bi-orientation by altering the kinetochore-spindle
pole connections [21].
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In line with the situation in yeast, inhibition of Aurora B
in mammalian cells caused a failure to correct syntelic
(kinetochores of sister-chromatids bound by microtu-
bules from the same spindle pole) and merotelic (one
kinetochore bound by microtubules from opposing
poles) attachments [15,22-24]. Two important kineto-
chore-localised microtubule-capture factors, the Hecl/
Ndc80 and Dam1 complexes, were shown to be Aurora B/
Ipl-1 substrates that provide a rationale for how this
kinase promotes kinetochore-microtubule error-correc-
tion [25]. Phosphorylation of Hec1/Ndc80 reduces its
affinity for microtubules in vitro and mutation of the puta-
tive Aurora B phosphorylation sites stabilises kineto-
chore-microtubule interactions in vivo [26,27].

Additionally, several subunits of the budding yeast Dam1-
ring complex are substrates of Ipl-1, and preventing Ipl-1
phosphorylation of this complex caused chromosome
segregation defects similar to those found in Ipl-1
mutants [25]. It should be noted that so far no homo-
logues of the Dam1-complex have been found in organ-
isms outside budding and fission yeast. Yet, several
studies did identify novel kinetochore and spindle-local-
ised proteins in vertebrates (i.e. Skal/2 and Cep57) that
seem to share some functional characteristics with the
yeast Dam1l-complex [28-30]. It will be important to
determine whether these proteins are Aurora B substrates
and if phosphorylation by Aurora B changes their func-
tional properties. Besides the Hec1/Ndc80 and Daml
complexes, Aurora B also influences the localisation and
function of the centromere-associated kinesin, MCAK
[31,32], and this regulation has been suggested to be of
particular importance for the correction of merotelic
attachments [24]. Collectively, these findings have
resulted in the attractive concept that the main function of
Aurora B in complex with its fellow passenger proteins, is
to sense and correct faulty attached kinetochore-microtu-
bule interactions. By severing these incorrect attachments
it allows new rounds of attachments until bipolarity is
obtained. Obviously, during this Aurora B-dependent cor-
rection procedure unattached kinetochores are temporar-
ily generated, capable of inhibiting the APC/C. As such,
this concept implicates that Aurora B's involvement in
spindle checkpoint function is an indirect consequence of
its kinetochore-microtubule destabilising activity ([33,34]
and figure 2).

Evidence for a more direct role of the chromosomal
passenger complex in spindle checkpoint function

Clearly, a major role for the chromosomal passenger com-
plex in controlling the spindle checkpoint is linked with
its ability to generate unattached kinetochores in response
to incorrect attachments. However, there are several lines
of evidence indicating that the generation of unattached
kinetochores is not the sole manner by which the chromo-

http://www.celldiv.com/content/3/1/10

monotelic
attachment

syntelic
attachment

®
Hec1/Ndc80 ==
MCAK
Dam1

D—APc/C

centromere (CPC loc.)

@ kinetochore
——= microtubule

bipolar
attachment

Figure 2

The chromosomal passenger complex influences
spindle checkpoint activity indirectly, through the
creation of unattached kinetochores. Upon entry into
mitosis chromosomes start to make random connections
with microtubules from the mitotic spindle. To finally obtain
bipolar spindle attachments, improper attachments (syntelic
— depicted here-, and merotelic attachments) need to be cor-
rected to prevent chromosome segregation errors. Aurora B
in complex with its fellow passenger proteins is necessary for
this correction process. Through the phosphorylation of
kinetochore proteins that bind microtubules it modifies the
stability or affinity of the kinetochore-microtubule interac-
tion. As a consequence microtubules detach from the kineto-
chore allowing new rounds of attachments until bipolarity is
obtained. However, during this correction process unat-
tached are created capable of inhibiting the APC/C [33]. As
such Aurora B's role in checkpoint function can be consid-
ered an indirect consequence of its microtubule destabilising
activity.

somal passenger complex/Aurora B exerts control over the
spindle checkpoint. First, HeLa cells blocked in mitosis by
nocodazole (a situation where none of the kinetochores
are attached and the microtubule destabilising activity of
Aurora B is not relevant) do eventually exit mitosis prema-
turely after chemical Aurora B inhibition [15]. Second,
also RNAi mediated-depletion of chromosomal passenger
complex components influences the robustness of the
mitotic arrest of nocodazole treated cells [14,16,35] and
figure 1). Third, Aurora B becomes critical for a nocoda-
zole-induced mitotic checkpoint arrest in the absence of
Bub1 [36], suggesting it might collaborate with other
kinases to enforce the mitotic arrest. Fourth, experiments
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in Xenopus tissue culture cells as well as studies in fission
yeast have shown a requirement for Aurora B activity in
spindle checkpoint function in response to unattached
kinetochores [37,38]. And fifth, when Aurora B is in a
complex with an INCENP molecule that lacks its coiled-
coil domain, Aurora B's microtubule destabilising func-
tion and hence its capacity to create unattached kineto-
chores is still intact, yet it is incapable of supporting
checkpoint function [35]. This defect became particularly
apparent when cells were treated with the microtubule-
stabilising drug paclitaxel. Normally, paclitaxel treatment
results in a mitotic arrest that is characterised by the lack
of tension on all sister chromatids [19] and by the pres-
ence of a limited number of unattached kinetochores that
are created under the influence of the chromosomal pas-
senger complex [35]. In cells expressing a chromosomal
passenger complex lacking the coiled-coil domain of
INCENP, unattached kinetochores (that recruit spindle
assembly checkpoint proteins like Mad1 and Mad2) could
be created in paclitaxel, but the mitotic checkpoint arrest
in paclitaxel was completely abrogated [35]. Together,
these findings provide strong evidence that the chromo-
somal passenger complex influences spindle checkpoint
function also in a more direct fashion, independent of its
well-established destabilising effect on microtubule-kine-
tochore interactions. It is compelling to speculate that the
chromosomal passenger complex is somehow also capa-
ble of generating an APC/C inhibitory signal that can
amplify or at least work in conjunction with the 'unat-
tached kinetochore-derived' checkpoint signal (figure 3).

Potential downstream targets of the chromosomal
passenger complex involved in spindle assembly
checkpoint control

There are several reasons to consider the checkpoint pro-
teins Bub1 and BubR1 as targets of the chromosomal pas-
senger complex. For one, the kinetochore localisation of
both proteins requires Aurora B activity [14-17], but it is
at present unclear how important kinetochore-recruit-
ment of Bub1/BubR1 is for proper checkpoint function,
and how Aurora B controls localisation of BubR1 and
Bub1. Moreover, besides functioning in the checkpoint,
BubR1 and Bubl have other duties at the kinetochore.
Both proteins are required for kinetochore-microtubule
attachments [14,39,40] and Bubl also controls sister
chromatid cohesion [41,42]. Therefore, Aurora B-depend-
ent kinetochore localisation of BubR1/Bub1 could be a
reflection of these functions rather than of their function
in the spindle checkpoint.

In budding yeast, phosphorylation of Mad3 (the BubR1
orthologue) by Ipl-1 plays a role in checkpoint control
[43]. However, we and others have failed to find evidence
for direct phosphorylation of BubR1 by Aurora B in
human cells ([44] and our unpublished observations).

http://www.celldiv.com/content/3/1/10

non-bipolar attachment
(lack of tension)

®

CPC

Aurora-B

Hec1/Ndc80

MCAK

Dam1 kinetochore | phosphorylation
levels of of APC/C

microtubule BubR1/Bub1|\subunits?

other?

destabilization

|

unattached
kinetochore

|

bipolar attachment

—> | sAC | |APC/C]

Figure 3

The chromosomal passenger complex generates an
alternative APC/C inhibitory signal that amplifies the
'wait anaphase’ signal from unattached kinetochores.
Based on different sets of data (see text for details), we pro-
pose that in response to inappropriately attached kineto-
chores, the chromosomal passenger complex not only
destabilises these attachments but also elicits an additional
signal that inhibits the APC/C [35]. This could be via direct
phosphorylation of APC/C subunits, or via direct control of
the spindle assembly checkpoint. Ways be which the chro-
mosomal passenger complex could exert direct control over
the spindle checkpoint are through regulation of BubR1/Bubl
kinetochore levels, modulation of the mitotic checkpoint
complex or via an as yet unknown pathway. Regardless the
mechanism, this additional signal is thought to amplify the
unattached kinetochore-derived signal, resulting in a robust
checkpoint response when the number of unattached kineto-
chores is low.

Therefore, it seems likely that BubR1 function is control-
led by Aurora B in a more complex fashion in metazoans.
Still, the mitotic phosphorylation-status of BubR1 in
human cells does depend on Aurora B kinase activity [14].
Interestingly, BubR1 was recently shown to be a substrate
of Plk1 and phosphorylation by this kinase is responsible
for the phosphorylation-dependent mobility shift of
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BubR1. This phosphorylation is thought to occur locally
when both Plkl and BubR1 are localised on the kineto-
chore [44]. It is thus possible that Aurora B merely con-
trols kinetochore localisation of BubR1, and as such
indirectly promotes BubR1 phosphorylation by Plk1 (and
potentially other kinases). The reduced BubR1 phosphor-
ylation in Aurora B-deficient cells could therefore be a
reflection of BubR1 mislocalisation. In this respect, the
recent finding that BubR1 (and Bubl) kinetochore
recruitment depends on their interaction with Blinkin/
KNL-1, a component of the KMN (KNL-1/Mis12/Ndc80/
Hec1) protein complex [45], is interesting, since Aurora B
influences the (microtubule-binding) function of this
complex through direct phosphorylation of Ndc80/Hecl
[26,27]. One could thus speculate that Aurora B controls
both microtubule binding and BubR1/Bub1 recruitment
by modulating the KMN-complex at incorrectly attached
kinetochores. Taken together, it is not yet clear what the
downstream targets of the chromosomal passenger com-
plex/Aurora B are in exerting direct control over the spin-
dle assembly checkpoint. Although, Bub1 and BubR1 are
attractive candidates, the chromosomal passenger com-
plex (and Aurora B) might very well control spindle
checkpoint function through direct modification of other
spindle checkpoint components or APC/C subunits.

Attachment and tension

When correctly attached, kinetochores of sister-chroma-
tids are bound by microtubules from the opposing spin-
dle poles (bipolar attachment) that pull in opposite
directions to create physical force (tension) between the
still cohered sister-kinetochores [46]. It is a matter of
debate whether the mere lack of tension (thus without the
presence of unattached kinetochores) is capable of main-
taining spindle checkpoint activity (i.e. whether there
exists a 'tension-only'-checkpoint) and if the chromo-
somal passenger complex is involved in this. Classical
micromanipulation experiments in grasshopper sperma-
tocytes demonstrated that application of tension to an
improperly attached chromosome silenced the spindle
assembly checkpoint [47]. In addition, experiments in
budding yeast showed that the presence of unreplicated
chromatids (that cannot generate tension because they
lack a sister chromatid) caused a spindle checkpoint-
dependent arrest in mitosis [48,49]. These studies indi-
cated the presence of a tension-specific checkpoint
branch, but an inherent problem interpreting these find-
ings is that microtubule-kinetochore attachments that do
not generate tension are intrinsically unstable [46,50],
presumably due to the activity of Aurora B. These unstable
kinetochore-microtubule interactions may thus fre-
quently result in the generation of unattached kineto-
chores. Because of this inherent lack-of-tension
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consequence, it is very difficult to unequivocally prove the
presence of a tension-specific checkpoint signal capable of
arresting the cell cycle in the complete absence of unat-
tached kinetochores. Another study in which mammalian
Ptk1 cells were cultured at low temperatures showed that
these cells were delayed in metaphase [51]. In these met-
aphase-delayed cells, all kinetochores had acquired nor-
mal numbers of kinetochore microtubules [52] but
tension between sister-kinetochores was reduced, provid-
ing the strongest evidence so far for presence of a 'tension-
only'-checkpoint in mammalian cells. Nonetheless, the
question whether the absence of tension can function as a
direct regulator of the spindle assembly checkpoint is a
very important conceptual one that deserves additional
investigation. To further test whether solely the lack of
tension can inhibit the APC/C, a situation should be cre-
ated 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 microtubule-capture and destabilis-
ing factors (i.e. Ndc80/Hecl, Dam1 and MCAK) that are
controlled by Aurora B [25-27,31,32], thereby artificially
stabilising (defective) attachments. Upon combination of
such mutations with a situation that prevents the build-up
of tension (e.g. by using cohesin or shugoshin mutants or
by generating single individual chromatids in replication
defective (Cdc6) mutants or by paclitaxel/monastrol treat-
ment) [48,53-56], such an experimental setup should be
capable of putting to the test the presence or absence of a
direct tension-specific checkpoint branch. In such experi-
ments, rigorous tests should be performed that are able to
detect the presence or absence of (transient) unattached
kinetochores. Obviously, generating such an experimental
setup in human cells is a technically challenging endeav-
our, also because it is likely that not all Aurora B substrates
influencing kinetochore-microtubule interactions have
been identified. However, since antibody-induced stabili-
sation of the Ndc80/Hecl-microtubule interaction was
shown to generate extremely stable microtubule-kineto-
chore interactions in the presence of Aurora B activity
[27], merely mutating Aurora B phosphorylations on
Ndc80/Hec1 might suffice to prevent the creation of unat-
tachments in response to a lack of tension. Additionally,
it will be important to understand the mechanisms
behind BubR1 kinetochore recruitment in response to
lack of tension [51,57] and to assess if (similar to what
occurs with Mad2 on unattached kinetochores) BubR1 is
modified specifically on these kinetochores to function as
a potential APC/C inhibitor in the cytoplasm. Combined,
such studies should provide more insight into the poten-
tial presence and molecular workings of tension-specific
checkpoint signals and their dependency on Aurora B
activity.
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Conclusions: A model for spindle checkpoint control by the
chromosomal passenger complex/Aurora B

In general, the time cells remain arrested in mitosis upon
treatment with spindle poisons greatly varies between cell
types, yet eventually all cells do exit from mitosis in the
presence of improperly attached or unattached kineto-
chores. This event is referred to as mitotic 'slippage' and
coincides with gradual (proteasome-dependent) destruc-
tion of cyclin B [58]. Once the level of cyclin B has
dropped below a certain critical treshold, cells exit from
mitosis even when all kinetochores are unattached and
able to recruit Mad2. These findings were explained by the
idea that even a fully functional spindle assembly check-
point is not capable of blocking all APC/C's from ubiqui-
tinating cyclin B [58]. In line with this reasoning, we
propose that Aurora B may influence the efficiency of
APC/C inhibition independent from its microtubule-
destabilising activity, either by influencing the spindle
assembly checkpoint (e.g. via affecting the kinetochore
levels of BubR1/Bub1 or by regulating mitotic checkpoint
complex-dependent inhibition of the APC/C), or by direct
phosphorylation of APC/C components (figure 3). The
net result would be a more rapid degradation of cyclin B
in mitotic cells devoid of active Aurora B. This would
explain why the mitotic residence time in nocodazole is
shortened after inhibition of Aurora B, and why cells exit
more quickly upon Aurora B inhibition after a prolonged
mitotic arrest [14,15].

Along the same lines, if even in the presence of 100%
unattached kinetochores the spindle checkpoint is not
capable of fully inhibiting all APC/C's from ubiquitinat-
ing cyclin B, a few or a single unattached kinetochore may
be able to block even fewer APC/C's, resulting in a more
rapid degradation of cyclin B and hence a less robust
checkpoint arrest. If now the efficiency of APC/C inhibi-
tion is further crippled by defects in chromosomal passen-
ger complex/Aurora B function (e.g. the situation in which
Aurora B is in complex with INCENP-ACC), cells will
swiftly exit mitosis even in the presence of a few unat-
tached kinetochores [35]. Clearly, this additional function
of Aurora B in checkpoint control is only revealed when
its microtubule destabilising function is unperturbed (i.e.
when in complex with INCENP-ACC) or not relevant (i.e.
in nocodazole), and is expected to become more critical
when only a few kinetochores are unattached (i.e.
INCENP-ACC expressing cells treated with paclitaxel) (fig-
ure 4). Thus, we propose that when sister-kinetochores are
improperly attached (and hence fail to generate tension),
the chromosomal passenger complex/Aurora B response
to this defect is twofold: (i) by severing the kinetochore-
microtubule attachments, it will create unattached kineto-
chores capable of inhibiting the APC/C, (ii) by eliciting an
additional APC/C inhibitory signal, it will amplify/
strengthen the unattached kinetochore-derived signal
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thereby ensuring a robust spindle checkpoint response
when the number of unattached kinetochores is low.

Future directions

Recently, Aurora B substrates have been identified (e.g.
Hec1/Ndc80, MCAK, Dam1 [25-27,31,32]) involved in
the regulation of kinetochore-microtubule interactions.
Surely, many more substrates involved in kinetochore-
microtubule stability await identification, and an addi-
tional challenge will be to find the Aurora B substrates
that will give mechanistic insight into how the chromo-
somal passenger complex exerts direct control over the
spindle checkpoint. Not only the identity of the Aurora B
substrates are gradually revealed, also its mode of activa-
tion appears to be more complicated than merely through
the interaction with the IN-box of INCENP [59].

Recent studies in Xenopus extracts showed that microtu-
bules and the passenger protein TD60 are required for
optimal activation of Aurora B and that certain substrates
first need to be phosphorylated by other kinases, (e.g. Plk1
and Haspin) to relieve their inhibitory effect on Aurora B
activity [60]. In addition, phosphorylation of borealin by
Mps1 also contributes to the activation of Aurora B [61].
Taken together, this suggests that also the interplay
between the chromosomal passenger complex and certain
kinases could result in a mode of Aurora B activation that
may define its substrate specificity and function.

In figure 2 we have drawn the scenario in which Aurora B
specifically destabilises the incorrect kinetochore-micro-
tubule interaction. However, it is still not known if Aurora
B is in fact able to discriminate between these two types of
attached kinetochores and if so, how the chromosomal
passenger complex/Aurora B is able to sense these faulty
attachments that fail to generate tension. Recently, the
coiled-coil domain within INCENP has been suggested to
function as the tension-sensor within the chromosomal
passenger complex through its interaction with microtu-
bules [62], but it is still largely unknown how the
INCENP-microtubule interaction could translate into an
increase in Aurora B activity. Alternatively, it may very
well be that in prometaphase Aurora B creates a general
state of loose or dynamic kinetochore-microtubule attach-
ments as a consequence of Hec1/Ndc80 phosphorylation
and MCAK regulation [26,27,63] and that upon obtaining
bipolar attachments and hence tension, Aurora B activity
is constrained as a consequence of spatial separation from
its kinetochore substrates [21,64], resulting in stabilisa-
tion of the correct attachments. Finally, understanding the
mechanisms behind the spindle checkpoint-associated
function of the chromosomal passenger complex might
yield new insights into the development of chromosomal
instability in cancer cells.
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Figure 4

Model explaining the role of the chromosomal passenger complex/Aurora B in spindle checkpoint function. (A)
Treatment with the microtubule destabilising drug nocodazole results in a long checkpoint-dependent mitotic arrest. However,
even when all kinetochores are unattached the spindle assembly checkpoint is not capable of inhibiting all APC/C's which might
explain why these cells do eventually exit from mitosis (mitotic slippage) [58]. If Aurora B is inactivated in these cells, less APC/
C's will be inhibited. Still this is sufficient to allow a mitotic delay, but this delay is significantly shorter than when Aurora B is
active [14, I5]. (B) Treatment with the microtubule stabilising agent paclitaxel induces a mitotic arrest with a few unattached
kinetochores [35] most likely inhibiting less APC/C's than when all kinetochores are unattached. Yet, this number of inhibited
APC/C's is sufficient to sustain a robust checkpoint-dependent arrest. Since the unattached kinetochores are generated under
the influence of the chromosomal passenger complex/Aurora B [35], inhibition of Aurora B will now silence both the unat-
tached kinetochore-derived checkpoint signal and the additional amplification signal, resulting in an override of the spindle
assembly checkpoint. (C) Expression of a chromosomal passenger complex that lacks the coiled-coil domain of INCENP does
not affect the microtubule destabilising activity of Aurora B. In the presence of paclitaxel unattached kinetochores are there-
fore generated but this does not result in a checkpoint-dependent arrest [35]. We propose that due to the low number of
unattached kinetochores that are now inhibiting the APC/C, the spindle checkpoint becomes more dependent on this addi-
tional chromosomal passenger complex-generated amplification signal to inhibit a sufficient number of APC/C's that allow a
robust mitotic arrest.

Page 7 of 9

(page number not for citation purposes)



Cell Division 2008, 3:10

Authors' contributions
GV drafted the manuscript, AFM contributed to the con-
ception of the model, SMAL drafted and wrote the manu-

script. All authors read and approved the final
manuscript.
Acknowledgements

We would like to thank prof. R. H. Medema and dr A. Lindqyist for critical
reading of the manuscript and helpful discussion. GV and SMAL are sup-
ported by a grant of the Netherlands Organization of Scientific Research
(Vidi 917.66.332). AFM is supported by a PhD fellowship from FCT of Por-
tugal and by a short-term fellowship from the European Molecular Biology
Organization (EMBO).

References

l.
2.

Earnshaw WC, Bernat RL: Chromosomal passengers: toward an
integrated view of mitosis. Chromosoma 1991, 100:139-146.
Martineau-Thuillier S, Andreassen PR, Margolis RL: Colocalization
of TD-60 and INCENP throughout G2 and mitosis: evidence
for their possible interaction in signalling cytokinesis. Chromo-
soma 1998, 107:461-470.

van Vugt MA, Medema RH: Getting in and out of mitosis with
Polo-like kinase-1. Oncogene 2005, 24:2844-2859.

Vader G, Medema RH, Lens SM: The chromosomal passenger
complex: guiding Aurora-B through mitosis. | Cell Biol 2006,
173:833-837.

Klein UR, Nigg EA, Gruneberg U: Centromere targeting of the
chromosomal passenger complex requires a ternary sub-
complex of Borealin, Survivin, and the N-terminal domain of
INCENP. Mol Biol Cell 2006, 17:2547-2558.

Vagnarelli P, Earnshaw WC: Chromosomal passengers: the four-
dimensional regulation of mitotic events. Chromosoma 2004,
113:211-222.

Peters |M: he anaphase promoting complex/cyclosome: a
machine designed to destroy. Nat Rev Mol Cell Biol 2006,
7:T644-656.

Sudakin V, Chan GK, Yen T): Checkpoint inhibition of the APC/
C in Hela cells is mediated by a complex of BUBRI, BUB3,
CDC20, and MAD2. | Cell Biol 2001, 154:925-936.

De Antoni A, Pearson CG, Cimini D, Canman ]C, Sala V, Nezi L,
Mapelli M, Sironi L, Faretta M, Salmon ED, Musacchio A: The Madl/
Mad2 complex as a template for Mad2 activation in the spin-
dle assembly checkpoint. Curr Biol 2005, 15:214-225.

Luo X, Tang Z, Xia G, Wassmann K, Matsumoto T, Rizo J, Yu H: The
Mad2 spindle checkpoint protein has two distinct natively
folded states. Nat Struct Mol Biol 2004, 11:338-345.

Musacchio A, Salmon ED: The spindle-assembly checkpoint in
space and time. Nat Rev Mol Cell Biol 2007, 8:379-393.

Rieder CL, Cole RW, Khodjakov A, Sluder G: The checkpoint
delaying anaphase in response to chromosome monoorien-
tation is mediated by an inhibitory signal produced by unat-
tached kinetochores. | Cell Biol 1995, 130:941-948.

Biggins S, Murray AW: The budding yeast protein kinase Ipll/
Aurora allows the absence of tension to activate the spindle
checkpoint. Genes Dev 2001, 15:3118-3129.

Ditchfield C, Johnson VL, Tighe A, Ellston R, Haworth C, Johnson T,
Mortlock A, Keen N, Taylor SS: Aurora B couples chromosome
alignment with anaphase by targeting BubRI, Mad2, and
Cenp-E to kinetochores. | Cell Biol 2003, 161:267-280.

Hauf S, Cole RW, LaTerra S, Zimmer C, Schnapp G, Walter R, Heckel
A, van Meel J, Rieder CL, Peters JM: The small molecule Hesper-
adin reveals a role for Aurora B in correcting kinetochore-
microtubule attachment and in maintaining the spindle
assembly checkpoint. | Cell Biol 2003, 161:281-294.

Lens SM, Wolthuis RM, Klompmaker R, Kauw ], Agami R, Brum-
melkamp T, Kops G, Medema RH: Survivin is required for a sus-
tained spindle checkpoint arrest in response to lack of
tension. Embo | 2003, 22:2934-2947.

Carvalho A, Carmena M, Sambade C, Earnshaw WC, Wheatley SP:
Survivin is required for stable checkpoint activation in taxol-
treated Hela cells. | Cell Sci 2003, 116:2987-2998.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.
35.

36.

37.

38.

39.

http://www.celldiv.com/content/3/1/10

Kapoor TM, Mayer TU, Coughlin ML, Mitchison TJ: Probing spindle
assembly mechanisms with monastrol, a small molecule
inhibitor of the mitotic kinesin, Eg5. | Cell Biol 2000,
150:975-988.

Waters JC, Chen RH, Murray AW, Salmon ED: Localization of
Mad2 to kinetochores depends on microtubule attachment,
not tension. | Cell Biol 1998, 141:1181-1191.

Biggins S, Severin FF, Bhalla N, Sassoon |, Hyman AA, Murray AW:
The conserved protein kinase Ipll regulates microtubule
binding to kinetochores in budding yeast. Genes Dev 1999,
13:532-544.

Tanaka TU, Rachidi N, Janke C, Pereira G, Galova M, Schiebel E, Stark
M), Nasmyth K: Evidence that the Ipll-Slil5 (Aurora kinase-
INCENP) complex promotes chromosome bi-orientation by
altering kinetochore-spindle pole connections. Cell 2002,
108:317-329.

Lampson MA, Renduchitala K, Khodjakov A, Kapoor TM: Correct-
ing improper chromosome-spindle attachments during cell
division. Nat Cell Biol 2004, 6:232-237.

Cimini D, Wan X, Hirel CB, Salmon ED: Aurora kinase promotes
turnover of kinetochore microtubules to reduce chromo-
some segregation errors. Curr Biol 2006, 16:1711-1718.
Knowlton AL, Lan W, Stukenberg PT: Aurora B is enriched at
merotelic attachment sites, where it regulates MCAK. Curr
Biol 2006, 16:1705-1710.

Cheeseman IM, Anderson S, Jwa M, Green EM, Kang |, Yates R 3rd,
Chan CS, Drubin DG, Barnes G: Phospho-regulation of kineto-
chore-microtubule attachments by the Aurora kinase Ipllp.
Cell 2002, 111:163-172.

Cheeseman IM, Chappie JS, Wilson-Kubalek EM, Desai A: The con-
served KMN network constitutes the core microtubule-
binding site of the kinetochore. Cell 2006, 127:983-997.
Deluca JG, Gall WE, Ciferri C, Cimini D, Musacchio A, Salmon ED:
Kinetochore microtubule dynamics and attachment stability
are regulated by Hecl. Cell 2006, 127:969-982.

Hanisch A, Sillie HH, Nigg EA: Timely anaphase onset requires a
novel spindle and kinetochore complex comprising Skal and
Ska2. Embo J 2006, 25:5504-5515.

Emanuele M), Stukenberg PT: Xenopus Cep57 is a novel kineto-
chore component involved in microtubule attachment. Cell
2007, 130:893-905.

Momotani K, Khromov AS, Miyake T, Stukenberg PT, Somlyo AV:
Cep57, a multidomain protein with unique microtubule and
centrosomal localization domains. Biochem | 2008.

Andrews PD, Ovechkina Y, Morrice N, Wagenbach M, Duncan K,
Wordeman L, Swedlow JR: Aurora B regulates MCAK at the
mitotic centromere. Dev Cell 2004, 6:253-268.

Lan W, Zhang X, Kline-Smith SL, Rosasco SE, Barrett-Wilt GA, Shab-
anowitz |, Hunt DF, Walczak CE, Stukenberg PT: Aurora B phos-
phorylates centromeric MCAK and regulates its localization
and microtubule depolymerization activity. Curr Biol 2004,
14:273-286.

Pinsky BA, Kung C, Shokat KM, Biggins S: The Ipll-Aurora protein
kinase activates the spindle checkpoint by creating unat-
tached kinetochores. Nat Cell Biol 2006, 8:78-83.

Pinsky BA, Biggins S: The spindle checkpoint: tension versus
attachment. Trends Cell Biol 2005, 15:486-493.

Vader G, Cruijsen CW, van Harn T, Vromans MJ, Medema RH, Lens
SM: The chromosomal passenger complex controls spindle
checkpoint function independent from its role in correcting
microtubule kinetochore interactions. Mol Biol Cell 2007,
18:4553-4564.

Morrow CJ, Tighe A, Johnson VL, Scott M, Ditchfield C, Taylor SS:
Bubl and aurora B cooperate to maintain BubRI-mediated
inhibition of APC/CCdc20. | Cell Sci 2005, 118:3639-3652.
Kallio MJ, McCleland ML, Stukenberg PT, Gorbsky GJ: Inhibition of
aurora B kinase blocks chromosome segregation, overrides
the spindle checkpoint, and perturbs microtubule dynamics
in mitosis. Curr Biol 2002, 12:900-905.

Petersen ), Hagan IM: S. pombe aurora kinase/survivin is
required for chromosome condensation and the spindle
checkpoint attachment response. Curr Biol 2003, 13:590-597.
Lampson MA, Kapoor TM: The human mitotic checkpoint pro-
tein BubR| regulates chromosome-spindle attachments. Nat
Cell Biol 2005, 7:93-98.

Page 8 of 9

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2040201
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2040201
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9914378
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9914378
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9914378
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15838519
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15838519
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16769825
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16769825
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16571674
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16571674
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16571674
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15351889
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15351889
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11535616
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11535616
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11535616
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15694304
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15694304
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15694304
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15024386
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15024386
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15024386
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17426725
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17426725
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7642709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7642709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7642709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11731476
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11731476
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11731476
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12719470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12719470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12719470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12707311
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12707311
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12707311
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12805209
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12805209
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12805209
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12783991
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12783991
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12783991
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10973989
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10973989
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10973989
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9606210
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9606210
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9606210
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10072382
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10072382
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10072382
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11853667
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11853667
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11853667
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14767480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14767480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14767480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16950108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16950108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16950108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16950107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16950107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12408861
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12408861
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17129783
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17129783
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17129783
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17129782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17129782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17129782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17093495
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17093495
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17093495
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17803911
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17803911
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18294141
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18294141
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18294141
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14960279
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14960279
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14972678
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14972678
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14972678
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16327780
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16327780
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16327780
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16084093
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16084093
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17699588
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17699588
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17699588
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16046481
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16046481
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16046481
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12062053
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12062053
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12062053
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12676091
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12676091
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12676091
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15592459
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15592459

Cell Division 2008, 3:10

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

Meraldi P, Sorger PK: A dual role for Bubl in the spindle check-
point and chromosome congression. Embo | 2005,
24:1621-1633.

Tang Z, Sun Y, Harley SE, Zou H, Yu H: Human Bubl protects
centromeric sister-chromatid cohesion through Shugoshin
during mitosis. Proc Natl Acad Sci USA 2004, 101:18012-18017.
Kitajima TS, Hauf S, Ohsugi M, Yamamoto T, Watanabe Y: Human
Bubl defines the persistent cohesion site along the mitotic
chromosome by affecting Shugoshin localization. Curr Biol
2005, 15:353-359.

King EM, Rachidi N, Morrice N, Hardwick KG, Stark MJ: Ipllp-
dependent phosphorylation of Mad3p is required for the
spindle checkpoint response to lack of tension at kineto-
chores. Genes Dev 2007, 21:1163-1168.

Elowe S, Hummer S, Uldschmid A, Li X, Nigg EA: Tension-sensitive
Plkl phosphorylation on BubRI regulates the stability of
kinetochore microtubule interactions. Genes Dev 2007,
21:2205-2219.

Kiyomitsu T, Obuse C, Yanagida M: Human Blinkin/AF15ql4 is
required for chromosome alignment and the mitotic check-
point through direct interaction with Bubl and BubR1. Dev
Cell 2007, 13:663-676.

Ault )G, Nicklas RB: Tension, microtubule rearrangements,
and the proper distribution of chromosomes in mitosis. Chro-
mosoma 1989, 98:33-39.

Li X, Nicklas RB: Mitotic forces control a cell-cycle checkpoint.
Nature 1995, 373:630-632.

Stern BM, Murray AW: Lack of tension at kinetochores acti-
vates the spindle checkpoint in budding yeast. Curr Biol 2001,
11:1462-1467.

Shonn MA, McCarroll R, Murray AW: Requirement of the spindle
checkpoint for proper chromosome segregation in budding
yeast meiosis. Science 2000, 289:300-303.

King JM, Nicklas RB: Tension on chromosomes increases the
number of kinetochore microtubules but only within limits.
J Cell Sci 2000, 113(Pt 21):3815-3823.

Shannon KB, Canman ]C, Salmon ED: Mad2 and BubRI function
in a single checkpoint pathway that responds to a loss of ten-
sion. Mol Biol Cell 2002, 13:3706-3719.

Cassimeris L, Inoue S, Salmon ED: Microtubule dynamics in the
chromosomal spindle fiber: analysis by fluorescence and
high-resolution polarization microscopy. Cell Motil Cytoskeleton
1988, 10:185-196.

Tanaka T, Fuchs J, Loidl ], Nasmyth K: Cohesin ensures bipolar
attachment of microtubules to sister centromeres and
resists their precocious separation. Nat Cell Biol 2000,
2:492-499.

Vagnarelli P, Morrison C, Dodson H, Sonoda E, Takeda S, Earnshaw
WC: Analysis of Sccl-deficient cells defines a key metaphase
role of vertebrate cohesin in linking sister kinetochores.
EMBO Rep 2004, 5:167-171.

Indjeian VB, Stern BM, Murray AW: The centromeric protein
Sgol is required to sense lack of tension on mitotic chromo-
somes. Science 2005, 307:130-133.

McGuinness BE, Hirota T, Kudo NR, Peters JM, Nasmyth K: Shu-
goshin prevents dissociation of cohesin from centromeres
during mitosis in vertebrate cells. PLoS Biol 2005, 3:e86.
Skoufias DA, Andreassen PR, Lacroix FB, Wilson L, Margolis RL:
Mammalian mad2 and bubl/bubR| recognize distinct spin-
dle-attachment and kinetochore-tension checkpoints. Proc
Natl Acad Sci USA 2001, 98:4492-4497.

Brito DA, Rieder CL: Mitotic checkpoint slippage in humans
occurs via cyclin B destruction in the presence of an active
checkpoint. Curr Biol 2006, 16:1194-1200.

Sessa F, Mapelli M, Ciferri C, Tarricone C, Areces LB, Schneider TR,
Stukenberg PT, Musacchio A: Mechanism of Aurora B activation
by INCENP and inhibition by hesperadin. Mol Cell 2005,
18:379-391.

Rosasco-Nitcher SE, Lan W, Khorasanizadeh S, Stukenberg PT: Cen-
tromeric Aurora-B activation requires TD-60, microtubules,
and substrate priming phosphorylation. Science 2008,
319:469-472.

Jelluma N, Brenkman AB, Broek NJ van den, Cruijsen CW, van Osch
MH, Lens SM, Medema RH, Kops GJ: Mps| phosphorylates Bore-
alin to control Aurora B activity and chromosome align-
ment. Cell 2008, 132:233-246.

62.

63.

64.

http://www.celldiv.com/content/3/1/10

Sandall S, Severin F, McLeod IX, Yates JR 3rd, Oegema K, Hyman A,
Desai A: A Birl-Slil5 complex connects centromeres to
microtubules and is required to sense kinetochore tension.
Cell 2006, 127:1179-1191.

Wordeman L, Wagenbach M, von Dassow G: MCAK facilitates
chromosome movement by promoting kinetochore micro-
tubule turnover. | Cell Biol 2007, 179:869-879.

Andrews PD, Knatko E, Moore W], Swedlow JR: Mitotic mechan-
ics: the auroras come into view. Curr Opin Cell Biol 2003,
15:672-683.

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central

O BioMedcentral

« yours — you keep the copyright

Page 9 of 9

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15933723
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15933723
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15604152
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15604152
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15604152
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15723797
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15723797
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15723797
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17504936
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17504936
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17504936
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17785528
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17785528
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17785528
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17981135
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17981135
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17981135
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2766878
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2766878
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7854422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11566107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11566107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10894778
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10894778
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10894778
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11034909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11034909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12388768
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12388768
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12388768
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3180243
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3180243
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3180243
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10934469
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10934469
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10934469
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14749720
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14749720
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15637284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15637284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15637284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15737064
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15737064
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15737064
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11274370
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11274370
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11274370
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16782009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16782009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16782009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15866179
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15866179
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18218899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18218899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18218899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18243099
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18243099
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18243099
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17174893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17174893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18039936
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18039936
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18039936
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14644191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14644191
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	The spindle assembly checkpoint
	The chromosomal passenger complex and the spindle assembly checkpoint: creating unattached kinetochores
	Evidence for a more direct role of the chromosomal passenger complex in spindle checkpoint function
	Potential downstream targets of the chromosomal passenger complex involved in spindle assembly checkpoint control
	Attachment and tension
	Conclusions: A model for spindle checkpoint control by the chromosomal passenger complex/Aurora B
	Future directions

	Authors' contributions
	Acknowledgements
	References

