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The spindle checkpoint ensures the fidelity of chromo-

some segregation by preventing cell-cycle progression

until all the chromosomes make proper bipolar attach-

ments to the mitotic spindle and come under tension.

Despite significant advances in our understanding of

spindle checkpoint function, the primary signal that

activates the spindle checkpoint remains unclear.

Whereas some experiments indicate that the checkpoint

recognizes the lack of microtubule attachment to the

kinetochore, others indicate that the checkpoint senses

the absence of tension generated on the kinetochore by

microtubules. The interdependence between tension

and microtubule attachment make it difficult to deter-

mine whether these signals are separable. In this article

(which is part of the Chromosome Segregation and

Aneuploidy series), we consider recent evidence that

supports and opposes the hypothesis that defects in

tension act as the primary checkpoint signal.
Introduction

The flawless execution of cell division is fundamental to
the formation and survival of living organisms. It requires
the accurate, orderly partitioning of chromosomes, and
results in two daughter cells with the correct complement
of genetic material. Following genome replication, the
replicated chromosomes (sister chromatids) are linked
physically by cohesion, which facilitates their segregation
towards opposite sides of the cell. To pull the sister
chromatids away from one another, the cell relies on the
forces generated by the mitotic spindle. This bipolar array
of microtubules is composed of dynamic tubulin polymers
organized by a pair of organelles called spindle poles. The
forces of the spindle are translated into chromosome move-
ments primarily through the interaction of spindle micro-
tubules with kinetochores, which are specialized protein
complexes that assemble on centromeric DNA. In most
organisms, a single kinetochore contains multiple micro-
tubule-binding sites that interact withmicrotubules arising
from the same spindle pole whereas its sister kinetochore
bindsmicrotubules that originate from the opposite pole. At
this point, a bipolar attachment is attained and the sister
chromatids are poised for proper segregation.

Although bipolar kinetochore–microtubule interactions
are essential for the high fidelity of chromosome
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segregation, achieving the correct attachment is compli-
cated and somewhat random (Box 1; reviewed in [1,2]).
This imperfect process can result in several kinetochore–
microtubule arrangements that lead to chromosome
missegregation. The terminology that describes these
attachments accounts for both kinetochore orientation
and the pole of origin of the interacting microtubules.
Bipolar, or bioriented, attachment where sister kineto-
chores face opposite poles and each kinetochore binds only
spindle microtubules that emanate from the pole it is
facing is called an amphitelic attachment (Figure 1a).
Syntelic attachment indicates that both sister kineto-
chores face the same pole and attach to microtubules
emanating from that pole (Figure 1b). By contrast,
monotelic attachment describes kinetochores that face
opposite poles but only one kinetochore in the pair binds to
microtubules (Figure 1c). Although different, both syntelic
and monotelic attachments are referred to in the
literature as mono-oriented because they are bound to a
single spindle pole. Finally, merotelic attachments occur
when either one or both sister kinetochores bind micro-
tubules that arise from both poles even though they orient
toward opposite poles (Figure 1d). Although merotelic
attachments rarely cause chromosome missegregation
because the kinetochores tend to make enough bipolar
attachments to pull the sister chromatids to opposite poles
[3], chromosomes that make either syntelic or monotelic
attachments will be segregated improperly if uncorrected.
The resulting cells become aneuploid, which predisposes
multicellular organisms to develop several cancers and
birth defects (reviewed in [4,5]).

To ensure that segregation does not occur before all
chromosomes make proper attachments, the spindle
checkpoint delays the metaphase to anaphase transition
to allow the cell time to correct any defects (reviewed in
[6]). This conserved signal-transduction network, which
consists of Mad, Bub and Mps1 proteins, prevents the
premature segregation of improperly attached chromo-
somes by inhibiting the activity of the anaphase promot-
ing complex (APC), a ubiquitin ligase that targets the
anaphase inhibitor securin for destruction. Although it is
clear that the spindle checkpoint causes metaphase arrest
by inhibiting APC, the primary defect that activates
the spindle checkpoint remains controversial. The sim-
plest hypothesis is that the checkpoint monitors some
aspect of kinetochore–spindle interactions. Experiments
in several organisms indicate that the spindle checkpoint
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Figure 1. Types of kinetochore–microtubule attachments. (a) Amphitelic: either

bipolar or bioriented attachment. Sister kinetochores face opposite poles and bind

only microtubules arising from the adjacent pole. (b) Syntelic: sister kinetochores

face the same pole and attach to microtubules emanating from that pole.

(c) Monotelic: sister kinetochores face opposite poles but only one kinetochore

binds microtubules, leaving an unattached kinetochore. (d) Merotelic: sister

kinetochores face opposite poles but one (or both) kinetochore(s) interact with

microtubules from both poles.

Box 1. The process of achieving bipolar attachment

Microtubules exhibit dynamic instability, a property whereby

polymerizing and depolymerizing microtubules interconvert and

co-exist in the same population [69]. Dynamic instability allows

microtubules to probe for kinetochore attachments, stochastic

events termed ‘search and capture’ that occur during prometaphase.

The process begins with unattached sister kinetochores (Figure Ia). A

spindle microtubule binds to one sister kinetochore via a side-on

attachment that allows the rapid transport of the pair of sister

chromatids to the pole (Figure Ib). At the spindle pole, additional

microtubules bind the captured kinetochore in an end-on fashion to

create a microtubule fiber (Figure Ic). A probing microtubule from

the opposite pole then interacts with the remaining unattached

kinetochore (Figure Id). Finally, the sister chromatids congress to the

center of the spindle where the sister kinetochores achieve full

microtubule occupancy. When proper bipolar attachments are

formed, the pole-ward forces of the kinetochore microtubules are

opposed by the cohesion between the sister chromatids, causing the

sister kinetochores to come under tension (Figure Ie). When all the

chromosomes are aligned properly, the cell is in metaphase. Note

that there is only a single microtubule-binding site on each

kinetochore in budding yeast, so the process is simplified.
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is activated by either lack of kinetochore–microtubule
attachments or defects in the tension exerted by micro-
tubule-generated forces on kinetochores (reviewed in [7]).
However, it is unclear whether these signals are separate
or interdependent. Because defects in the spindle
www.sciencedirect.com
checkpoint are associated with many cancers (reviewed
in [8,9]), distinguishing between these potential check-
point activators might have implications for our under-
standing and treatment of human disease. Here, we
examine recent developments in identifying the primary
defect that is sensed by the spindle checkpoint.
The relationship between tension and attachment

Pioneering experiments in mitotic rat PtK cells and
meiotic mantid spermatocytes have laid the foundation
for the attachment versus tension question by providing
strong evidence that the spindle checkpoint responds to
both the lack of attachment and the absence of tension
(Box 2). However, subsequent attempts to tease apart
these signals and identify the primary defect sensed by the
spindle checkpoint are complicated by the intimate
relationship between attachment and tension. Because
unattached kinetochores are not under tension, dis-
tinguishing between potential activators requires analysis
of attached, tension-defective kinetochores. However,
microtubule attachments are also affected by tension.
The application of tension both stabilizes and increases
the number of kinetochore–microtubule attachments
[10,11]. This has been shown in an elegant set of micro-
manipulation experiments in which the number of
microtubule attachments on an attached kinetochore
was halved when tension was relieved by detaching its
sister kinetochore. The subsequent reapplication of
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Box 2. Origins of the tension versus attachment debate

The tension hypothesis states that the absence of mechanical

tension on chromosomes activates the spindle checkpoint. If the

cell was to respond only to an absolute lack of microtubule

attachment, syntelic attachments (Figure 1) would fail to engage

the spindle checkpoint and lead to aneuploidy. Experimental

evidence for the tension hypothesis is provided by micromanipula-

tion of chromosomes in praying mantid spermatocytes that are

undergoing meiosis I [70]. In these cells, the formation of an

attached, tension-defective, syntelic chromosome pair results in

spindle checkpoint activation. However, when tension is applied

across these kinetochores using a force-calibrated microneedle, the

spindle checkpoint is satisfied and the cells enter anaphase.

Although the absence of tension appears to act as a checkpoint

signal in most organisms in both mitosis and meiosis, tension-

micromanipulation experiments have only been performed on

meiotic insect cells. Thus, there is the possibility that these results

are system specific. Consistent with this, a tension signal is required

for Drosophila oocytes to induce a metaphase arrest, but it is not

known if the arrest is dependent on the spindle checkpoint [71].

Evidence indicating that lack of kinetochore attachment rather

than absence of tension activates the spindle checkpoint is based on

the analysis of chromosome behavior in mitotic rat PtK cells [72].

Live-cell imaging coupled with electron microscopy reveals that a

single, unattached kinetochore inhibits anaphase onset. Ablation of

the unattached kinetochore by laser microsurgery relieves the arrest,

which indicates that the unattached kinetochore is the source of the

checkpoint signal. However, the unattached kinetochore is neither

attached nor under tension so it does not distinguish between the

two possible checkpoint activators. Rather, the conclusion that

attachment is the checkpoint signal is based on the behavior of the

intact, attached kinetochore in this monotelic chromosome pair. This

mono-oriented kinetochore is not under tension, but the checkpoint

is inactive. Although it is possible that the attached, sister

kinetochore is under some tension because of antipole-ward forces

on the chromosome arms, it is unlikely that this tension approaches

that which occurs on bioriented sister kinetochores. Therefore, the

simplest explanation for the lack of spindle checkpoint activation in

this experiment is that the absence of tension on the remaining

attached kinetochore is not a sufficient checkpoint signal.

Although one interpretation of these results is that defects in either

tension or attachment activate the spindle checkpoint specifically,

they are complicated by the observations that tension defects can

affect microtubule occupancy. This problem is discussed in the

section ‘The relationship between tension and attachment’.
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Figure 2. Two models of spindle checkpoint activation. (a) Defects in tension and

attachment are separate signals that are sensed by the cell and lead to activation of

the spindle checkpoint. (b) Defects in tension are sensed by the cell, which results in

the destabilization of inappropriate microtubule attachments. The destabilization of

these attachments creates unattached kinetochores that are monitored by the

spindle checkpoint and lead to its activation.
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tension to the relaxed kinetochore restored attachment to
its original level. Therefore, microtubule attachment and
tension are coupled by an unknown mechanism. This
leads to the question of whether the absence of tension
activates the spindle checkpoint directly, by regulating a
tension-sensitive component of the checkpoint, or
indirectly, by altering kinetochore-microtubule occupancy
(Figure 2).

The best evidence for the interdependence of tension
and attachment signals comes from the grasshopper
spermatocyte system in which kinetochores with ‘weak’
attachments have been created using micromanipulation
[12]. These kinetochores completely lack tension and have
only a few attached microtubules. In this situation,
molecular markers for checkpoint activation decrease
despite the lack of tension, which indicates that the
weak attachments are sufficient to regulate the check-
point. However, the checkpoint is not silenced completely
until the weakly attached kinetochores obtain full
occupancy and come under tension. Therefore, in this
system, the checkpoint appears to monitor attachment,
www.sciencedirect.com
and the role of tension is to promote the stabilization of
these microtubule attachments.

In budding yeast, the relationship between tension and
attachment is simplified. Unlike metaphase kinetochores
from PtK cells and grasshopper spermatocytes, which
bind an average of 24 and 32 microtubules, respectively,
budding yeast kinetochores attach to a single microtubule
[11,13,14]. The budding yeast kinetochore is either
attached or unattached and cannot generate a ‘weak’
attachment because of partial microtubule occupancy.
Based on this, experiments performed in budding yeast
provide the most compelling evidence that the spindle
checkpoint recognizes the absence of tension. To test the
role of tension in both mitotic and meiotic progression,
tension defects have beenmanufactured by preventing the
chromosome pairing that is necessary to generate bipolar
force [15,16]. This has been achieved in mitosis by con-
ditionally inhibiting either replication or sister chromatid
cohesion, and in meiosis by preventing the recombination
that holds homologous chromosomes together during
meiosis I. The absence of tension in these situations
causes a delay in cell-cycle progression that is dependent
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Box 3. Experimental approaches to creating defects in

tension and attachment

Several experimental approaches are used to activate the spindle

checkpoint by creating either unattached or tension-defective

kinetochores. Although the use of chromosome micromanipulation

to control the status of kinetochore attachment and tension is

powerful, it is challenging technically and is not amenable to most

cell types. More commonly, attachment and tension are manipu-

lated in cells in culture by chemical inhibition of spindle function. To

generate unattached kinetochores, cells are exposed to either

nocodazole or benomyl, which cause microtubule depolymerization

and, therefore, deprive kinetochores of their attachment partners. By

contrast, tension defects are produced typically by treatment with

the microtubule-stabilizing drug taxol. The sister kinetochores in

taxol-treated cells are closer together, indicating loss of kinetochore

tension, and electron microscopy confirms that these tensionless

kinetochores remain bound to microtubules [13]. Although the

average number of kinetochore-bound microtubules is no different

from control cells, the variation in the number of microtubules

bound to each kinetochore is significantly greater, which indicates

that taxol treatment alters microtubule occupancy. This might be

caused by the instability of microtubule attachments that are not

under proper tension [10]. Because a single unattached kinetochore

is sufficient to engage the checkpoint (Box 2), one interpretation of

these experiments is that taxol activates the checkpoint because it

creates unoccupied microtubule-binding sites, not because the

checkpoint responds to the absence of tension. It is important to

keep this caveat in mind when considering the specificity of

molecular markers to either unattached or tension-defective kineto-

chores given the standard use of taxol to create tension defects.
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on the spindle checkpoint. In these experiments, the
chromosomes were pulled to the poles, indicating that the
tensionless kinetochores make microtubule attachments,
although it is possible there is an undetected delay in
attachment. Because kinetochores in budding yeast
cannot be visualized by electron microscopy, it is difficult
to determine the precise status of attachments in this
organism. Although these experiments are not compli-
cated by questions of partial microtubule occupancy, it is
not clear if these kinetochore–microtubule interactions
differ from the amphitelic state. For example, the tension-
less kinetochore might bind to the side of the microtubule
instead of interacting properly with the microtubule end.
Therefore, it is possible that the absence of tension on
budding yeast kinetochores also affects microtubule
attachment. It is important to determine the type of
yeast attachments that occur in the absence of tension and
how these budding yeast experiments translate to more
complex kinetochores with multiple microtubule-binding
sites.

Molecular markers for the lack of attachment and the

absence of tension

The continuing confusion over the primary defect that
activates the spindle checkpoint is fueled, in part, by the
development of molecular markers that are thought to
recognize either unattached or tensionless kinetochores.
However, rather than clarifying the question, recent
analysis of these markers highlights how difficult it is to
distinguish between attachment and tension defects.
When evaluating these markers, it is important to keep
in mind the techniques used to create defects in tension
and attachment (Box 3).

The Mad2 checkpoint protein

The conserved checkpoint protein Mad2 has been
proposed to be a marker for unattached kinetochores.
Localization studies show that Mad2 binds to unattached
kinetochores in prometaphase of the unperturbed cell
cycle and is lost from kinetochores in metaphase when
amphitelic attachments are made [17,18]. In addition,
Mad2 is recruited to kinetochores with reduced micro-
tubule occupancy. Because Mad2 does not accumulate on
tension-defective kinetochores that are generated by
either treatment with taxol or micromanipulation (Box 3),
it has been proposed that Mad2 specifically marks
unattached kinetochores [19]. However, cells treated
with taxol always contain at least one kinetochore that
stains with Mad2, which is consistent with the possibility
that taxol alters microtubule occupancy. In addition, cells
treated with the kinesin inhibitor monastrol, which blocks
spindle-pole separation and, therefore, results in the
formation of syntelic attachments, accumulate Mad2 on
the majority of attached but tension-defective kineto-
chores [20]. This indicates that either syntelic attach-
ments generated by monastrol are not at their full
microtubule occupancy or that Mad2 localization to
kinetochores is not specific to the lack of attachment.

Another observation that indicates that the role of
Mad2 in the checkpoint might not be specific to
unattached kinetochores comes from the finding that
www.sciencedirect.com
Mad2 function is required for all known attachment and
tension defects to activate the spindle checkpoint. In
addition, it is important to realize that, although the
localization of Mad2 to the kinetochore correlates with
activity of the spindle checkpoint, it has not been demon-
strated to be required for the checkpoint. Recent cell-
culture work indicates that unattached kinetochores with
either low or undetectable levels of Mad2 are capable of
spindle checkpoint arrest [21,22]. In addition, in budding
yeast, Mad2 is not localized to the kinetochore during the
checkpoint delay induced bymutations that create tension
defects [23]. Therefore, either localization of Mad2 to the
kinetochore might not represent its role in the checkpoint
or wemight have reached the experimental limits of Mad2
detection.
The 3F3/2 phosphoepitope

The 3F3/2 antibody was developed originally against
thiophosphorylated substrates in Xenopus egg extracts
[24] and shown subsequently to recognize phospho-
epitopes on kinetochores and spindle poles in many cell
types [25]. Micromanipulation experiments, such as those
described above, have demonstrated that the intensity of
the 3F3/2 kinetochore signal is sensitive to the application
of tension. When one kinetochore in a syntelic attachment
is put under tension, its 3F3/2 signal is reduced
significantly compared with the unmanipulated control
[26]. Conversely, the tension defects induced by taxol
treatment result in strong 3F3/2 kinetochore staining that
appear to be proportionally more intense than Mad2
staining [19]. Of course, these experiments are subject to
the important caveat that tension affects the stability and
number of microtubule attachments. Nevertheless, the
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3F3/2 labeling of kinetochores in the absence of tension
has led to speculation that the phosphorylation recognized
by 3F3/2 is important for cells to signal defects in tension
to the spindle checkpoint. In support of this idea,
microinjection of 3F3/2 antibody into mitotic cells protects
the phosphoepitope and results in a metaphase delay [27].
However, it is possible that this phenotype is caused by
indirect effects of the injected antibody on kinetochore
function.

The potential role of 3F3/2 phosphorylation in signaling
tension defects has led to interest in identifying the 3F3/2
phospho-substrate(s), and the kinases and phosphatases
that regulate kinetochore phosphorylation. Recent work
shows that the Polo-like kinase 1 (Plk1) is required to
generate the 3F3/2 epitope on vertebrate kinetochores
[28]. Plk1 regulates numerous mitotic functions including
mitotic entry, spindle assembly, cohesin dissociation and
cytokinesis, but had not previously been implicated in
spindle checkpoint signaling (reviewed in [29]). Plk1 can
create 3F3/2 reactivity on kinetochores in vitro and
depletion of Plk1 by siRNA leads to a decrease in 3F3/2
kinetochore staining in vivo [28]. In addition, cells in
which Plk1 is depleted have a reduction in the kinetochore
levels of many proteins involved in the spindle checkpoint,
including Mad2, Cenp-E, Ndc80 and Cdc20. However,
rather than the expected defect in checkpoint function,
Plk1 depletion leads to a spindle checkpoint-dependent
metaphase delay. Although it is possible thatPlk1-mediated
generation of the 3F3/2 phosphoepitope is not required for
tension-dependent checkpoint signaling, it might be that
either complete depletion of Plk1 has not been achieved or
that additional proteins are involved in the checkpoint
response to tension defects. Alternatively, Plk1 depletion
might interfere with another mitotic function of Plk1 and
activate the checkpoint via unrelated attachment defects.

An intriguing possibility is that Plk1 links checkpoint
signals to 3F3/2 staining through phosphorylation of the
APC, a Plk1 substrate in vitro (reviewed in [29]). The
kinetochore localization of the APC depends on the spindle
checkpoint and the 3F3/2 antibody recognizes several APC
components specifically from mitotic extracts [30,31]. In
the future it is important to map these 3F3/2 phospho-
epitopes and determine the consequences of this phos-
phorylation on checkpoint activity in vivo.

Other checkpoint proteins

In addition to 3F3/2 phosphoepitopes, reports suggest that
several checkpoint proteins are recruited specifically to
tension-defective but attached kinetochores. In cells in
culture, the conserved checkpoint component BubR1
accumulates on kinetochores in the absence of tension
produced by treatment with taxol, incubation at low
temperatures, and treatment with the microtubule
inhibitor vinblastine [32–34]. However, as discussed
above, these treatments might also affect microtubule
occupancy. In addition, BubR1 function is required to
activate the checkpoint in response to the lack of
attachment, which indicates that BubR1 does not play a
tension-specific role in the spindle checkpoint [35–37]. By
contrast, Mad3, the budding yeast homolog of BubR1,
appears to be required for the checkpoint arrest that is
www.sciencedirect.com
signaled by lack of attachment because of spindle
depolymerization, but is dispensable for the checkpoint
delay that is generated by tension defects caused by
inhibition of replication [38]. Mad3 is the only checkpoint
protein that is reported to behave in this manner and
additional experiments should determine if this obser-
vation is truly specific to attachment.

The conserved checkpoint component Bub1 is also
reported to accumulate on kinetochores in the absence of
tension [32,33,39]. However, the kinetochore localization
of Bub1 also appears to be sensitive to defects in
attachment [34,39,40]. Further complicating the situation
is the observation that Bub1 is required for the
kinetochore localization of a subset of checkpoint proteins
that varies depending on the experimental system and
conditions. These differences might explain why loss of
Bub1 function causes varying degrees of checkpoint
impairment [40–44]. Additionally, Bub1 regulates centro-
meric cohesion in meiosis and mitosis [43–45]. Because
centromeric cohesion is important for the generation of
kinetochore tension, it is tempting to speculate that this
regulation might allow Bub1 to monitor tension signals.

Aurora B kinases might regulate the spindle checkpoint

response to the absence of tension

In addition to proteins that might mark either unattached
or tension-defective kinetochores, some appear to be able
to distinguish between these two checkpoint activators.
One of these proteins is Aurora B, the catalytic component
of a complex that also includes the inner centromere
protein (INCENP), Survivin, and the related proteins
Dasra B/Borealin/Csc1 and Dasra A (reviewed in [46]).
These proteins comprise the chromosomal passenger
complex, which is named because of its dynamic localiz-
ation pattern in which it appears first in the inner
centromere region between sister kinetochores, then
moves onto the elongating spindle and, finally, concen-
trates at the spindle midzone. Aurora B regulates
numerousmitotic events including amphitelic kinetochore
attachment and spindle checkpoint function, spindle
assembly and disassembly, anaphase chromosome con-
densation, and cytokinesis.

Amphitelic kinetochore attachment

Analysis of temperature-sensitive, loss-of-function muta-
tions in the IPL1 gene, the homolog of Aurora B in budding
yeast, reveals cells with massive chromosome missegrega-
tion caused by the formation of syntelic attachments
[47–49]. Experiments in many model systems are consist-
ent with the yeast experiments and indicate that Aurora B
plays a conserved role ensuring amphitelic kinetochore
attachments (reviewed in [46]). It has been proposed that
Aurora B/Ipl1 promotes the turnover of kinetochore micro-
tubule interactions that do not generate tension [49].
Consistent with this hypothesis, Ipl1 activity is required
to detach microtubules from tension-defective kineto-
chores caused by either a mutation in the conserved
Mtw1/Mis12 protein or a defect in replication [49–51].
These observations are similar to subsequent data from
studies in cell culture, which indicate that Aurora B
selectively disassembles kinetochore microtubules that
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are attached syntelically [52]. Furthermore, impairing the
function of Aurora B stabilizes kinetochore–microtubule
attachments at defective kinetochores [50,53]. Together,
these experiments indicate thatAuroraB/Ipl1 alters kineto-
choremicrotubules in response to the absence of tensionand
might be responsible for the instability of attachments at
kinetochores that lack tension, as described above. These
studies also indicate that Aurora B/Ipl1 is regulated by the
absence of tension and, therefore, might also allow the
spindle checkpoint to detect tension defects.
Spindle checkpoint

A role for Aurora B/Ipl1 in the spindle checkpoint was
indicated first by the analysis of temperature-sensitive
ipl1 mutant cells, which, despite syntelic attachments,
proceed through the cell cycle without detectable spindle
checkpoint delay [48]. It was shown later that Ipl1
function is required to activate the checkpoint in response
to the conditional inhibition of either replication or sister
chromatid cohesion, conditions that prevent the chromo-
some pairing that is necessary to generate bipolar force
and kinetochore tension [54]. By contrast, the loss of
attachment that is induced by the microtubule depolymer-
izing drug nocodazole activates the checkpoint in an
Ip1l-independent manner, which indicates a specific
requirement for Ipl1 to allow the absence of tension to
activate the spindle checkpoint. Similarly, in cell-culture
systems, Aurora B and the chromosomal passenger
complex are required for defects in tension but not
attachment to activate the spindle checkpoint [55–58].

The mechanism by which Aurora B/Ipl1 activates the
spindle checkpoint in response to the absence of tension is
not known. The simplest explanation is that Aurora B/Ipl1
facilitates both amphitelic attachment and spindle check-
point activation by promoting the turnover of kineto-
chore–microtubule interactions. This hypothesis suggests
that Aurora B/Ipl1 regulates checkpoint activation
indirectly by creating unattached kinetochores and,
essentially, amplifying a marginal checkpoint signal.
Consistent with this hypothesis, impairing Ipl1 function
in a kinetochore mutant in budding yeast both restores
attachment and satisfies the spindle checkpoint [50]. It is
also possible that Aurora B/Ipl1 has a direct role in
checkpoint activation that is independent of its role in
kinetochore detachment. For example, in fission yeast and
extracts of Xenopus eggs, Aurora B is required for
attachment defects to activate the spindle checkpoint,
which indicates a role that is separate from creating
unattached kinetochores [59,60]. The differences in
spindle checkpoint regulation and the responses to spindle
depolymerization that make these organisms depend
completely on Aurora B/Ipl1 for checkpoint activity is
not well understood. One possibility is that the kineto-
chore structure in these organisms is disrupted in the
absence of Aurora B/Ipl1 function in a manner that
prevents the spindle checkpoint from ever being activated.
Consistent with this hypothesis, Aurora B is required for
the kinetochore localization of all other checkpoint
proteins in Xenopus egg extracts [61].
www.sciencedirect.com
Additional proteins that distinguish between tension

and attachment defects

Several other gene products in budding yeast are required
for tension defects to activate the spindle checkpoint. One
such protein is Shugoshin (Sgo1), which was identified
originally as a protector of centromeric cohesion during
meiosis I [62–65]. A mitotic checkpoint role for Sgo1 has
been revealed in a genetic screen for mutants that do not
respond to the absence of tension generated by the
presence of short linear chromosomes [66]. Subsequent
experiments have shown that sgo1 mutant cells do not
activate the checkpoint because of loss of cohesion but that
they respond normally to spindle depolymerization, which
is similar to ipl1 mutants. It is intriguing that Sgo1
appears to have a role in both tension-specific checkpoint
activation and cohesion of sister chromatids. This leads to
the possibility that Sgo1 couples tension-sensing with
cohesionmaintenance, which itself is essential to generate
tension. However, like Aurora B/Ipl1, Sgo1 also has roles
in microtubule and kinetochore function that might make
it difficult to distinguish whether its role in the checkpoint
response to tension defects is separable.

In contrast to sgo1 mutant budding yeast cells, siRNA-
mediated depletion of human Sgo1 in cell culture results
in severe mitotic defects that include premature sister
separation, destabilization of kinetochore microtubules,
loss of kinetochore tension and spindle checkpoint arrest
that depends on Mad2 and Aurora B [43,44,67]. It is,
therefore, possible that in budding yeast mutants, the role
of Sgo1 in the spindle checkpoint is separate from its other
mitotic functions. Alternatively, the Sgo1 defect in the
checkpoint might be an indirect result of the kinetochore
and microtubule defects caused by a lack of function of
Sgo1.

A specific defect in engaging the spindle checkpoint in
response to the absence of tension is also observed in
budding yeast cells with mutations in SKP1, a gene that
encodes a crucial component of both the kinetochore and
the Skp1–Cullin–F-box (SCF), an E3 ubiquitin ligase that
is important for the G1–S-phase transition. The check-
point deficient skp1 alleles specifically abolish the physical
interaction of Skp1 with the checkpoint protein Bub1 but
do not affect SCF function [68]. How Skp1–Bub1 inter-
action modulates tension-dependent functions of the
checkpoint remains to be determined. Because Bub1
function is required for Sgo1 kinetochore localization in
some organisms, and Bub1 binds to Skp1 in budding
yeast, a possible link between Sgo1 and Skp1might help to
explain their roles inmediating the checkpoint response to
the absence of tension [43,44,62].

In addition to genes that can distinguish between
tension and attachment defects, a small-molecule inhibi-
tor of the tension-dependent checkpoint in budding yeast
has recently been identified [73]. The molecule cincreasin
inhibits the kinase activity of the spindle checkpoint
protein Mps1, leading to a defect in the ability of cells to
activate the checkpoint in response to tension defects, but
not to attachment defects. It will be interesting to
determine whether this effect is due to separate roles for
Mps1 in the tension- and attachment-dependent check-
points, or whether this drug partially inhibits Mps1
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function such that it cannot respond to weak tension
defects but still has enough function to respond to strong
attachment defects.
Concluding remarks

The primary defect that is sensed by the spindle check-
point remains unresolved, with both the lack of attach-
ment and the absence of tension reasonable possibilities.
Distinguishing between these potential models is compli-
cated by the clear inter-relationship between attachment
and tension. In organisms with kinetochores that bind
multiple microtubules, it is difficult to create tension
defects that do not reduce microtubule occupancy. Because
of this, the budding yeast, which has a single microtubule
per kinetochore, provides the best evidence that the
checkpoint directly monitors tension. However, micro-
manipulation experiments in grasshopper spermatocytes
demonstrate that microtubule attachment is more import-
ant for regulating the spindle checkpoint and that tension
facilitates occupancy. One possibility is that the difference
in the number of microtubule-binding sites on kineto-
chores in budding yeast compared with other organisms
reflects a fundamental difference in the checkpoint. In
yeast, it might be more important to monitor tension
because mono-oriented attachments will always lead to
aneuploidy. In addition, yeast are less likely to have
unattached kinetochores because microtubules remain
bound to kinetochores throughout the cell cycle. However,
in organisms with larger kinetochores, a single mis-
attached microtubule on a kinetochore that has several,
properly boundmicrotubules is unlikely to generate enough
force to cause chromosome missegregation. Furthermore,
kinetochores that have multiple microtubule-binding sites
proceed through a completely unattached intermediate
(Box 1), which indicates that monitoring attachment
might be a more effective way for these cells to ensure
proper assembly of the spindle.

It is clear that uncovering the true nature of the spindle
checkpoint signal is difficult with current information.
The isolation of either specific checkpoint alleles that are
defective only in their response to the absence of tension or
the identification of a protein whose activity in vitro is
regulated specifically by tension might provide the
evidence that tension is a direct activator of the spindle
checkpoint. As we learn more, it will be interesting to
determine whether the checkpoint signal differs depend-
ing on the organism and its kinetochore structure, and
whether the activating signal is the same in mitosis and
meiosis.
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