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Summary

Faithful transmission of chromosomes during mitosis is physical splitting of sister chromatids. Recent studies have
ensured by the spindle assembly checkpoint. This provided novel insights into the molecular mechanisms
molecular safeguard examines whether prerequisites for through which the spindle assembly checkpoint is regulated
chromosome segregation have been satisfied and thereby by both the attachment of chromosomes to kinetochore
determines whether to execute or to delay chromosome microtubules and the tension exerted on kinetochores.
segregation. Only when all the chromosomes are attached

by kinetochore microtubules from two opposite spindle

poles and proper tension is placed on the paired Key words: Spindle assembly checkpoint, Mitosis, Chromosome,
kinetochores does anaphase take place, allowing the Kinetochore, Microtubule, Attachment, Tension

Introduction microtubules from the other pole, the now bioriented

The goal of the mitotic cell cycle is to produce two geneticallychromosome moves to the equatorial plane (also called the
identical cells from one. In order to accomplish this, the motheietaphase plate); this process is known as chromosome
cell must replicate its chromosomes exactly once prior t§ongression (Rieder and Salmon, 1994). Finally, all the
entering mitosis, and at the end of mitosis each daughter céiromosomes are attached through both kinetochores to
must receive one and only one copy of each chromosome. Teicrotubules from two opposite spindle poles and aligned at
ensure this, the cell must precisely coordinate various compléRe equatorial plane, a stage referred to as metaphase. The
events; one event must be prevented if a preceding event is sgindle assembly checkpoint ensures that, only when all the
complete. This is mediated by cellular regulatory mechanismghromosomes are properly attached and aligned at the
called cell cycle checkpoints, initially conceived by Mazia andequatorial plane, anaphase onset is triggered, allowing the
then articulated by Hartwell and Weinert, and McIntoshsplitting of sister chromatids and their delivery to each spindle
(Mazia, 1961; Hartwell and Weinert, 1989; Mcintosh, 1991)pole (Fig. 1).
In particular, during mitosis, cells have evolved a surveillance
mechanism called the spindle assembly checkpoint (Rudner )
and Murray, 1996; Wells, 1996), which is also known as thd "€ checkpoint components
mitotic checkpoint (Li and Benezra, 1996), kinetochoreThe major components involved in the spindle assembly
attachment checkpoint (Rieder et al., 1994), chromosomeheckpoint were identified in two similar genetic screens in
distribution checkpoint (Nicklas, 1997) or simply the spindlebudding yeast for mutants that fail to arrest in mitosis in the
checkpoint (Waters et al., 1998), which is crucial for ensuringpresence of spindle-damaging agents such as microtubule-
fidelity in chromosome segregation. The spindle assemblgepolymerizing drugs. These checkpoint components include
checkpoint examines whether prerequisites for chromosonidadl, Mad2, Mad3_(fitotic arrest_aficient) (Li and Murray,
segregation have been met and thereby determines whetherl&91), Bubl and Bub3 (@dding_ninhibited by enzimidazole)
execute or to delay chromosome segregation. (Hoyt et al., 1991). Subsequently, Mpslofmomlar indle 1),
initially identified as a kinase functioning in duplication of the
spindle pole body (the yeast equivalent of mammalian
The kinetochore-microtubule attachment centrosome), was also found to play a role in the spindle
At the heart of the spindle assembly checkpoint is th@ssembly checkpoint (Weiss and Winey, 1996). Over the past
kinetochore, a multi-layered proteinaceous complex thaseveral years, homologs of many of these proteins have been
assembles on the centromeric DNA of each chromosomédentified inSchizosaccharomyces pom(bte et al., 1997; He
(Rieder and Salmon, 1998). During mitosis, the kinetochoret al., 1998; Bernard et al., 1998gnopus laeviéChen et al.,
mediates the interaction between the chromosome and spindl896; Chen et al., 1998)rosophila melanogastéBasu et al.,
microtubules. At the very beginning of prometaphase (i.e1998; Basu et al., 1999} aenorhabditis elegar(Kitagawa and
immediately after the nuclear envelope breaks down)Rose, 1999),Mus musculus(Taylor and McKeon, 1997;
kinetochores are not attached to microtubules. Subsequentiatinez-Exposito et al., 1999) andomo sapiengLi and
one kinetochore on a chromosome captures microtubules froBenezra, 1996; Jin et al., 1998; Cahill et al., 1998; Taylor et al.,
one spindle pole. When its sister kinetochore capture$998; Chan et al., 1998; Chan et al., 1999).
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Fig. 1. The spindle assembly checkpoint acts as a molecular
safeguard in ensuring faithful chromosome transmission

during mitosis. During prophase, the duplicated interphasel —
chromatin condenses into chromosomes (blue) within the b
nucleus. Simultaneously, the radial array of microtubules

(black lines) disappears, and a bipolar array (the mitotic

spindle) forms by microtubules emanating from two

opposite poles (green) defined by the previously duplicated

and now separated pair of centrosomes. Subsequently, the

nuclear envelope breaks downs marking the initiation of
prometaphase. During this stage, the kinetochores (red) onprgphase
chromosomes encounter and capture spindle microtubules.

When a chromosome becomes attached by microtubules

from two opposite spindle poles, it congresses to the

equatorial plane (the metaphase plate). In the presence of an

v
intact spindle assembly checkpoint, anaphase onset is
triggered when and only when all the chromosomes are
attached via kinetochores by microtubules from two spindle
poles and correctly aligned at the equatorial plane, a stage Prometaphase
referred to as metaphase. However, in cells that have

defective spindle assembly checkpoint, anaphase onset is X i i
triggered prematurely despite the presence of unattached or Intact spindle Defective spindle

improperly attached chromosomes, resulting in missing or assembly checkpoint/ assembly checkpoint
extra chromosomes (aneuploidy) in the daughter cells.
The function of each of these checkpoint proteil Metapuase

needed to prevent anaphase entry when the spinc

a defect or when chromosomes are not proj

attached (for a review, see Amon, 1999). C v
harboring mutations in many of these checkpoint g
proceed to anaphase prematurely and split :
chromatids regardless of whether the prerequisite
chromosome segregation have been satisfied.
consequence, the delivery of exactly one copy of
chromosome to each daughter cell cannot
guaranteed, which can result in the productiol v -

daughter cells that have gained or lost one or |
chromosomes, a phenomenon termed aneuploidy

1). Missing or extra chromosomes in germ-line ¢ Telophase
can result in premature abortion of the fetus P
generation of offspring with birth defects such as F

syndrome, Edwards syndrome, Down syndrome
Klinefelter syndrome, which are characterized by
presence of an extra copy of chromosome
chromosome 18, chromosome 21 and the X chromosombrief, a signal is generated by the presence of unattached or
respectively (Sluder and McCollum, 2000). Unequalimproperly attached kinetochores that ultimately inhibits the
chromosome segregation can also have severe consequenceaciivity of the_aaphase4omoting. @mplex (APC, also known
adults by fostering tumor malignancy (Manchester, 1995). lias the cyclosome) (King et al., 1995), the multi-subunit E3
fact, mutations in or reduced expression of spindle assembulpbiquitin ligase required for anaphase entry (Fang et al., 1999;
checkpoint components has recently been found in some typachariae and Nasmyth, 1999). Active APC catalyzes
of human cancer (Li and Benezra, 1996; Cabhill et al., 1998jbiquitination of an anaphase inhibitor, securin (Pdsl in
Lee et al., 1999; Takahashi et al., 1999; Michel et al., 200hudding yeast and Cut2p in fission yeast), which leads to its
Wang et al., 2002). For example, mutational inactivation oflestruction through 26S-proteosome-mediated proteolysis
Bubl has been implicated in human colorectal cancer (Cahilvamamoto et al., 1996; Cohen-Fix et al., 1996; Funabiki et
et al.,, 1998), and reduced expression of Mad2 has beah, 1996; Zou et al., 1999). Degradation of securin releases
implicated in human breast and ovarian cancers (Li andeparin (Espl in budding yeast and Cutlp in fission yeast),
Benezra, 1996; Wang et al., 2002). which cleaves the Scc1/Mcdl subunit of the cohesin complex
(Ciosk et al., 1998; Uhlmann et al., 1999; Uhlmann et al., 2000;
o _ Hauf et al., 2001). This complex is established during DNA
The checkpoint signaling pathway replication and maintains the linkage between sister
Recent work in yeast, frogs and mammals has produced ahromatids (Michaelis et al., 1997; Guacci et al., 1997;
outline of spindle assembly checkpoint signaling (Fig. 2). IrZachariae and Nasmyth, 1999).

Anaphase
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Checkpoint on

Kinetochore is
not attached
ension is absent

All kinetochores
are attached
Lension is present

Fig. 2. Spindle assembly checkpoint signaling. In the presence of unattached or improperly attached kinetochores, the spindle assembly
checkpoint is switched on (upper panel). Unattached kinenetochores act as catalytic sites for the activation of Mad2MadfisH2*)

then diffuses and prevents anaphase onset by inhibiting the activity of Cdc20-APC. In addition, BubR1 functions synesgfistMalti? in
inhibiting Cdc20-APC activity. After all the chromosomes are properly attached by kinetochore microtubules and alignestaphisen

plate, the spindle assembly checkpoint is turned off (bottom panel). Mad2* is no longer generated, and BubR1 does nithit@e -

APC, resulting in the activation of Cdc20-APC. Activated Cdc20-APC catalyzes the ubiquitination of securin, leading edisialegr

through proteosome-mediated proteolysis. Degradation of securin in turn causes the release of separin. The free sephlerigsdieane

the SCC1 subunit of the sister-chromatid cohesion complex, triggering the separation of sister chromatids and the ohaseof anap

It is now clear that the ubiquitin ligase activity of the APCkinetochores, sites for Mad2 activation are no longer available,
towards securin requires association of APC with Cdc2@vhich eventually leads to APC activation by Cdc20 and
(Slp1p in fission yeast, Fizzy in flies and p55cdc in mammalsjriggering of anaphase onset.
which activates the APC by direct binding (Visintin et al., More recently, BubR1, the mammalian homolog of the
1997; Hwang et al., 1998; Shirayama et al., 1998; Fang et atheckpoint protein Mad3, has been shown to be even more
1998a). The checkpoint component Mad? inhibits activation gbotent in vitro than Mad2 at inhibiting APC activity in purified
the APC by interacting with Cdc20 (Li et al., 1997; Fang et al.preparations (Sudakin et al., 2001; Tang et al., 2001; Fang,
1998b; Hwang et al., 1998; Kim et al, 1998).2002). BubR1 is a protein kinase that associates with Cdc20
Immunofluorescence microscopy studies with antibodies tand the APC (Chan et al., 1999; Wu et al., 2000; Skoufias et
Mad2 show that it localizes to unattached but not to fullyal., 2001). Tang et al. found that recombinant BubR1 directly
attached kinetochores in vertebrates (Chen et al., 1996; Li amthibits the ubiquitin ligase activity of the APC and that the
Benezra, 1996), and real-time visualization of Mad2 in livingkinase activity of BubR1 is not required for this inhibition
mammalian cells demonstrates that it is dynamically associatédang et al., 2001). In addition, they purified a checkpoint
with unattached kinetochores (Howell et al., 2000). A catalyticomplex from Hela cells that contains BubR1, Bub3 and
model for the role of Mad2 in the generation of the anaphasasubstoichiometric amounts of Cdc20. Independently, Sudakin
delaying signal has therefore been proposed (Howell et akt al. purified a mitotic checkpoint complex (MCC) that
2000) (Fig. 2). According to this model, unattachedcontains nearly stoichiometric amounts of BubR1, Bub3, Mad2
kinetochores on chromosomes provide sites for the activaticsmd Cdc20 (Sudakin et al., 2001). They found that the isolated
of Mad2. Activated Mad2 (Mad2*) is then released into theMCC is about 3000-fold more potent than purified Mad2 alone
cytoplasm and prevents the onset of anaphase by inhibiting thé inhibiting the ubiquitin ligase activity of the APC. In
Cdc20-bound APC. After microtubules have attached to all thexperiments consistent with these studies, Fang found that
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BubR1 binds to Cdc20 with a high affinity and is more efficient
than Mad2 as an inhibitor of Cdc20-APC in vitro (Fang, 2002) A
Moreover, this study demonstrated that BubR1 function:
synergistically with Mad2 at physiological concentrations to
inhibit APC activity. Interestingly, studies in fission yeast by
Millband and Hardwick demonstrated that Mad3 also @
associates with Bub3, Cdc20 and Mad2 and that Mad3

required for metaphase arrest caused by Mad2 overexpressi
(Millband and Hardwick, 2002). Collectively, these studies
suggest that BubR1 and Mad2 cooperate in transducing tl

anaphase-delaying signal by inhibiting APC activity (Fig. 2). Tension absent

Turning off the checkpoint signaling: attachment or
tension?

How is the spindle assembly checkpoint turned off when al
the chromosomes are properly attached? There has been mi 0
controversy over this issue. There are two models: (1) th
‘attachment model’, in which full occupation (saturation) of Fpun
kinetochores by bound spindle microtubules switches off th
checkpoint (Rieder et al., 1994; Reider et al., 1995); and (-
the ‘tension model’, in which proper tension exerted upor
kinetochores due to bipolar microtubule attachment it
responsible (McIntosh, 1991; Li and Nicklas, 1995). C
Attachment of kinetochores to spindle microtubules
probably involves kinesin- or dynein-like microtubule motors,
although neither CENP-E (ceamere potein E, a kinesin-like
motor protein) nor dynein, the two known motor proteins O O
present at kinetochores (Pfarr et al., 1990; Steuer et al., 19¢
Yen et al., 1992; Lombillo et al., 1995; Cooke et al., 1997; Ya
et al., 1997), is required for kinetochore microtubule formatior
(McEwen et al., 2001; Howell et al., 2001). When a pair of )
kinetochores becomes attached to microtubules from tw Tension present
opposite spindle poles, tension develops across the sist..
kinetochores (Fig. 3), even for those that are oscillating, b¥ig. 3. Tension develops across sister kinetochores (red) upon their
switching directions between poleward motion and away-frombipolar attachment by spindle microtubules (black line). The paired
the-pole motion (a phenomenon called kinetochore directionéjster.kinetoqhores are not under tension When they are not attached
instability) (Mitchison and Salmon, 1992; Skibbens et a|_,by spindle microtubules (A) and are un_der little or no tension V\_/hen
1993; Waters et al., 1996b). Tension is generated by the mitof@e or both of them are attached by microtubules from one spindle

- - pole (green) (B). However, when microtubules from two opposite
force that tends to pull the chromatids toward two Oppos'tggindle poles attach to the sister kinetochores, tension develops

spindle .poles against the glue (cohesi.n) that holds SiSt% ross the paired kinetochores owing to the mitotic force that tends
chromatids together (Mcintosh, 1984; Nicklas, 1988ajq pyll the sister chromatids toward two opposite poles against the

Mitchison and Salmon, 1992; Rieder and Salmon, 1994). Théhesive force that holds sister chromatids together (C). The level of
tension across sister kinetochores is apparent as a visihsion is reflected by an increase in the distance between the paired
increase in the distance between them in organisms from yeagter kinetochores.
to humans (a phenomenon termed kinetochore stretching)
(Waters et al., 1996b; Shelby et al., 1996; Nicklas, 1997;
Waters et al., 1998; Goshima and Yanagida, 2000; He et atells the three sex chromosomes fail to be connected
2000; Tanaka et al., 2000; Skoufias et al., 2001; Zhou et atrjvalently, and they appear as an X-Y bivalent and a free X
2002). chromosome, whose kinetochore lacks tension (Li and Nicklas,
Mclntosh first proposed that the mechanical tension exertet®95). Under these circumstances, the onset of anaphase is
on kinetochores acts as a checkpoint for regulating anaphadelayed by up to 9 hours. However, the cell proceeds to
entry (McIntosh, 1991). Li and Nicklas tested this proposal bynaphase shortly after mechanical tension is applied to the
ingenious experiments using praying mantid spermatocytelagging X chromosome by a force-calibrated microneedle (Li
which have three sex chromosomes: a Y chromosome and taod Nicklas, 1995). These findings thus provided an
genetically different X chromosomes (Li and Nicklas, 1995).experimental basis for the tension model.
Balance in the genetic information requires sperm that contain The role of tension in spindle assembly checkpoint signaling
either both X chromosomes or the Y chromosome; this takés not easy to distinguish from that of attachment, however, as
place only if the two X chromosomes attach to microtubulespplication of tension on kinetochores can enhance both the
from the same spindle pole and the Y chromosome attachesdtability of individual microtubule attachments and the overall
microtubules from the opposite pole (Nicklas, 1997). In some@ccupancy of kinetochores (by slowing the turnover rate of

Tension absent

-— —
Foull Fpull
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kinetochore microtubules) (Nicklas and Koch, 1969; Nicklas, In another experiment, Stern and Murray demonstrated that
1988b; Nicklas and Ward, 1994; Nicklas, 1997; King andoss of tension at the budding yeast kinetochore, when cells
Nicklas, 2000; Nicklas et al., 2001) (see below for moreenter mitosis without a prior round of DNA replication, is
discussion). It is possible that, in the experiment performed bsufficient to cause the spindle assembly checkpoint to block
Li and Nicklas, the spindle assembly checkpoint was switchednaphase entry (Stern and Murray, 2001). Similarly, Biggins
off by tension-induced accumulation of microtubules at theand Murray found that, in budding yeast mitosis, the spindle
kinetochore (Li and Nicklas, 1995) and not by the appliecassembly checkpoint was activated when they reduced tension
tension itself, as suggested by others (Rieder and Khodjakdyy preventing DNA replication or sister chromatid cohesin
1997). In fact, Rieder and colleagues found that, during mitosi®@iggins and Murray, 2001); neither of these two
in the rat kangaroo kidney epithelial cell line PtK1, selectivelynanipulations affects attachment of kinetochores to
destroying (by laser-irradiation) the unattached kinetochore omicrotubules. These studies thus indicate that proper tension
the last, mono-oriented chromosome immediately triggeredxerted upon kinetochores, resulting from bipolar microtubule
anaphase onset (Rieder et al., 1995). In this experimerdftachment, is crucial for turning off the spindle assembly
anaphase onset was not inhibited, despite the lack of tensicheckpoint in both meiosis and mitosis in budding yeast.
between sister kinetochores on the last chromosomeélowever, since spindle disruption and microtubule detachment
Furthermore, using PtK1 cells, Waters et al. demonstrated thimiduced by nocodazole produces a long-term block in budding
loss of Mad2 staining at kinetochores, a sign that the spindigeast, but loss of tension produces only a delay, the role of
assembly checkpoint has turned off, depends on microtubutension in the checkpoint signaling needs to be investigated
attachment not tension (Waters, 1998). further.

Interestingly, in a study performed in maize, Yu et al. found Taken together, the above studies in insect, yeast, maize and
that during mitosis, loss of Mad2 staining at kinetochoresnammalian cells have significantly extended our knowledge of
correlates with attachment of kinetochores to spindldow the spindle assembly checkpoint is monitored during
microtubules (Yu et al., 1999). However, during meiosis in thenitosis and meiosis. The contradictory results among these
same organism, loss of Mad2 staining at kinetochores insteatudies could reflect differences among cell types or organisms;
correlates with the tension exerted on kinetochores by bipol@ome cell types or organisms might use both attachment and
microtubule attachment. It has therefore been proposed that ttension, whereas others might use only one of these
controversy between the attachment model and the tensiomechanisms. However, considering the known
model could reflect differences between mitosis and meiosimterdependence of attachment and tension in higher
attachment being used in mitosis and tension being used @ukaryotes, checkpoint signaling is most probably monitored
meiosis. by both attachment and tension, although the relative

contributions of each mechanism may be different, depending

] on the cell type or organism.

Lessons from budding yeast It remains a riddle as to how tension enhances the stability
Studies on the roles of attachment and tension in spindend the number of kinetochore microtubules, which are
assembly checkpoint signaling have mainly focused oxlynamically attached at both minus ends (to spindle poles) and
multicellular organisms. In these organisms, because eagius ends (to kinetochores) (Mitchison, 1989; Mitchison and
kinetochore can attach to multiple spindle microtubules (e.gSalmon, 1992; Zhai et al., 1995; Waters et al., 1996a). Nicklas
up to 30 in mammals) (Rieder, 1982), it has been difficult t@and Ward speculated that tension might promote stability of
distinguish whether a given kinetochore is fully or partiallykinetochore microtubules at the spindle pole, and not at the
occupied. However, studying attachment and tension ikinetochores (Nicklas and Ward, 1994). For the effect of tension
budding yeast avoids the issue of full or partial kinetochoren microtubule number at kinetochores, since kinetochore
occupancy, because the budding yeast kinetochore captumegcrotubules can turn over slowly (Zhai et al., 1995), it is
only a single microtubule during mitosis (Winey et al., 1995)possible that tension affects the kinetic balance between the

Taking advantage of this system, Murray and colleaguesapture of new microtubules, the release of the existing
recently performed a series of elegant experiments in buddirgnetochore microtubules and their assembly dynamics.
yeast to test the role of tension in spindle assembly checkpoint
signaling (Shonn et al., 2000; Stern and Murray, 2001; Biggins ] .
and Murray, 2001). They first directly visualized chromosomélow do attachment and tension monitor the
segregation in budding yeast by targeting homologs of gheckpoint?
chromosome with green fluorescence protein (GFP), a meth&tudies on Mad2, Cdc20 and the APC have established a
initially developed by (Straight et al., 1996). Mad2-deficientgeneral model for how the occupancy of kinetochores by
cells had increased frequencies of chromosome missegregatigmindle microtubules monitors the spindle assembly
in meiosis | (Shonn et al., 2000). In addition, blockingcheckpoint (Fig. 2), but it remains unclear how Mad2 is
recombination between homologous chromosomes, whictecruited to unattached kinetochores for its activation and how
causes a loss of tension between them without affectiniglad2* is released from kinetochores. The tight association of
microtubule attachment (a probable consequence is attachménadl and Mad2 and the compromised kinetochore localization
of homologs to the same pole), led to a remarkable delay of Mad2 in the absence of Madl suggest that Madl attracts
anaphase entry. Furthermore, forcing bipolar attachment of tidad2 to unattached kinetochores (Chen et al., 1998; Chen et
unrecombined homologs restored tension between them aad, 1999; Sironi et al., 2001). As to releasing Mad2*, Shah and
allowed the cell to overcome the delay in anaphase ent@leveland (2000) have proposed that other checkpoint proteins
(Shonn et al., 2000). such as Zw10_(@ste-Wite 10) and Rod_(Bugh ckal) might
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be involved (Shah and Cleveland, 2000) as indicated by twoaving both attachment and tension mechanisms? One
parallel studies in human cells and flies (Chan et al., 200@robable answer is that only the tension mechanism can
Basto et al., 2000). distinguish a chromosome that is attached at sister kinetochores

Compared with what is known about attachment, much ledsy microtubules from two opposite spindle poles (under this
is known about how tension, a mechanical property, monitorsircumstance, kinetochores are under tension) from one that is
the spindle assembly checkpoint. A possible mechanism Bttached at the sister kinetochores by microtubules from the
tension-sensitive kinetochore protein phosphorylation, whiclsame spindle pole (under this circumstance, kinetochores lack
might link kinetochore mechanics to the chemical regulatiotension). The signal generated by lack of tension might allow
of the spindle assembly checkpoint, as suggested early on the cell to release microtubules from the sister kinetochores
Gorbsky and Nicklas (Gorbsky, 1995; Nicklas, 1997). Inand allow the re-attachment of kinetochores by microtubules
particular, a phosphorylated kinetochore protein recognized yom opposite poles. From this point of view, the loss of tension
the 3F3/2 antibody seems to participate in this tensiormight be eventually sensed through the loss of occupancy
mediated signaling pathway (Gorbsky and Ricketts, 1993attachment) of kinetochores by microtubules.
Nicklas et al., 1995; Campbell and Gorbsky, 1995; Li and To have both attachment and tension mechanisms might be
Nicklas, 1997). Gorbsky and Ricketts first reported that, iran advantage even after bipolar attachment of kinetochores:
mitotic PtK1 cells, this phosphorylated epitope stains brightlystabilization of kinetochore attachment by proper tension
with the 3F3/2 antibody at unattached kinetochores but vemnight be essential for the correct alignment of kinetochores at
weakly at attached kinetochores (Gorbsky and Ricketts, 1993he metaphase plate, the final event before anaphase entry. This
However, during meiosis | in grasshopper and mantiddea is supported by three recent studies in mammalian cells
spermatocytes, phosphorylation of this 3F3/2-recognize(Hoffman et al., 2001; Skoufias et al., 2001; Zhou et al., 2002).
kinetochore epitope is regulated by tension exerted upadoffman et al. reported that, in PtK1 cells, when chromosomes
kinetochores instead of just microtubule attachment (Nicklaare bipolar-attached and aligned at the metaphase plate, Mad2
et al., 1995; Li and Nicklas, 1997). Tension, whether fromwas completely gone from the kinetochores whereas BubR1
normal mitotic forces or from a micromanipulation needlewas still visible (Hoffman et al., 2001). Skoufias et al. found
could cause dephosphorylation of the 3F3/2 phosphoepitopethtt, in the presence of low-dose vinblastine, which arrests
kinetochores (Nicklas et al., 1995; Li and Nicklas, 1997) andHelLa cells at mitosis with normal chromosome alignment yet
could also trigger anaphase onset (Li and Nicklas, 1995ithout tension, Bubl and BubR1 are recruited to kinetochores
Furthermore, when the 3F3/2 antibody was injected intdout Mad2 is not (Skoufias et al., 2001). Mad?2 is recruited to
mitotic cells, the normal dephosphorylation of the 3F3/Xinetochores at higher vinblastine doses, which disrupt
phosphoepitope and onset of anaphase were inhibitetachment of kinetochores to microtubules. Zhou et al. studied
(Campbell and Gorbsky, 1995). It is thus very likely thatnoscapine-arrested mitotic HelLa cells, which have bipolar
tension-sensitive phosphorylation and dephosphorylation afpindles but do not complete chromosome alignment; some
this kinetochore epitope regulates the spindle assembBihromosomes are aligned at the metaphase plate and others
checkpoint signaling. remain near spindle poles — both groups of chromosomes lack

Recently, Biggins and Murray reported that in buddingtension to a similar extent (Zhou et al., 2002). Upon
yeast, aurora/lpllp, a protein kinase, plays an important role thromosome alignment, Mad2 became undetectable at
tension-dependent spindle assembly checkpoint signalingnetochores (138-fold reduction); by contrast, Bubl and
(Biggins and Murray, 2001). In their experiments, aurora/Ipl1@BubR1 were only diminished to 3.7- and 3.9-fold, respectively
function was required for the spindle assembly checkpoinfZhou et al., 2002).
activity induced by kinetochores not under tension yet attached Collectively, these studies suggest that the checkpoint
to microtubules (manipulated by preventing DNA replicationproteins Mad2 and Bub1/BubR1 primarily sense attachment
or sister chromatid cohesin). However, aurora/lpllp was nand tension, respectively. It is worth calling attention to a
required for the checkpoint activity induced by microtubuleprevious study conducted in PtK1 cells by Waters et al., in
depolymerization. The role of aurora/lpllp in tension-which loss of tension was insufficient to recruit Mad2 to
dependent checkpoint signaling is further supported by a motenetochores although some kinetochores did exhibit Mad2
recent study by Tanaka et al. in which aurora/lpllp wasnd antibodies to Mad2 disrupted this checkpoint (Waters et
demonstrated to be critical for reorienting monopolar-attachedl., 1998). The recent finding that BubR1 is a more potent APC
sister chromatids whose sister kinetochores are not undathibitor in vitro (Sudakin et al., 2001; Tang et al., 2001; Fang,
tension so that they attach to microtubules from two opposite002) also indicates that Mad2 and Bub1/BubR1 have distinct
spindle poles (Tanaka et al., 2002). It will be of great interesbles in spindle assembly checkpoint signaling. However,
to investigate whether aurora/lpllp is the kinase thaturrent evidence for this model is not firm. By contrast, in a
phosphorylates the 3F3/2-recognized epitope at kinetochorescent study performed in PtK1 cells by Hoffman et al., the
that lack tension (Gorbsky and Ricketts, 1993; Nicklas et alaverage amount of BubR1 at metaphase kinetochores did not
1995; Campbell and Gorbsky, 1995; Li and Nicklas, 1997). change with the loss of kinetochore tension induced by taxol

stabilization of microtubules (Hoffman et al., 2001). In
] addition, Taylor et al. show that Bubl and BubR1 respond

Why does the checkpoint need both attachment and differently to microtubule inhibitor-induced changes in
tension? kinetochore-microtubule attachment and tension (Taylor et al.,
The spindle assembly checkpoint would be most efficient iR001). Thus, whether Mad2 and Bub1/BubR1 have respective
various defects in chromosome attachment and alignment wer@es in sensing attachment and tension remains a challenge to
sensed by a single mechanism. Then, what is the advantage li@ solved in the future.
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