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Merotelic kinetochore attachment is a major source of aneuploidy in mammalian tissue cells in
culture. Mammalian kinetochores typically have binding sites for about 20-25 kinetochore
microtubules. In prometaphase, kinetochores become merotelic if they attach to microtubules
from opposite poles rather than to just one pole as normally occurs. Merotelic attachments support
chromosome bi-orientation and alignment near the metaphase plate and they are not detected by the
mitotic spindle checkpoint. At anaphase onset, sister chromatids separate, but a chromatid with a
merotelic kinetochore may not be segregated correctly, and may lag near the spindle equator because
of pulling forces toward opposite poles, or move in the direction of the wrong pole. Correction
mechanisms are important for preventing segregation errors. There are probably more than 100
times as many PtK1 tissue cells with merotelic kinetochores in early mitosis, and about 16 times as
many entering anaphase as the 1% of cells with lagging chromosomes seen in late anaphase. The role
of spindle mechanics and potential functions of the Ndc80/Nuf2 protein complex at the
kinetochore/microtubule interface is discussed for two correction mechanisms: one that functions
before anaphase to reduce the number of kinetochore microtubules to the wrong pole, and one that
functions after anaphase onset to move merotelic kinetochores based on the ratio of kinetochore
microtubules to the correct versus incorrect pole.
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1. INTRODUCTION
Aneuploidy is the condition of a cell that has lost its
normal diploid chromosome number because it has
lost or gained one or more chromosomes during cell
division. The role of aneuploidy in human meiotic cells
is well known for inducing severe pathological genetic
syndromes (e.g. Down syndrome; for review see
Nicolaidis & Petersen 1998). In addition, an increasing
number of studies have shown that abnormalities like
aneuploidy and whole-chromosome loss of heterozygo-
sity are commonly present in tumour cells, suggesting
that chromosome segregation defects play a critical role
in tumour development and progression (Lengauer
et al. 1997; Cahill er al. 1998; Stoler er al. 1999;
Saunders ez al. 2000; Sen 2000; Duesberg ez al. 2000).
Merotelic kinetochores are a major source of
aneuploidy in mammalian tissue cells because their
attachment by microtubules to opposite poles produces
errors in chromosome segregation not prevented by the
mitotic spindle checkpoint (Cimini ez al. 2001). The
15-30 attachment sites at vertebrate kinetochores for
the plus ends of spindle microtubules (Rieder 1982)
provide considerable opportunity for generating
merotelic kinetochores. One well-established error
produced by merotelic kinetochores is lagging chromo-
somes near the spindle equator at anaphase (figure 1).
Before anaphase, merotelic kinetochores support
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chromosome alignment into a metaphase plate and
their presence is not detected by the spindle checkpoint
(figure 1la; Cimini er al. 2001, 2002). As a result, cells
with merotelic kinetochores are not delayed in meta-
phase by the spindle checkpoint and enter anaphase
with timing similar to controls (Cimini ez al. 2002). In
anaphase, after sister chromosome separation, a sister
with a merotelic kinetochore does not exhibit normal
anaphase movement because it is pulled in opposite
directions by attachments to microtubules from oppo-
site poles (figures 1b,c and 2d; Cimini ez al. 2001). Sister
kinetochores are normally segregated to opposite poles
in anaphase because each kinetochore is attached only
to microtubules from the same pole and sisters are
attached to microtubules from opposite poles. The
frequency of anaphase cells with lagging chromosomes
in normal culture media is significant: about 1% for
PtK1 and 0.5% for low-passage human lung fibroblasts
cells (not immortalized; Cimini et al. 1999, 2002).
There is also another anaphase error in chromosome
segregation that occurs after all the chromosomes have
become aligned near the spindle equator and sisters
separate in anaphase. This is the movement of separated
sister chromosomes toward the same pole; movement
that has been detected by the Degrassi lab using FISH
staining techniques (Cimini ez al. 1999). This error is
termed ‘sister chromosome non-disjunction’ and it occurs
at frequencies higher than anaphase lagging chromo-
somes. It is not established how this chromosome
non-disjunction is produced, but we propose in this
paper a mechanism based on merotelic kinetochore
attachment. Both lagging chromosomes and chromosome

© 2005 The Royal Society



554 E. D. Salmon and others

Merotelic kinetochores in tissue cells

Figure 1. Merotelic kinetochores can produce lagging chromosomes near the spindle equator in anaphase. (a) Live-cell imaging
of a PtK1 cell expressing GFP-H2B. A lagging chromosome remains near the spindle equator as the rest of the chromosomes
segregate to their poles. Time on each frame given in minutes. From Cimini ez al. (2002). (b) Spinning disk confocal fluorescence
microscopy of PtK1 cell showing how microtubule attachments to the opposite poles stretch a merotelic kinetochore laterally
from its normal width of about 0.4 to 2 um or more. The kinetochores (green) were labelled by immunofluorescence with
CREST antibodies to inner kinetochore proteins while microtubules (red) were labelled with tubulin antibodies. From Cimini
et al. (2001). (¢) 3D reconstruction from electron micrographs of a merotelic kinetochore of an anaphase lagging chromosome

done by Alexey Khodjakov. From Cimini ez al. (2001).
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Figure 2. Attachment errors of kinetochores to spindle microtubules. The intensity of red at the kinetochores is an indication

of their spindle checkpoint activity. See text for details.

non-disjunction are of particular interest because they
do not result in extensive variation of the karyotype per
cell division. A gain or loss of one chromosome may be
more compatible with cell viability than large changes
in chromosome number or polyploidy. The aneuploid
cells produced by these malsegregation events are
expected to have a higher probability of propagation
and inducing birth defects during development, or
cancer cells in tissues (Rasnick & Duesberg 1999).
Nicklas (1997) describes his pioneering work and
contributions from others on kinetochore attachment
errors and their correction, with a major focus on
results from studies in meiotic insect spermatocytes. In
this paper, we initially review the properties of merotelic
attachment relative to other errors in kinetochore
attachment in mitotic cells. We then examine merotelic
kinetochore formation in mammalian tissue cells,
including evidence for a high frequency of merotelic
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attachments in the early stages of mitosis and factors
that promote this attachment error. There appear to be
two major correction mechanisms. One functions
before anaphase onset to reduce kinetochore micro-
tubule attachments to the wrong pole (Cimini er al.
2003). There is evidence from budding yeast that this
mechanism depends on Aurora B kinase (Ipll in
budding yeast) and the Ndc80/Nuf2 complex at
kinetochore microtubule attachment sites (Maiato
et al. 2004). There are now some supporting data for
mammalian tissue cells because both Aurora B
and the Ndc80/Nuf2 complex control the stability
of microtubule attachment (Maiato er al. 2004).
However, a big surprise in mammalian tissue cells is
that this mechanism fails to correct a substantial
number of merotelic kinetochores before anaphase
onset, even when metaphase is experimentally pro-
longed by 2 h (Cimini ez al. 2003). We propose that this
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Figure 3. Some factors affecting merotelic kinetochore formation during prometaphase (a—c) and affecting the percent cells with
lagging chromosomes in anaphase (d). See text for details. (a) Two different sister chromatid orientations relative to the spindle
pole-to-pole axis; one favours merotelic attachment, one does not. From Cimini ez al. (2003). (b) Centrosomes often come close
together in nocodazole-treated mitotic cells and centrosome separation is slow compared with microtubule polymerization after
nocodazole washout producing opportunities for merotelic attachments when the centres separate. (¢) Spinning disk confocal
fluorescence image of a prometaphase PtK1 cell treated with monastrol to prevent centrosome separation before fixation. Note:
kinetochore attachments to both poles and syntelic attachments occur in monastrol blocked cells; both errors can lead to
merotelic attachments after drug washout and subsequent centre separation as described in the text. Tubulin
immunofluorescence is green while chromosome fluorescence is red. From Canman ez al. (2003). (d) The frequency of
anaphase cells with lagging chromosomes is substantially increased by experimental treatments that induce premature anaphase

or prevent centrosome separation before bipolar spindle assembly or both.

is not because of a slow rate of detachment, but because
of structural issues that prevent recruitment of micro-
tubules from the correct pole into unoccupied sites of a
merotelic kinetochore. We have found that the number
of anaphase cells with lagging chromosomes is 16-fold
lower than the number of chromosomes with merotelic
kinetochores entering anaphase (Cimini ez al. 2003,
2004). We suggest from high-resolution imaging of
fixed and live preparations that the segregation of
merotelic kinetochores in anaphase is determined by
spindle mechanics and depends on the ratio of the
number of kinetochore microtubules to the correct
versus incorrect poles. When this ratio is greater than
one, merotelic kinetochores move their chromosomes
in the direction of the correct pole, preventing the
lagging chromosome error in segregation. This same
mechanism may also produce segregation of separated
sisters to the same pole (chromosome non-disjunction)
when this ratio is less than one. Finally, we discuss
further the potential roles of the Ndc80/Nuf2 complex
and other potential attachment molecules at the
kinetochore/microtubule interface.

2. MEROTELIC ATTACHMENTS DIFFER FROM
OTHER ATTACHMENT ERRORS IN THAT THEY
ARE NOT SENSED BY THE SPINDLE
CHECKPOINT

Kinetochore attachments and the spindle checkpoint

have been extensively reviewed (Rieder & Salmon
1998; Musacchio & Hardwick 2002; Cleveland et al.
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2003; Maiato et al. 2004). Mono-oriented sister
chromosome pairs have kinetochore microtubules to
only one pole (figure 2a). Attachment by only one
kinetochore, monotelic attachment, is typical of early
prometaphase, but occasionally, both sisters become
attached to the same pole, producing syntelic attach-
ment (figure 2b). Unattached kinetochores have high
concentrations of spindle checkpoint proteins, and a
single unattached kinetochore is capable of sustaining
the spindle checkpoint and preventing anaphase. The
concentration of spindle checkpoint proteins at mono-
telic and syntelic kinetochores is partially reduced.
These kinetochores often have neither a full com-
plement of attached kinetochore microtubules, nor the
high tensions typical of bi-oriented chromosomes near
the spindle equator.

Bi-oriented chromosomes (figure 2¢) have one sister
attached to microtubules from one pole, while the other
sister has attachments to microtubules from the
opposite pole. Bi-orientation stretches the centromere
between sister kinetochores to about twice their rest
lengths on average. Tension promotes stability of
microtubule attachment and helps inactivate kineto-
chore spindle checkpoint activity either directly or
indirectly through increasing kinetochore microtubule
number. Spindle checkpoint protein concentration is
reduced and activity is inactivated at kinetochores
of bi-oriented chromosomes that are under tension
with most of their attachment sites filled with kineto-
chore microtubules. We still do not know if spindle
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checkpoint activity is the sum of checkpoint activities
surrounding each individual microtubule attachment
site or whether activity at the kinetochore is controlled
by integration of regulatory signals from individual
attachment sites.

Bi-oriented chromosomes whose sister kinetochores
are attached by microtubules to just one pole have
amphitelically attached kinetochores. This is the
correct attachment to ensure accurate chromosome
segregation.

Bi-oriented chromosomes can also have one or both
kinetochores merotelically oriented (figure 2d). One is
most frequent, but both have been seen to occur
(Cimini er al. 2004). The concentration of spindle
checkpoint proteins Mad2 and the 3F3/2 epitope are
reduced to the same low levels at merotelic kineto-
chores in anaphase as amphitelically attached kineto-
chores on late metaphase aligned chromosomes
(Cimini et al. 2001). The depletion of Mad2 signals
filled attachment sites, while loss of 3F3/2 antibody
staining signals the loss of phosphorylation at kineto-
chores induced by tension. Neither disappears from
unattached Kkinetochores in prometaphase cells
induced into anaphase by inactivation of the spindle
checkpoint (Canman et al. 2002). Cells with merotelic
kinetochores align their chromosomes and enter
anaphase with similar timing to amphitelically oriented
kinetochores (Cimini er al. 2002). This suggests that
merotelic kinetochores have bound a similar number of
kinetochore microtubules as normal, although a frac-
tion of these are to the incorrect pole, the pole attached
to the sister kinetochore.

3. CHROMOSOME AND SPINDLE FACTORS THAT
PROMOTE MEROTELIC KINETOCHORE
FORMATION

There are several possible mechanisms and pertur-
bations that can contribute to inducing formation of
merotelic kinetochores. We will first summarize these,
beginning with those that may be important for
normal, unperturbed, tissue cells. Two mechanisms
are considered. One is geometrical defects in
microtubule attachment by the polar microtubule
‘search and capture’ mechanism based on microtubule
plus-end dynamic instability (Rieder & Salmon 1998;
Maiato et al. 2004). The other is kinetochore/centro-
mere initiation of kinetochore fibre growth (Khodjakov
et al. 2003).

Consider first, cells that have normally separated
their spindle poles (centrosomes) before spindle
formation after nuclear envelope breakdown and the
entry into prometaphase. In the absence of kinetochore
microtubules, the kinetochore outer domain motors,
the kinesin CENP-E and cytoplasmic dynein, and
spindle checkpoint proteins like Madl, Mad2 and
BubR1 assemble into expanded crescents around
unattached kinetochores, expansion that is exaggerated
when all microtubules are depolymerized with
nocodazole (Hoffman et al. 2001). The motors in
particular may serve an ‘antenna function’ for recruit-
ing microtubule plus ends into the attachment sites
within the outer plate of the vertebrate kinetochore
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(Rieder & Salmon 1998). If, following nuclear envelope
breakdown, the orientation of the axis between sister
kinetochores is perpendicular to the spindle interpolar
axis, this would prevent the chromosome arms from
blocking access to the expanded kinetochore so that
capture of plus end from both poles could occur
(figure 3a; Cimini et al. 2003). Another potential
source of merotelic kinetochores in normal cells is
mono-oriented chromosomes that occasionally become
syntelic (figure 2b). One of the syntelic kinetochores
could become attached to microtubules to the opposite
pole. This would produce bi-orientation and induce
congression of the sister chromosome pair to near the
equator (figure 2¢).

The ability of the kinetochore/centromere region to
initiate kinetochore microtubule assembly has been
recently reported for tissue cells, but evidence for this
mechanism was initially found by Inoué in 1963 from
UV microbeam studies of plant kinetochore fibre
assembly (Inoué 1963). As discovered by Khodjakov
et al. (2003), unattached kinetochores on mono-
oriented chromosomes in Ptkl cells will infrequently
grow a kinetochore fibre away from the kinetochore
toward the periphery of the spindle. When the minus
end of this fibre interacts with polar microtubules from
the proximal or distal poles, it is transported by dynein
mediated forces toward the pole attached to the polar
microtubule. If it goes to the proximal pole, this
provides a mechanism for syntelic attachment. If the
minus ends of the fibre splays, and these splayed
ends move to opposite poles, then this would provide
a mechanism for merotelic kinetochore formation. At
the poles, the minus ends become anchored along with
the minus ends of the other spindle fibres. We do not
know if this mechanism contributes to the formation of
merotelic kinetochores, but this possibility should be
investigated. Although infrequent in mammalian tissue
cells (Khodjakov ez al. 2003), there is still much to be
learned about this interesting aspect of kinetochore
function.

Abnormal spindle geometry has a big influence on
the frequency of merotelic kinetochore formation. If
the spindle poles fail to separate before spindle
assembly at nuclear envelope breakdown, or are
prevented from separation before spindle assembly,
then individual kinetochores have the opportunity to
capture microtubules from, or extend microtubules
to, both pole because of close proximity of the two
spindle poles (figure 3b,c). A delay in spindle pole
separation relative to spindle formation may naturally
occur in some dividing mammalian tissue culture
cells, but it can be produced experimentally by
transient treatment with nocodazole or cold to
reversibly depolymerize the spindle (Janicke &
LaFountain 1982; Cimini er al. 2003), or transient
use of the drug monastrol (an inhibitor of the kinesin
Eg5) to delay centrosome separation and initially
cause the formation of monopolar spindles (figure 3c;
Canman et al. 2003). When nocodazole is washed
out, the two centrosomes are usually close to the
chromosomes and abundant microtubule assembly
occurs from each centrosome (figure 3b) and from
NuMA positive centres clustered around the
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chromosomes (not shown in figure 36) within 5 min
of washout (Cimini et al. 2003). Subsequently, both
the centrosomes and centres are sorted into two
separated spindle poles over a period of 15 min in
treated PtK1 cells, but most Mad2 is lost from
kinetochores within several minutes after washout
of the drug, an indicator of rapid kinetochore
microtubule formation (Cimini ez al. 2003). During
this rapid burst of kinetochore microtubule
formation, both merotelic and syntelic connections
are possible given the close proximity of multiple
polar centres (figure 3b). For cells treated with
monastral, many of the mono-oriented chromosomes
also become syntelically attached over time (Lampson
et al. 2004; figure 3¢). When the drug is washed out,
the centres separate into poles on opposite sides of
the chromosomes. If a single kinetochore is attached
by microtubules to centres that migrate into the
opposite poles, then merotelic attachments will occur.
When nocodazole- or monastrol-treated cells progress
into anaphase, the frequency of lagging chromosomes
is about 18-20%, about 18- to 20-fold higher than
the 1% for normal cells entering anaphase (figure 3d;
Cimini er al. 2003). By single cell imaging, we found
for PtK1 cells in culture that spindle pole separation
occurs for 29 out of 30 cells before nuclear envelope
breakdown (Cimini ez al. 2003). Thus, merotelic
kinetochore formation initiated by unseparated poles
in early spindle assembly is rare in these cells, but it
could occur at high frequencies in other tissue cell
types or by defects in proteins that regulate the timing
of centrosome separation at entry into mitosis, such
as Aurora A. Finally, merotelic kinetochore
orientation and lagging chromosomes in anaphase
occur frequently in cells with multipolar spindles
(Sluder ez al. 1997).

Perturbations of chromosome structure can also
induce merotelic kinetochores in cells with bipolar
spindles. In particular, chromosomes with single
kinetochores are prone to establishing merotelic
attachments. Single kinetochore chromosomes have
been produced by premature sister chromatid
separation (Yu & Dawe 2000), blocking replication
before mitosis (Brinkley er al. 1988; Wise & Brinkley
1997) or by severing away a sister chromatid by laser
microsurgery (Khodjakov ez al. 1997). In all studies,
single kinetochore chromosomes became merotelically
attached and became aligned near the spindle equator
at metaphase in the absence of pulling forces from a
sister kinetochore. This result is mechanistically
important for understanding kinetochore function in
chromosome alignment because it shows that the
multiple microtubule attachment sites on a single
merotelically attached kinetochore can function as
independent force generators for chromosome
alignment near the spindle equator.

In yeast, proteins have been identified that control
the structure of the centromeres and constrain adjacent
kinetochore microtubule attachment sites to face the
same direction, and mutants in these proteins promote
lagging chromosomes (Pidoux ez al.. 2000; Pidoux &
Allshire 2003; Rabitsch er al. 2003; Allshire 2005).
Many aspects of how such proteins constrain the

Phil. Trans. R. Soc. B (2005)

attachment sites of vertebrate kinetochore to face the
same direction are a major unsolved mystery.

4. MEROTELIC KINETOCHORE FORMATION IS
FREQUENT IN EARLY PROMETAPHASE FOR
NORMAL CELLS
For normal tissue cells in culture, lagging chromo-
somes are seen in about 1% of anaphase cells
(figure 3d). Does this represent the frequency of
occurrence of merotelic kinetochores during all of
mitosis, or does merotelic attachment occur much
more frequently, and do correction mechanisms exist?
We addressed this issue by microinjecting early
prometaphase PtK1 cells with dominant negative
inhibitors of the spindle checkpoint protein Mad?2
(Cimini et al. 2003). These injections induce prema-
ture anaphase within about 15 min, before many
chromosomes have had time to align at the spindle
equator. We found that about 32% of these injected
cells had one or more lagging chromosomes in
anaphase. This frequency was increased to 92% for
cells recovering from a nocodazole block (figure 3d).
These results suggest two conclusions. First,
merotelic kinetochore formation is frequent during
early mitosis in unperturbed cells that have separated
their centrosomes before spindle assembly. As
described below, only about 6% of merotelic kineto-
chores in metaphase produce lagging chromosomes in
anaphase. If the same percentage holds for the
premature anaphases, then every normal cell has one
or more chromosomes with a merotelic kinetochore
early in mitosis, and this number is greatly enhanced in
the cells that fail to establish spindle bipolarity before
spindle assembly (e.g. like cells transiently treated with
nocodazole or monastrol). The second conclusion
concerns the high incidence of lagging chromosomes
reported for anaphase cells with mutant spindle
checkpoint proteins (reviewed in Cleveland et al.
2003). Based on our studies (Cimini ez al. 2003), this
high incidence occurs simply because cells with a
defective spindle checkpoint spend an unusually short
time in prometaphase.

5. MEROTELIC KINETOCHORE CORRECTION
OCCURS BEFORE ANAPHASE ONSET, BUT

IT IS INCOMPLETE

Does the 1% of anaphase cells with lagging chromo-
somes represent the number of cells with merotelic
kinetochores at the end of metaphase? If so, this would
indicate that correction mechanisms function before
anaphase to eliminate most merotelic kinetochores.
Initially, we addressed this question by fixing PtK1 cells
to preserve metaphase kinetochore microtubules,
spindle interpolar length and kinetochore structure
(Cimini ez al. 2003). We labelled the microtubules and
kinetochores by immunofluorescence. We then
obtained high-resolution spinning disk confocal
images acquired at 200 nm steps through the spindle
and chromosomes. These image stacks were decon-
volved to give us 3D views of kinetochore microtubule
connections. At metaphase, sister kinetochores have
stretched their centromeres by about 2-2.5 um in PtK1
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Figure 4. Projection views at three different angles through 3D reconstructions of two metaphase PtK1 spindles (a and b) that
were fixed and immunofluorescently labelled with CREST antibodies to the kinetochore (green) and tubulin antibodies to stain
kinetochore fibre microtubules (red). Cells had progressed normally through mitosis to metaphase before fixation. Note the cell
in b has a merotelic kinetochore shifted toward the equator in between the other pairs of sister kinetochores (arrows). From

Cimini ez al. (2003).
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Figure 5. Merotelic kinetochore formation occurs frequently in early prometaphase and merotelic kinetochores are only partially
corrected by late metaphase or by prolonging metaphase by 2 h. Only 1 out of 16 merotelic kinetochores entering normal
anaphase produce lagging chromosomes, and this reduction is enhanced by prolonging metaphase. See text for details.

cells and they achieve average positions on either side of
the spindle equator (figure 4). Surprisingly, this assay
revealed a high frequency of merotelic kinetochores;
about 16% of untreated metaphase cells had at least
one identifiable merotelic kinetochore, a frequency
16-fold higher than expected from the 1% frequency of
lagging chromosomes in anaphase. Clearly, correction
mechanisms function before anaphase to eliminate
merotelic kinetochores, since 16% is far fewer than the
number estimated for early prometaphase as summa-
rized in figure 5. We then asked if, given more time,
these pre-anaphase correction mechanisms could
eliminate all merotelic kinetochores and lagging
chromosomes. We prolonged metaphase by 2 h using
MG-132 to reversibly inhibit the 26S proteosome and
delay anaphase onset. We found only a small decrease
in the frequency of detectable merotelics at metaphase
but a 4-fold decrease in the frequency of anaphase cells
with lagging chromosomes (figure 5). We also showed
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that the ratio of fluorescence of microtubule bundles to
opposite poles increased during the delayed anaphase.

The above results (Cimini ez al. 2003) suggest that
there are two mechanisms that prevent lagging
chromosomes produced by merotelic kinetochores:
one that functions before anaphase to reduce the
number of merotelic kinetochores or the number of
microtubules to the incorrect pole, and one that functions
after anaphase onset to prevent most merotelic kineto-
chores from producing lagging chromosomes.

6. CORRECTION OF MEROTELIC ATTACHMENT
BEFORE ANAPHASE ONSET

How does the first mechanism function to reduce
the number of microtubules to the incorrect pole
and eliminate merotelic kinetochores? In budding
yeast, correction of mis-attachments depends on the
activity of the Aurora B kinase (Ipll in yeast) and
kinetochore tension (Biggins ez al. 1999; Biggins &
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Murray 2001; Tanaka ez al. 2002). Normally, stable
kinetochore microtubule attachment is achieved when
chromosomes bi-orient and sister kinetochores become
amphitelically attached. Tension is generated by kineto-
chores pulling toward opposite poles restrained by the
cohesions holding the sisters together. This stretches the
intervening chromatin, inactivates Ipll activity, and
stabilizes microtubule attachment. When syntelic
attachments are made, these kinetochores are not
under this high tension, Ipll is active and attachment
is unstable. Ipll mutants have been shown to maintain
stable syntelic attachments at the lower tensions
(Biggins er al. 1999; Biggins & Murray 2001; Tanaka
etal.2002). Thereis evidence that inhibiting Aurora B in
mammalian tissue cells, Drosophila and Caenorhabditis
elegans promotes stability of microtubule attachment
and errors in segregation like anaphase lagging
chromosomes (reviewed in Maiato et al. 2004).
However, inhibiting Aurora B also abrogates the spindle
checkpoint and disrupts kinetochore assembly, effects
that complicate interpretation of Aurora B function in
correcting merotelic attachments. To address this issue,
we have used low doses of an Aurora B inhibitor on PtK1
cells that do not compromise the spindle checkpoint and
normal chromosome movements, and we see enhanced
frequencies of anaphase lagging chromosomes (Cimini
et al. unpublished observations). These results support a
role for Aurora B in destabilizing incorrect microtubule
attachments in mammalian tissue cells.

However, merotelic kinetochores, unlike syntelic
kinetochores in yeast, are under high tension from
pulling forces from opposite poles and the sister
kinetochore. Based on experiments in yeast, this high
tension is expected to inactivate Aurora B activity. One
possibility is that Aurora B regulation is different for the
larger vertebrate kinetochores. In yeast, Ipll localizes
to the kinetochore; in vertebrate cells, it is concentrated
within the inner centromere region, not the kineto-
chore (Maiato er al. 2004). Figure 6 shows a possible
model for how Aurora B might function to destabilize
incorrect attachments at merotelic kinetochores. The
idea is that the region of the kinetochore containing
correctly attached microtubules is pulled away from the
Aurora B at the inner centromere, so that its phosphatase,
phosphatase 1 (PP1), concentrated at the kinetochore
(Maiato ez al. 2004) keeps the targets for the Aurora B at
the kinetochore microtubule attachment site dephophory-
lated, promoting stable attachment. In contrast, the region
of the kinetochore attached to microtubules from the
wrong pole is pulled back toward the centromere and
near the location of the Aurora B kinase, enhancing the
probability of phophorylation and destabilization at
these attachment sites.

It surprised us that the additional 2 h delay in
metaphase did not change very much the number of
detectable merotelic kinetochores before anaphase,
although it did produce a four-fold decrease in
detectable anaphase lagging chromosomes (figure 3).
A further puzzle stems from the turnover rate
measured for kinetochore microtubules of amphitelic
kinetochores on bi-oriented chromosomes. Using
microtubule fluorescent marking techniques, the half-
life has been measured for metaphase PtK1 cells at
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about 5 min, or 300s (Zhai er al. 1995). Thus in
mammalian tissue cells, microtubule attachment
at normal kinetochores under maximum tension at
metaphase is not completely stable. If we assume a
similar turnover half-life for microtubules attached to
merotelic kinetochores at metaphase, then if detach-
ment of a microtubule to the incorrect pole is followed
by attachment of a microtubule to the correct pole, we
expect to see complete correction of merotelic kineto-
chores during a period about five times the half-life of
attachment, or 25 min, which is the time for nearly
complete turnover of all microtubules. Yet, in 2 h, this
correction did not occur. Either attachments at
merotelic kinetochores are much more stable than
expected, or reattachment depends on previous history.
The latter seems possible, since an attachment site
surrounded by microtubules to the wrong pole is likely
to face that pole and regain a new attachment from that
direction or initiate new microtubule growth in that
direction.

The microtubule depolymerase, MCAK, concen-
trates at the inner centromere of bi-oriented chromo-
somes (Maiato er al. 2004). Inhibition of MCAK or
inhibition of its co-factor ICIS elevates the frequency of
lagging chromosomes in anaphase (Ohi ez al. 2003;
Kline-Smith ez al. 2004). Both MCAK and ICIS have
been proposed to be targets for the Aurora B-based
mechanism that eliminates merotelic attachments
before anaphase. We will discuss potential kinetochore
targets for the Aurora B kinase, like the Ndc80 protein,
and other possible molecular regulators of attachment
stability in the last section of this paper.

We conclude from our studies that the spindle
checkpoint and Aurora B mechanisms that operate
to allow correction of mis-attachments like syntelic
or merotelic attachment, fail to ensure complete
correction of merotelic kinetochores before anaphase
in vertebrate tissue cells. In fact, 16% of unperturbed
late metaphase PtK1 cells enter anaphase with at least
one merotelic kinetochore.

7. ANAPHASE SPINDLE MECHANICS PREVENT
MEROTELIC KINETOCHORES FROM PRODUCING
LAGGING CHROMOSOMES

When cells enter anaphase, the Aurora B complex
leaves the centromere (Maiato ez al. 2004) and the rate
of turnover of kinetochore microtubules decreases
almost 10-fold (Zhai er al. 1995). Nevertheless, only
1/16th of the merotelic kinetochores at late metaphase
in unperturbed cells produce a detectable lagging
chromosome near the spindle equator in anaphase
(Cimini ez al. 2003). The above studies suggested that
the correction mechanisms that operate before
anaphase increase the number of microtubules to the
correct pole and reduce the number to the incorrect
pole. We suspected that the correction mechanisms
that operate in anaphase depend on the ratio of the
number of microtubules to the correct versus incorrect
pole, R. In anaphase, merotelic kinetochores with ratios
near one would produce lagging chromosomes because
of nearly equal numbers of microtubules to the correct
versus incorrect pole, while ratios sufficiently greater
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Figure 6. Microtubules attached to the wrong pole may bring their kinetochore attachment sites closer to the Aurora B kinase,
which is located within the inner centromere region between sister kinetochores before anaphase. From Cimini ez al. (2003).

Figure 7. Live imaging of merotelic kinetochores (green) and spindle microtubules (red) in PtK1 cells using a spinning disk
confocal fluorescence microscope as described in the text. Frames are from time-lapse movies of different cells. (a) Metaphase
aligned sister chromatid pair near the equator with one merotelic kinetochore (arrow). (b) Merotelic kinetochore in anaphase
remained near the spindle equator with the brightness of its kinetochore fibres to opposite poles nearly equal and fibre
polymerization nearly equal (R~ 1). (¢) Merotelic kinetochore in anaphase moved away from the equator in the direction of
its brighter kinetochore fibre to the correct pole as the dimmer fibre to the opposite pole polymerized much longer (R>1).
(d) A merotelic kinetochore in anaphase that became unusually stretched laterally as it moved away from the equator in the

direction of the brighter kinetochore fibre (R>1).

than one would result in movement away from the
equator in the direction of the correct pole. In this way,
the correction mechanisms operating before anaphase
can prevent most merotelic kinetochores from
producing lagging chromosomes near the equator
in anaphase by increasing this ratio, R, without
completely eliminating merotelic attachment.

To test this hypothesis, we developed live cell
imaging techniques for PtK1 cells to track the move-
ments of individual merotelic kinetochores from
metaphase through anaphase relative to their spindle
poles and relative to the ratio of microtubules
connecting merotelic kinetochores to opposite poles
(Cimini et al. 2004). We microinjected cells with
low concentrations of Alexa-488-antibodies to the
outer-plate protein CENP-F to fluorescently mark
kinetochores and poles green and X-rhodamine
labelled tubulin to fluorescently label kinetochore
fibre microtubules red. A high-resolution spinning
disk confocal microscope system (Maddox er al.
2003b) was used to obtain time-lapse recordings
(figure 7a). As in the fixed preparations described
above, the merotelic kinetochores we could identify at
metaphase were usually positioned in between the
separated sisters of bi-oriented chromosomes with
normally attached kinetochores. The faces of these
merotelic kinetochores were tilted and stretched laterally
toward opposite poles. In anaphase, after sister separ-
ation, only a few merotelic kinetochores had fluorescent
fibres of similar intensity to opposite poles, and these
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became lagging chromosomes (figure 76). Most had
fluorescent ratios of two or greater and these moved
significant distances away from the equator in the
direction of the correct pole (figure 7¢,d). We never saw
kinetochore fibre detachment from merotelic kineto-
chores or breakage of stretched kinetochores. In
anaphase, merotelic kinetochores were often laterally
stretched from their normal width of about 0.4 um
(McEwen et al. 1998) to about 2 um by their
microtubule attachments to opposite poles. In a few
cases, where the fibre fluorescence ratio was about two,
the kinetochore became pulled out toward the incorrect
pole into thin strands interconnected by small beads as
seen by the CENP-F antibody fluorescence (figure 7d).
Usually, however, the merotelic kinetochore moved
away from the equator in the direction of the more
intense kinetochore fibre connected to the correct pole
with about 2 um stretch (figure 7¢). This movement
was always coupled to changes in the length of the
kinetochore fibres to opposite poles, where the fibre to
the incorrect pole became much longer than that to the
correct pole as the ratio of their fluorescent intensities
increased. Figure 8 compares for the above study the
average changes in length of kinetochore fibres in
anaphase for normally attached kinetochores with the
changes in length of those attached to merotelic
kinetochores. Normally attached kinetochores in ana-
phase shorten their kinetochore microtubules mainly
by plus-end depolymerization at the kinetochore (‘Pac-
Man’ mechanism; Mitchison & Salmon 2001; Maiato
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Figure 8. Comparison of the changes in length of kinetochore fibres and interpolar distance during anaphase in PtK1 cells for cells
with only normally oriented kinetochores and for cells with a merotelic kinetochore in anaphase as described by Cimini ez al. (2004).
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Figure 9. Model for how anaphase spindle and kinetochore mechanics move chromosomes with merotelic kinetochores in

anaphase. See text for details.

et al. 2004), and these shortened by 2 pm or more. For
merotelic kinetochores, their fibres typically became
longer as interpolar spindle elongation (anaphase B)
occurred, but growth depended on the fluorescence
intensity of the fibre. Kinetochore fibres to the
incorrect pole with fewer microtubules typically grew
much longer than at metaphase, while those to the
correct pole with more microtubules grew much less
(figure 8), and in a few cases shortened by 0.5 um
(Cimini et al. 2004). The presence of merotelic
attachments to microtubules from opposite poles
slowed the average velocity (0.72-0.42 pm min~ '),
but did not reduce significantly the extent of interpolar
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elongation (figure 8). The slower velocities are prob-
ably caused by the load generated by the lateral stretch
typical of merotelic kinetochores in anaphase.

We conclude from the above study that lagging
chromosomes are prevented in anaphase for merotelic
kinetochores whose numbers of kinetochore micro-
tubules to the correct pole are bigger than those to the
incorrect pole. Correction occurs not by detachment,
but by differences in the polymerization dynamics of
microtubules to the correct versus incorrect pole.

Note that in the anaphase example in figure 7d, the
merotelic kinetochore became stretched into puncta
separated by thin strands of CENP-F-stained material,
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as previously observed by CREST staining (Cimini
eral. 2001). This pattern of lateral stretch indicates that
the supporting coiled centromeric DNA-protein sub-
units of the inner kinetochore have been locally pulled
apart or partially uncoiled consistent with the model of
inner kinetochore DNA—protein interactions proposed
by Zinkowski and coworkers (1991).

8. MODEL FOR MEROTELIC KINETOCHORE
MOVEMENTS IN ANAPHASE

Why do merotelic kinetochore fibres with fewer
microtubules grow longer, while fibres with more
microtubules grow less or shorten? A model we have
proposed (Cimini er al. 2004) is shown in figure 9.
At anaphase onset in PtK1 cells, interpolar spindle
elongation begins and moves poles apart (anaphase B).
Microtubules attached to merotelic kinetochores are
moved away from the equator in the direction of their
poles by a velocity equal to the sum of half the velocity
of interpolar elongation (V) plus the velocity of
poleward flux of kinetochore microtubules (Vg,,) that
is coupled to depolymerization at the poles (figure 9a).
Interpolar elongation and poleward flux pull and
stretch the kinetochore in opposite directions. We
assume that, in anaphase, minus ends of merotelic
kinetochore microtubules behave like those of normally
oriented chromosomes. They remain anchored at the
spindle poles and exhibit slower rates of poleward flux
compared with metaphase (0.2 versus 0.55 pm min '
for PtK1 cells; Zhai ez al. 1995). Poleward flux velocity
may also be slowed by high tension at their kinetochore
microtubule attachment sites, but reduction may be
small (Maddox et al. 2003a) and poleward flux velocity is
assumed constant in the analysis below. We also assume
that mechanisms that move chromosomes to the equator
in prometaphase, such as polar ejection forces (Rieder &
Salmon 1998), that are in part produced by plus-directed
kinesin motors bound to the chromosomes (Funabiki &
Murray 2000; Levesque & Compton 2001), are inacti-
vated as normally appears to occur in anaphase (Funabiki
& Murray 2000; Canman et al. 2003). Finally, we assume
each kinetochore MT attachment site can function
independently of its neighbours, as discussed pre-
viously for the alignment of merotelic kinetochores at
the spindle equator (Khodjakov ez al. 1997).

In our model, the velocities of movement away from
the equator of the kinetochore ends facing the incorrect
pole, P;, and the correct pole, pole P, (figure 9a),
depend on the rate of microtubule polymerization at
kinetochore plus-end attachment sites. The velocities
are given by

Vkei = VﬂUX + Vpp/2 - Vpolyi7 (81)

where i=1 or 2 for P, or P, respectively, and V. is
the rate of polymerization at attachment sites facing
pole P;.

We propose that the kinetochore moves away from
the equator because the average rate of plus-end
polymerization, V., at a kinetochore microtubule
attachment site depends on tension generated at the
attachment site/microtubule interface. Attachment
sites with higher tension will polymerize faster than
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sites with lower tension. The magnitude of tension
will depend directly on the number of kinetochore
microtubules to the same pole since kinetochore
fibre forces (F) toward opposite poles are approxi-
mately equal (figure 954). This is because the viscous
drag on chromosomes at the slow velocities of
merotelic kinetochore movement are not significant
(0.1 pN; Nicklas 1983, 1988; Alexander & Reider
1991) compared with the forces needed to stall a
chromosome in metaphase or anaphase, about
12 pN/kMT attachment site (Nicklas 1983, 1988).
Since the forces to opposite poles are equal, then the
ratio of tensions at attachment sites facing opposite
directions will depend on the ratio (R) of the
number (IN,) of microtubules attached to the correct
pole (P,) versus the number (N;) attached to the
incorrect pole (P;) as
T,/T, = N,/N, = R. (8.2)

The tensions at kinetochore microtubule attach-
ment sites facing opposite poles are only equal
when the microtubule number is equal. When the
numbers are unequal, then the side with the fewer
microtubules will have the higher tension relative
to the side with the greater number of microtubules
(figure 9b). If polymerization rate to a first appro-
ximation is proportional to tension, then the ratios of
polymerization rates for attachment sites facing
opposite poles are related to R by

VpolyI/VpolyZ == NZ/NI == R (83)

From the above analysis, the velocity of kineto-
chore movement away from the equator toward pole
P;, Viess is related to R, Vpp2, Vauxs and the rate of
kinetochore lateral stretch during anaphase, 1, by

the following:
Vpolyl + Vpoly2 + Vis = 2( I/pp/2 + Vau)- (8.4)

From equation (8.4), Vpoy1 =RVpoly2s so that
from equation (8.6),

RVpolyZ + Vpoly2 + Vis = 2( Vpp/2 + Vi) (8.5)
and
Voolyz = (Vpp + 2Vaux — Vi)/(1 + R). (8.6)

Substituting equation (8.6) into equation (8.1)
gives for Vie,:

VkeZ = I/pp/2 + Vﬂux - (Vpp + 2I/ﬂux - Vks)/(l + R)

(8.7)

Figure 9¢ shows a plot of Vi, relative to Vyp/, as a
function of R from 0.25 to 5.0 using the average value of
Vep=0.42 um min ! measured in Cimini ez al. (2004)
for spindles with merotelic kinetochores, Vguz=
0.2 um min~ ! as measured by Zhai ez al. (1995) for
normally attached kinetochores in anaphase. Changes in
the stretch of the kinetochore are neglected in the curve in
figure 9¢, but increased stretch would add to the
predicted values of Vi, relative to V. Note that for
large values of R, Vi, becomes faster than V., when
attachment site tension for the larger fibre becomes low
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enough so that the rate of polymerization is less than
Vaux and the kinetochore fibre shortens.

Our assumption in the above model that polymeriz-
ation rate depends on tension is based on the findings
of Maddox er al. (2003a) for force generation at
kinetochores of bi-oriented chromosomes at the spindle
equator of Xenopus egg extract spindles. They proposed
that the attachment site acts like a ‘slip-clutch’ mechan-
ism where at high tensions, the kinetochore persists in
polymerization and resists the poleward flux of kineto-
chore microtubules as these microtubules are pulled out
of the attachment site by spindle forces. Resistive tension
and polymerization rate both appeared to depend on the
rate at which the microtubule lattice was pulled by
spindle forces through the attachment site. This resist-
ance may depend on dynamic linkages between the
attachment site and the microtubule lattice produced by
motor or non-motor proteins (Howard 2001). Tension
could also depend on thermal ratchet mechanisms that
act to maintain polymerizing ends within the attachment
site similar to the sleeve model proposed by Hill in 1985
(Hill 1985; Inoué & Salmon 1995; Joglekar & Hunt 2002;
Mogilner & Oster 2003).

How plus-end polymerization is promoted by
attachment site tension is not understood. One
possibility is that higher tension promotes a higher
net rate of polymerization by a ‘finger cuff’ mechan-
ism, where tension causes the fibrous structure of the
attachment site to contract more tightly around the
microtubule lattice, blocking the protofilament inside-
out curvature associated with loss of lateral bonding
between dimers and tubulin dimer dissociation (Maddox
etal. 2003a). Attachment site constriction at high tension
could also in some way prevent the action of depoly-
merases thought to function in dimer dissociation within
the kinetochore and/or promote the action of the plus-
end stabilizing proteins like EB1 that concentrate at
polymerizing ends as discussed below.

9. MEROTELIC KINETOCHORES MAY ALSO
PRODUCE CHROMOSOME NON-DISJUNCTION
An important prediction of the model in figure 9c¢ is
that for ratios R=N,/N that are less than 1, the merotelic
kinetochore will move toward the incorrect pole in
anaphase. Such movement will produce non-disjunction
of separated sister chromosomes (figure 10). As men-
tioned earlier, this error in chromosome segregation
actually occurs slightly more frequently in mammalian
tissue cells than the occurrence of anaphase lagging
chromosomes near the equator (Ciminiezal. 1999). Note
that lagging chromosomes only occur for ratios near one,
and the vast majority of merotelic kinetochores we
identified in metaphase and followed into anaphase
migrated toward the correct pole because of ratios greater
than 1 (Cimini ez al. 2004). We have not yet detected
merotelic kinetochores at metaphase that migrate to the
incorrect pole in anaphase. We think these merotelic
kinetochores are difficult to detect at metaphase because
they achieve positions away from the equator and toward
the incorrect pole that are similar to the positions of sister
kinetochores that are correctly oriented to that pole. If
such merotelic kinetochores exist, how do they form and
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achieve more kinetochore microtubules to the incorrect
pole versus correct pole? One possibility is that these
merotelic kinetochores are derived from the bi-orien-
tation of sister pairs that initially form syntelic attach-
ments to one pole (figure 10). When one of these
kinetochores makes attachments to the opposite (correct)
pole, this bi-orientation induces chromosome movement
closer to the equator and inactivates the spindle
checkpoint. Because of the initial syntelic orientation,
the numbers of microtubules to the correct pole could be
significantly less than the number to the incorrect pole.
If this ratio persists into anaphase after separation of sister
chromatids, then the chromosome with the merotelic
kinetochore will follow its sister to the same pole.
McEwen er al. (1997) showed for PtK1 cells that
mono-oriented chromosomes with 10 or more micro-
tubules attached to one sister kinetochore will congress
to the spindle equator when only two to three micro-
tubules from the opposite pole become attached to the
previously unattached sister kinetochore. This indicates
that only a few microtubules to the opposite pole would
be sufficient to induce an initially syntelically oriented
sister pair to become aligned near the equator. This
equatorial alignment of sister pairs with unequal
numbers of microtubules to opposite poles is probably
dependent on centring forces that are inactivated upon
anaphase onset. A major contributor to the centring
force are polar ejection forces on the chromosome
arms produced in part by plus-end directed chromoki-
nesins like Kid (Funabiki & Murray 2000; Levesque &
Compton 2001), whose activity appears inactivated
in anaphase. However, chromosomes still achieve pos-
itions near the spindle equator when Kid is substantially
inhibited (Levesque & Compton 2001), so other unknown
molecular mechanisms need to be discovered.

10. THE NDC80 COMPLEX AND OTHER
MOLECULES THAT MAY FUNCTION IN

THE STABILITY OF PLUS-END ATTACHMENT
AND RESISTIVE FORCE GENERATION AT

THE KINETOCHORE MICROTUBULE
ATTACHMENT SITE

The mitosis field is still at the early stages of under-
standing how individual kinetochore microtubule
attachment sites are constructed and regulated within
the kinetochore. One possible model is shown in
figure 11. Our focus for the past several years has
been on the function of Nuf2 and Hecl, two protein
components of the highly conserved Ndc80 complex.
The Ndc80 complex includes Ndc80 (highly enhanced
in cancer cells (HEC1) in humans), Nuf2, Spc24 and
Spc25. These proteins were initially identified in yeast
and more recently their homologues were found
in vertebrates and C. elegans (Howe er al. 2001;
Nabetani ez al. 2001; Wigge & Kilmartin 2001; DelLuca
et al. 2002; Martin-Lluesma et al. 2002; Bharadwaj
et al. 2003; Desai er al. 2003; Hori et al. 2003;
McCleland er al. 2003, 2004). Inner kinetochore
proteins like CENPA, C, H and I, and Mis 12 and
the KNL proteins are important for localization of the
Ndc80 complex to the kinetochore (Desai et al. 2003;
Hori et al. 2003). DelLuca er al. (2005) have recently



564 E. D. Salmon and others

Merotelic kinetochores in tissue cells

/
\k(

active mitotic
checkpoint

inactive
checkpoint

Figure 10. Hypothesis for how syntelic attachment of both
sister kinetochores to one pole in prometaphase before
merotelic kinetochore formation and bi-orientation can lead
to both sisters moving to the same pole in anaphase by the
mechanism described in figure 9. Chromosome non-
disjunction occurs because the merotelic kinetochore in
anaphase has kinetochore microtubules to the same pole as
its sister kinetochore with a number that is larger than the
number to the opposite, correct pole (R<1).

shown by electron microscopy that Hecl specifically
localizes to the kinetochore outer plate, and not the
corona. Also, RNAi for Nuf2 results in loss of
kinetochore microtubules as well as outer plate
structure. Unlike the motors CENP-E and cytoplasmic
dynein, and many spindle checkpoint proteins, Nuf2
and Hecl are part of a stable core of the kinetochore
that remains constant in concentration during mitosis
and does not change in concentration with microtubule
depolymerization or kinetochore microtubule for-
mation to the extent exhibited by the motors and the
checkpoint proteins, which are prominent components
of the kinetochore corona (Hoffman er al. 2001;
DeLuca ez al. 2005).

Like in yeast, Nuf2, Hecl and the other Ndc80
components are needed to form stable kinetochore
microtubule attachments in metazoan cells that can
sustain the high tensions typical of bi-oriented chromo-
somes. HelLa cells reduced from 5 to 10% of normal
levels of Hecl or Nuf2 become blocked in prometa-
phase with unaligned chromosomes, unoriented and
unstretched centromeres, and spindles much longer
than occurs during normal metaphase after pulling
forces are generated by kinetochore microtubule
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formation. Kinetochores in Ndc80 complex depleted
cells also have no stable kinetochore microtubules as
normally occurs following rapid cooling (Brinkley &
Cartwright 1975; DeLuca et al. 2002; McCleland er al.
2004). If cells with depleted levels of Nuf2 and Heclare
induced into anaphase by abrogating the spindle
checkpoint, some chromosomes do move toward
the poles, indicating weak interactions between kine-
tochores and spindle microtubules (Deluca er al
2003). These weak interactions may be produced by
motors like CENP-E that are not depleted by loss of the
Ndc80 complex components, or by transient weak
attachments to kinetochores that have low concen-
trations of Ndc80 components and cytoplasmic dynein
(DeLuca er al. 2002, 2005; Martin-Lluesma ez al. 2002;
McCleland ez al. 2004).

The identities of the proteins that dynamically
link the Ndc80 complex to the microtubule lattice
within the kinetochore attachment site are not yet
known in metazoans. In budding yeast, linkers
include the microtubule associated protein complex,
DAMI1 (DASH1) and the EB1 homologue, Bim1. Ipll
phosphorylation of Ndc80 (or mutants that mimic
phosphorylation) and components of the DAMI
complex detach microtubules from the kinetochore
while dephosphorylation by PP1 or mutants that
mimic dephosphorylation result in tight attachment
(Cheeseman ez al. 2002; Shang er al. 2003). This
suggests a similar mechanism operates at the
vertebrate kinetochore, but no data are yet available.
Microtubule attachment to merotelic kinetochores in
anaphase appears very stable from our live cell
imaging. This stability is correlated with the
absence of Aurora B at centromeres in anaphase and
the low rate of microtubule turnover at anaphase for
normally oriented kinetochores (Zhai er al. 1995).
EB1 may also contribute to linking polymerizing
plus ends to kinetochores under tension. Live cell
imaging of GFP-EB1 shows that it binds transiently
to polymerizing plus ends of microtubules (Tirnauer
et al. 2002). EB1 concentrates at normally oriented
kinetochores of chromosomes in PtK1 cells when they
are polymerizing and oscillating away from the pole,
but not at kinetochores that are moving poleward
either before or after anaphase onset (Tirnauer et al.
2002).

Other proteins that may contribute to generating
tension at polymerizing kinetochores are the molecular
motors CENP-E and dynein. However, substantial
inhibition of these proteins does not prevent bi-
orientation, accumulation of kinetochore microtubules
or development of centromere tension in mammalian
tissue cells (Howell ez al. 2001; Cleveland ez al. 2003).
The microtubule binding protein Sgo has recently been
shown to have a function in regulating stability of
attachment as does RanGapl and RanBP2 (Maiato
et al. 2004). How these proteins function between the
Ndc80 complex and the microtubule lattice will hope-
fully be revealed in the near future. There is also a lot of
interest in the roles of microtubule depolymerases like
the Kin I kinesins HsMCAK, HsKif2, DmKLP10A,
and DmKIp67F and yeast Kip3 and its homologues in
metazoans in linking plus ends dynamically to the
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Figure 11. A model for molecular organization at a vertebrate kinetochore microtubule attachment site. Kinetochores exhibit bi-
stability, switching to depolymerization at low attachment site tensions and switching to polymerization at high attachment site
tensions (Inoué & Salmon 1995; Rieder & Salmon 1998; Mitchison & Salmon 2001; Maiato ez al. 2004). These two persistent
states are probably dependent on the dynamic instability of microtubule plus ends. At depolymerizing ends, GDP-dimers within
the microtubule lattice lose their lateral connections and their protofilaments curve inside-out promoting dimer dissociation.
Energy for producing this curvature is provided by the hydrolysis of GTP that occurred previously during polymerization.
The depolymerization state of the kinetochore is force generating and pulls the attachment site in a minus direction along the
microtubule lattice coupled to depolymerization within the attachment site. An attachment site appears to switch to the
polymerization state when attached plus ends of microtubules switch to polymerization. Polymerizing ends are capped and
stabilized by unhydrolysed GTP-tubulin dimer, the polymerizing subunit. Polymerizing ends rarely push kinetochores during
mitosis (Rieder & Salmon 1998), but attachment sites with polymerizing ends generate resistive tension to pulling forces
produced by poleward microtubule flux, spindle interpolar elongation and centromere stretch. The Ndc80 complex of proteins
is required to organize kinetochore outer plate attachment site structure and, based on budding yeast studies, probably provides
dynamic linkage (projection in drawing) between the outer plate and microtubule associated proteins on the microtubule lattice
similar to the DAM1 complex in yeast. Kin I kinesins promote depolymerization at depolymerizing ends and the Kin I kinesin
MCAK at the inner centromere may assist in eliminating merotelic kinetochore attachments. Cytoplasmic dynein, dynactin and
the kinesin CENP-E are components of the kinetochore corona. Dynein minus-motor activity may enhance depolymerase
activity by pulling the microtubule lattice into the attachment site. CENP-E and dynein have major functions in the spindle
checkpoint (Cleveland ez al. 2003). Polymerizing ends concentrate EB1 at their tips, which stabilizes growth and antagonizes the
depolymerases. Adenomatous polyposis coli (APC) protein binds EB1 and may help link polymerizing ends at kinetochores.
Another protein that binds polymerizing ends is CLASP1, and CLASP1 is required to prevent persistent depolymerization
(Maiato er al. 2004). Not shown in the drawing are potential roles of Cdc42 and mDia3 in linking APC, EB1 and microtubules
to kinetochores (Green & Kaplan 2003; Yasuda et al. 2004) and RanBP1 and RanGap for stable kinetochore microtubule
attachment (reviewed in Maiato ez al. 2004). Drawing is modified from Maiato et al. (2004).

kinetochore (Maiato ez al. 2004). These proteins use
ATP hydrolysis to drive tubulin dimer dissociation
from the ends of microtubules. Although most atten-
tion is currently being focused on how these proteins
contribute to depolymerization at either the kinetochore
(figure 11) or the pole, it is equally interesting to know
whether they also contribute to dynamically linking the
kinetochore to the microtubule lattice during polymeriz-
ation. CLASP1, and another plus-end tracking protein,
like EB1, may have a significant roles in preventing
depolymerase activity at kinetochores and promoting

Phil. Trans. R. Soc. B (2005)

polymerization, as well as linking polymerizing ends to
the kinetochore (Maiato et al. 2004).

There is also very recent evidence that the formin
protein, mDia3, and the RhoGTPase, Cdc42, have
critical roles for achieving microtubule attachment to
kinetochores of sufficient strength to resist the high
centromere tensions generated by normal sister
chromosome bi-orientation. Cdc42 is needed for
mDia3 to bind to inner kinetochore proteins, and
mDia3 may link the kinetochore to the microtubule
lattice through APC and EB1 (Kaplan et al. 2001;
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Green & Kaplan 2003; Yasuda et al. 2004). This
suggests that these proteins, like the Ndc80 complex
and its microtubule linkers (DAM1?), may play key
roles in maintaining the attachment of merotelic
kinetochores to polymerizing plus ends of microtubules
under the high tensions generated in anaphase when
merotelic kinetochores are highly stretched toward
opposite poles. Another important question that
remains unresolved is whether EB1 and other micro-
tubule linker proteins are regulated by the Aurora B
complex before anaphase, like the Ndc80 and DAMI1
complexes in budding yeast (Cheeseman ez al. 2002;
Shang er al. 2003), to promote release of mis-attached
microtubules.

11. HOW OFTEN DO MITOTIC CELLS MAKE
ERRORS IN CHROMOSOME SEGREGATION

IN SITU?

Our analysis of errors in chromosome segregation based
on spindle mechanics predicts a frequency of the order
of 1% for unperturbed mammalian tissue cells progres-
sing through anaphase in culture. This rate per
chromosome is of the order of 1/12% (0.000 85) for
PtK1 cells with 12 chromosomes and 1/46% (0.0002)
for human tissue cells with 46 chromosomes. Unlike
mammalian cells with multiple kinetochore micro-
tubule attachment sites, budding yeast has only one
per kinetochore. The chromosome loss rate in these cells
is on the order of 1/100 000 (0.000 01; Hartwell &
Smith 1985). This is about 100-fold lower than
measured for PtK1 tissue culture cells and 20-fold
lower than for primary human lung cells in culture.
Micronuclei are one possible product of a lagging
chromosomes near the equator in anaphase. In human
lymphocytes, the frequency of cells with micronuclei
containing whole chromosomes is reported to be
about 0.6-0.8% at 52h of culture following initial
purification (Falck ez al. 1997). We do not know of
any data regarding the accuracy of chromosome
segregation in human or other mammalian stem cells.
Since tissue culture conditions could be a factor in
promoting errors in chromosome segregation, it will be
of great interest to know the error rate for chromosome
segregation for stem cells i situ or, as a first step, in
primary cultures.

We thank The Royal Society and the organizers of
the meeting on chromosome segregation, Professor Kim
Nasmyth and Professor Yanagida, and our continued support
from NIH GM24364.
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