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Here we show that suppression of synthesis of the microtubule motor CENP-E (centromere-associated protein E), a
component of the kinetochore corona fibres of mammalian centromeres, yields chromosomes that are chronically
mono-orientated, with spindles that are flattened along the plane of the substrate. Despite apparently normal
microtubule numbers and the continued presence at kinetochores of other microtubule motors, spindle poles fragment
in the absence of CENP-E, which implicates this protein in delivery of components from kinetochores to poles. CENP-
E represents a link between attachment of spindle microtubules and the mitotic checkpoint signalling cascade, as
depletion of this motor leads to profound checkpoint activation, whereas immunoprecipitation reveals a nearly
stoichiometric association of CENP-E with the checkpoint kinase BubR1 during mitosis.

marily by the interaction of spindle microtubules with the

kinetochore', the site for attachment of spindle microtubules
to the centromere. In addition to providing a physical link between
chromosomes and spindle microtubules, the kinetochore has an
active function in chromosomal segregation through microtubule
motors located at or near it*™. In the typical mammalian case, early
prometaphase involves the capture of a microtubule by one of the
two kinetochores of a duplicated chromosome pair and subsequent
transport of the microtubule towards the corresponding pole. As it
nears the pole its movement becomes oscillatory, moving towards
and away from the pole®”, until the unattached kinetochore of the
mono-orientated chromosome pair finally captures a microtubule
from the opposite pole. This initiates congression of chromosomes
to the spindle equator in a series of a discontinuous movements that
are also characterized by directional switching®. Laser-dissection
experiments have shown that most of the force for chromosome
congression arises at the leading kinetochore’. Despite these find-
ings, the kinetochore components that are responsible for microtu-
bule capture, generation of kinetochore-dependent forces for
powering chromosome movement, and the mechanism(s) respon-
sible for balancing the net force to produce congression, as well as
the subsequent chromosome movement in anaphase, remain uni-
dentified.

Several lines of evidence have implicated the kinetochore in gen-
eration of a diffusible checkpoint signal that can block cell-cycle
progression into anaphase until all kinetochores have successfully
attached to spindle microtubules. Delayed attachment of one or
more chromosomes to the spindle is correlated with a correspond-
ing delay in the onset of anaphase'. Genetic analyses of yeast'"",
micromanipulation experiments with insect spermatocytes''* and
laser-ablation studies in mammalian cells' have led to the conclu-
sion that the inhibitory checkpoint signal arises either from unat-
tached or improperly attached kinetochores, or from absence of
tension arising from opposing forces generated at sister kineto-
chores. Three MAD (mitotic arrest deficiency)” and three BUB
(budding uninhibited by benomyl)'* genes have been identified in
budding yeast that fail to arrest the cell cycle in mitosis after
drug-induced microtubule disassembly. Vertebrate homologues of
Mad?2 (refs 15, 16), BUB3 (refs 17, 18), Bubl (ref. 19) and BubR1
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(related to both BUB1 and Mad3; ref. 17), are transient kinetochore
components. Expression of the kinetochore-binding domain of
murine BUBI (ref. 19) or injection of antibodies against BubR1
(ref. 20) results in premature onset of anaphase, presumably by
replacement of the endogenous proteins at kinetochores. Collec-
tively, these data indicate that binding of these spindle checkpoint
components to unattached kinetochores may generate a signal that
is produced at, and then released from, kinetochores.

Cell-cycle-dependent accumulation of CENP-E* yields a maxi-
mum of ~5000 molecules per HeLa cell at the G2/M-phase transi-
tion (that is, about 50 molecules per kinetochore*). The following
findings indicate that altering its action can affect chromosome
movements: first, antibodies against CENP-E inhibit poleward
chromosome movements powered by microtubule disassembly in
vitro®; second, injection of antibodies into cells slows down the
metaphase-to-anaphase transition®; third, injection of antibodies
into mouse eggs completely blocks meiosis I at the prometaphase/
metaphase transition®; fourth, injection of antibodies into mam-
malian cells prevents chromosome alignment and causes chromo-
somes to oscillate between spindles®; and fifth, immunodepletion
of CENP-E from Xenopus egg extracts disrupts chromosome
congression”'. Along with proof that a motor-containing fragment
of CENP-E can use ATP to power movement toward microtubule
plus ends in vitro®, this evidence indicates that CENP-E may func-
tion as a kinetochore-associated microtubule-binding component
and as a motor. CENP-E has also been implicated as a binding part-
ner for the mitotic-checkpoint kinase BubR1 (refs 20, 27).

Here we investigate the function of CENP-E in attachment of
kinetochores to spindle microtubules, alignment of chromosomes,
and checkpoint signalling, using antisense oligonucleotides to sup-
press its synthesis and accumulation. We show that CENP-E is
essential for stable, bi-orientated attachment of chromosomes to
spindle microtubules, for development of tension across aligned
chromosomes, for stabilization of spindle poles and for satisfying
the mitotic checkpoint.

Results
Antisense-mediated reduction in CENP-E levels. To investigate the
influence of CENP-E on attachment of chromosomes to spindle
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Figure 1 Antisense suppression of CENP-E induces long-term mitotic arrest.
a, Mitotic HeLa cells were transfected with the indicated oligonucleotides

(oligonucleotide d at the indicated concentrations) and subjected to SDS-PAGE and
immunoblotting. Upper panel, Coomassie-stained proteins. Middle and lower panels,
immunoblots against CENP-E (middle) and tubulin (lower). b, Phase-contrast images

microtubules and on the mechanism of mitotic-checkpoint signalling,
we introduced a series of antisense oligonucleotides to CENP-E by
transfection into HeLa cells synchronized by mitotic shake-off to be in
the early G1 phase of the cell cycle. As CENP-E protein is nearly quan-
titatively degraded at the end of mitosis”, suppression of new synthesis
in early G1 cells allowed us to examine CENP-E function without the
complication of a pre-existing pool of CENP-E.

To determine the efficiency of inhibition of CENP-E accumula-
tion, we collected cells after 20h, at which time control cells and
those transfected with a scrambled antisense oligonucleotide had
cycled to the next mitosis and had accumulated maximal levels of
CENP-E. Immunoblotting with an antibody against CENP-E
revealed that whereas three initial oligonucleotides (oligonucle-
otides a—c, Fig. la) failed to significantly suppress CENP-E levels,
250nM (or greater) of oligonucleotide d, an 18-mer centered on the
ATG translation-initiation codon of CENP-E, caused an eightfold
reduction of CENP-E levels without altering the levels of other pro-
teins such as tubulin. Cells transfected with oligonucleotide d cov-
alently attached to fluorescein exhibited a comparable level of
inhibition, and examination by fluorescence microscopy proved
that in different transfections, 81-89% of cells contained measura-
ble levels of oligonucleotide. As CENP-E synthesis in the ~11-19%
of cells with little or no oligonucleotide was unlikely to be markedly
diminished, the observed eightfold inhibition must represent
almost complete inhibition of CENP-E in 85+4% of successfully
transfected cells.

Suppression of CENP-E causes mitotic arrest with high levels of
cyclin B. To examine the effect of suppression of CENP-E on cell-
cycle progression, we obtained cells by mitotic shake-off, trans-
fected them with 250nM oligonucleotide d and examined them by
phase-contrast microscopy at regular time intervals. In cells with
normal CENP-E levels (transfected with an oligonucleotide of the
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of control cells and cells treated with CENP-E antisense oligonucleotide d. Images
were obtained at the indicated times after transfection. Scale bar represents 30 um.
¢, Levels of CENP-E, cycling B, tubulin and Mad2, in cells transfected with control
(-) antisense (+) oligonucleotides, at the indicated times after transfection, as shown
by SDS-PAGE and immunoblotting.

same nucleotide composition as oligonucleotide d but with a
scrambled sequence), a wave of mitosis was seen; a peak was
observed at 20h, at which time 61% of cells were in mitosis, as
scored by the number of rounded cells (Fig. 1b) and confirmed by
the absence of intact nuclei under DAPI staining (data not shown).
In contrast, although cells with diminished CENP-E levels pro-
ceeded through interphase with roughly the same cell-cycle time,
they retained a rounded conformation (Fig. 1b) that was indicative
of mitotic arrest. At 20h the mitotic index was 81% and thereafter
remained at a high level (79% at 22h, Table 1), which is consistent
with almost total mitotic arrest in the transfected cell population.
Staining with vital dyes demonstrated the continuing viability of
arrested cells, and staining with DAPI showed that mitotic chromo-
some morphology was maintained for at least the duration of an
entire cell cycle (20h, as shown by the second wave of mitosis in the
control cell population).

To confirm the successful reduction in levels of CENP-E during
progression through interphase and subsequent mitotic arrest, we
collected aliquots of cells transfected with the CENP-E antisense

Table 1 Loss of CENP-E causes mitotic arrest
Mitotic Index’

Time after treatment 20h 22h
Control 61% 19%
Antisense-treated 81% 79%

* Mitotic cells were defined by the absence of a nuclear envelope and the presence of
condensed chromosomes. Mitotic index is expressed as the percentage of the total cell
population that in mitosis at the indicated time point. Data were obtained from >250 cells in 5
different fields.
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Figure 2 Loss of CENP-E does not affect spindle assembly, but causes
chromosome misalignment. A, Loss of CENP-E affects chromosome
congression to the spindle equator. Indirect immunofluorescence images of HelLa
cells treated with control (a-c) or antisense (d—f) oligonucleotides. Cells were
stained with ACA (a, d), DAPI (b, e), and anti-CENP-E antibody (¢, f). Scale bar
represents 10um. B, Deconvolution images of mitotic HelLa cells 22h after

oligonucleotide d or with the scrambled control oligonucleotide, at
varying time intervals for 40h after transfection. As expected, no
CENP-E was detected early in interphase in either antisense-treated
or control cells (Fig. 1c, lanes 1 and 2). CENP-E levels remained
consistently low at all subsequent times in antisense-transfected
cells, whereas in control cells CENP-E levels exhibited the expected
cyclicity, increasing 15-fold by 20h before becoming almost unde-
tectable by 30h and then rising again as the cell population
approached a second mitosis at 38—40h (Fig. 1c). We confirmed
this by monitoring cyclin B levels — after 20h of suppression of
CENP-E, cyclin B levels had risen to levels that were comparable to
those in control cells; however, these high cyclin B levels continued
for up to 40h in cells with diminished CENP-E (Fig. 1c, lane 16).
Levels of both tubulin and of the other principal cell polypeptides
visible by staining with Coomassie blue showed no fluctuations in
antisensed cells, which demonstrates further the specificity of the
suppression of CENP-E synthesis (Fig. 1¢c). The reduction in total
CENP-E content was also reflected in loss of CENP-E at kineto-
chores, as demonstrated by double indirect immunofluorescence
with antibodies against CENP-E (Fig. 2A, compare ¢ and f),
whereas levels of other centromere antigens (recognized by CREST
anticentromere antisera (ACA)) were unaffected (Fig. 2A, compare
aand d).

Thus, absence of CENP-E does not affect progression through
interphase, but does cause an almost complete long-term mitotic
arrest.

Absence of CENP-E yields flattened bipolar spindles and mis-
aligned chromosomes. To determine whether the prometaphase
arrest that arises from elimination of CENP-E reflects an underly-
ing defect in spindle assembly or maintenance, we visualized spin-
dles with antibodies against tubulin and identified centromeres
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transfection with a scrambled oligonucleotide (a—e) or with CENP-E antisense
oligonucleotide d (f—j). Cells were stained with CREST antisera (red), DAPI (blue) and
anti-tubulin antibody (green). Scale bar represents 10pm. C, Indirect
immunofluorescence images of HeLa cells treated with control (a-c) or antisense (d-
f) oligonucleotides. Cells were stained with anti-tubulin antisera (a, d), DAPI (b, e) and
with an antibody against cytoplasmic dynein (c, ). Scale bar represents 10 um.

with ACA. As expected, synchronized control cells passing through
the initial mitotic wave were observed in all phases of the mitotic
cycle (including early and late prometaphase, metaphase, and early
and late anaphase; Fig. 2Ba—e, respectively). In contrast, at compa-
rable time points, most CENP-E antisense-treated cells had estab-
lished bipolar spindles but each contained lagging chromosomes
that were readily apparent (Fig. 2A, d, and B, f~h). Examination of
~100 mitotic cells blocked by antisense revealed that many chromo-
somes in almost all (83%) antisense-treated cells were positioned
close to spindle poles, with a few apparently bi-orientated at or near
to the spindle equator (Fig. 2B, f—j) and fewer still at intermediate
positions. This pattern is the expected distribution for chromo-
somes that are actively congressing. The pattern of misaligned chro-
mosomes did not change in a 30-h period of prolonged mitotic
arrest in CENP-E-depleted cells. Spindles in these cells were mark-
edly flatter (4.2%1.75pm, n=15) than those in control cells (8.3 %
2.4um, n=7). In addition, a minority of spindles in CENP-E-
depleted cells exhibited apparent fragmentation of spindle poles,

Table 2 Elimination of CENP-E releases tension between sister
kinetochores

Treatment Distance (um)’
Control 1.7+£0.13
Antisense: aligned kinetochores 1.3+0.21
Antisense: misaligned kinetochores 1.2+0.14
Antisense: nocodazole-treated 1.0+£0.10

* Distance between ACAlabelled sister kinetochores. Data were obtained from >100
kinetochore pairs in which both kinetochores were in the same focal plane (see Methods).
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Figure 3 Reduced capture or stability of kinetochore-associated
microtubules in the absence of CENP-E. A, Deconvolution-microscopic
images of cells after antisense suppression of CENP-E. Images show
immunofluorescence staining of ACA (red), DNA (blue) and tubulin (green).

a, d, Image projections of sums of optical sections. b, ¢, e-g, Individual optical
sections of the corresponding images a (b, c) or d (e-g). Insets show parts of
these images. Arrows in inset 3 show a bi-orientated chromosome pair; arrows
in inset 5 show a kinetochore pair without stable microtubule attachment. B,
Deconvolution images of cells treated with control oligonucleotide. a, Sum of
optical sections. b-d, Individual sections. Scale bars represent 10um (cell
images) and 2um (insets).

producing multipolar arrays and a higher proportion of unattached
chromosomes (Fig. 2B, i and j).

Absence of CENP-E reduces tension at kinetochores of bi-orien-
tated chromosomes. As the interkinetochore distance on sister
chromatids has previously been proposed as an accurate reporter
for judging tension developed across the kinetochore pair®, we
measured this distance in >100 kinetochore pairs in which both
kinetochores were in the same focal plane, in both CENP-E-
depleted and control cells (Table 2). Control kinetochores exhibited
a separation of 1.7+0.1 pm, whereas the distance between appar-
ently aligned kinetochores in antisense-treated cells was 1.3+0.2
pm. The interkinetochore distance of misaligned kinetochores in
antisense-treated cells was 1.2+0.1 pm, whereas this distance in
nocodazole-treated cells, in which kinetochore pairs were presum-
ably under no tension, was 1.0£0.1 pm. We conclude that reduced
levels of kinetochore-associated CENP-E give rise to kinetochores
that are under much less tension.

In addition to CENP-E, two other proteins, cytoplasmic
dynein®™” and mitotic-centromere-associated kinesin (MCAK)”
have been implicated as microtubule-dependent motors that func-
tion at or near to kinetochores. In early prometaphase in CENP-E
containing cells, dynein was associated with kinetochores, as
reported previously”* (Fig. 2C, ¢). Elimination of CENP-E by anti-
sense treatment did not affect cytoplasmic dynein, which continued
to exhibit apparent centromere localization (Fig. 2C, f) and was
occasionally localized along the spindle microtubules. In the
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Figure 4 Identification of CENP-E binding partners in normal cells. Extracts
from interphase (lanes 1, 2) or mitotic (lanes 3-6) HeLa cells expressing Myc-
tagged BubR1 were incubated with antibodies against Myc antibody (lanes 2, 4) or
CENP-E (lane 6) and immunoprecipitates (IP) were resolved by SDS-PAGE.
Interphase cells were collected 16h after mitotic shake-off. Mitotic cells were
obtained after 16h of culture in nocodazole. Lane 7, immunoprecipitation with anti-
Myc antibody from extracts of untransfected cells. Lane 8, immunoprecipitation
from transfected cells with protein-A beads only. Upper panel, Coomassie-stained
proteins. Twice the proportion of each immunoprecipitate, compared with the initial
amount of cell lysate, was analysed to enhance observation of protein profiles.
Lower panel, immunoblotting with antibodies against CENP-F, CENP-E, the Myc
epitope tag on BubR1, and Mad2.

absence of CENP-E, the intensity of kinetochore labelling by dynein
was consistently higher, indicating that CENP-E may reduce kine-
tochore—dynein affinity or the number of dynein-binding sites on
the kinetochore. Association of MCAK with the kinetochore was
not affected by suppression of CENP-E (data not shown).
Absence of CENP-E diminishes stable microtubule binding at
kinetochores. To investigate how the absence of CENP-E, which is
known to extend at least 50 nm from the kinetochore surface®,
affects the attachment and stability of spindle microtubules to kine-
tochores, we preferentially disassembled most of the labile,
non-kinetochore-associated microtubules by brief exposure to low
temperature, as described previously’*. We briefly chilled control
and CENP-E antisense-treated cells to 4 °C; they were then
extracted, fixed and stained with anti-tubulin antibody and ACA.
As expected, most non-kinetochore-associated microtubules were
lost, but images obtained by optical sectioning with deconvolution
microscopy showed that centromeres labelled by ACA remained
associated with spindle microtubule ends in control cells (Fig. 3B,
red dots). In CENP-E-depleted cells, a few chromosomes were
aligned and bi-orientated (Fig. 3A, inset 3), with kinetochore fibres
that showed little or no diminution in the apparent number of asso-
ciated microtubules (as determined by fluorescence intensity) com-
pared with those of control cells.

A complete series of optical sections revealed that most kineto-
chores of chromosomes that were scattered around the poles did
not establish or maintain bipolar attachments (Fig. 3A, insets 1 and
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4); this was true of many kinetochores without stable microtubule
fibres (Fig. 3A, inset 5). Unexpectedly, we also found several exam-
ples in which both kinetochores seemed to be attached to microtu-
bule bundles, but one set of fibres appeared to have fragmented or
detached from the more distal pole (Fig. 3A, inset 2) or in which
both kinetochores were apparently attached to the same microtu-
bule bundle (Fig. 3A, inset 4). Although cold-resistant attachment
of kinetochores to spindle microtubules can thus be achieved for a
subset of chromosomes when CENP-E levels are diminished, the
abundance of chromosomes without stable bipolar attachments
even after long periods of mitotic arrest firmly indicates that
CENP-E must have an important function in the initial capture
and/or subsequent stabilization of microtubules. Thus, the failure
of stable bi-orientated attachment and subsequent chromosome
congression to occur is a specific consequence of reduction in
CENP-E.

CENP-E forms a complex with the mitotic-checkpoint component
BubR1. A direct interaction between CENP-E and BubR1, a com-
ponent that is implicated in checkpoint signalling by virtue of its
sequence similarity to both Saccharomyces cerevisiae Bubl and
Mad3 (ref. 17), has previously been proposed on the basis of inter-
actions observed in yeast two-hybrid assays between the kineto-
chore-binding portion of CENP-E and BubR1 (refs 20, 27). To test
for such an interaction, we used anti-CENP-E antibodies to immu-
noprecipitate soluble CENP-E and potential partner proteins from
lysates of mitotically arrested HeLa cells transiently transfected to
express epitope-tagged BubR1. Coomassie staining of the immuno-
precipitate showed that it contained, in addition to the antibody
heavy (relative molecular mass 55,000 (M,55K)) and light (M, 25K)
chains, both CENP-E (M, >300K) and a roughly stoichiometric
amount of another polypeptide (estimated M, 110K; Fig. 4, lane 6).
Immunoblotting with anti-CENP-E antibody confirmed the M,
>300K polypeptide to be CENP-E, and immunoblotting against the
epitope tag demonstrated that the M 110K species was BubR1 (Fig.
4, lane 3).

Immunoprecipitation of BubR1 using an antibody against the
epitope tag confirmed the presence of a complex of BubR1 and
CENP-E, although the proportion of BubR1 relative to CENP-E in
the precipiate (Fig. 4, lane 4) was 3—5 times that seen with anti-
CENP-E antibodies (Fig. 4, lane 6), which is consistent with a
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Figure 6 CENP-E binding partners remain associated with the kinetochore
in the absence of CENP-E. a, Loss of BubR1 from centrally orientated, aligned
chromosomes. Images show immunofluorescence staining of CREST ACA (left
panels), BubR1 (right panels) and DNA (middle panels) in control prometaphase cells
(upper panels) and in cells with reduced levels of CENP-E (lower panels). Arrows
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Figure 5 Suppression of CENP-E results in failure to silence the mitotic
checkpoint. Immunofluorescence staining of the checkpoint protein Mad2 (a, d),
the centromere marker ACA (c, f) and DNA (b, e) in control (a—¢) and CENP-E-
antisensed (d-f) cells. Arrowheads show chromosome pairs with unresolved
centromeres in ACA; arrows show misaligned chromosomes retaining high levels of
Mad2. In antisense-treated cells, Mad2 labelling is restricted to chromosomes
scattered near the poles. Scale bar represents 10 um.

greater accumulation of tagged BubR1. No M, 110K polypeptide
was precipitated with the anti-epitope-tag antibody from extracts of
untransfected cells (Fig. 4, lane 7) or with protein-A beads alone
(Fig. 4, lane 8). We tested further the specificity of the BubR1-
CENP-E complex by immunoprecipitating it from extracts of inter-
phase cells, which naturally contain greatly reduced levels of CENP-
E (Fig. 4, lane 1). A comparable level of BubR1 was precipitated
with the anti-epitope-tag antibody, but only a trace amount of co-
precipitated CENP-E was observed (Fig. 4, lane 2).

We tested for the presence of other known kinetochore proteins
in CENP-E immunoprecipitates by immunoblotting similar pre-
cipitates with a range of other antibodies. No Mad2 was detected in
any of the immunoprecipitates, but a small proportion of CENP-F,
which has been proposed to be a potential binding partner for
CENP-E”, was consistently co-precipitated from mitotic extracts
(Fig. 4, lane 6).

Control

Antisense

show examples of misaligned chromosome pairs near spindle poles. b, Localization
of CENP-F to kinetochores is independent of CENP-E. Images show
immunofluorescence staining of CENP-F (left panels), CENP-E (right panels) and DNA
(middle panels) in control (upper panels) and antisense-treated (lower panels) cells.
Scale bars represent 10 pum.
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Figure 7 Model for the mitosis-related functions of CENP-E. In this model,
cytoplasmic dynein (or an unidentified minus-end directed motor) mediates initial
lateral attachment of mono-orientated chromosomes to spindle microtubules and
rapid translocation of chromosomes to the adjacent pole. CENP-E is required for
efficient, stable capture by the previously unoccupied kinetochore and for
successful congression or maintenance of congression to a mitotic midzone.
Development of normal levels of tension across bi-orientated kinetochore pairs,
as reflected in the spatial separation of sister kinetochores, requires CENP-E
tethering and/or motor activity. The effect of increased occupation of
microtubules by CENP-E and/or increased deformation through tension is
twofold. First, BubR1 (a checkpoint kinase that is bound to CENP-E when the
checkpoint is signalling) and Bub3 (ref. 18) are partially released, and second,
formation at kinetochores of an activated form of Mad2 (shown as a Mad2
dimer*®) is blocked, preventing inhibition of the ubiquitinigase activity of the
anaphase-promoting complex (APC).

Normal levels of CENP-E are required for mitotic-checkpoint sig-
nalling. Mitotic-checkpoint signalling in mammalian mitosis is
normally activated immediately after disassembly of the nuclear
envelope, as unattached chromosomes spill into the cytoplasm'®'>".
To determine whether the checkpoint remains activated during the
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long-term arrest provoked by elimination of CENP-E, we used tri-
ple immunofluorescence to localize the checkpoint component
Mad?2 (ref. 11) to chromosomes after CENP-E depletion. Mad2 has
been shown to bind preferentially to unattached kinetochores' or
to those that are attached but not under tension", but to release as
(or just after) bipolar attachments are formed and tension is
increased across the bi-orientated chromosomes. Consistent with
continued activation of the mitotic checkpoint from misaligned
chromosomes, high levels of kinetochore-associated Mad2
remained on lagging chromosomes (Fig. 5a, d, arrows) but not on
chromosomes near the spindle equator (Fig. 5a, d, arrowheads). As
expected, aligned chromosomes in control metaphase cells showed
no kinetochore-associated Mad2. The retention of Mad2 binding to
kinetochores on lagging chromosomes indicates that CENP-E
function is necessary for silencing spindle-checkpoint signalling
from misaligned chromosomes.

To investigate the effect of CENP-E suppression on the localiza-
tion of BubR1 or CENP-F at kinetochores, we determined the posi-
tioning of each of these components in cells lacking CENP-E. As
expected, BubR1 in control cells in early prometaphase was found
at the centromeres of most chromosomes (Fig. 6a, upper-right
panel, arrow); by late prometaphase it was present at reduced levels
on fully congressed chromosomes (data not shown). In antisense-
treated cells, BubR1 remained associated with the kinetochores of
misaligned chromosomes (such as those close to either spindle pole;
Fig. 6a, lower-right panel, arrow), but its staining intensity was
markedly reduced on chromosomes that were centrally positioned
and presumably bi-orientated (Fig. 6a, lower-right panel). Contin-
ued kinetochore localization after CENP-E suppression was also
seen for CENP-F (Fig. 6B, f). We conclude that localization of
CENP-F and BubR1 to kinetochores is independent of CENP-E and
that both binding of BubR1 to unattached chromosomes and its
release from aligned chromosomes can be achieved in the absence
of normal levels of its partner protein CENP-E, which is consistent
with the finding that an injected anti-CENP-E antibody displaces
CENP-E from kinetochores without affecting the kinetochore
localization of BubR1 (ref. 20).

Discussion

We have shown that in the absence of CENP-E cells remain in mito-
sis for extended periods, fail to establish stable bipolar attachments
to chromosomes and develop abnormally flat spindles. The failure
of stable bipolar attachment strongly indicates that CENP-E func-
tions in one or more steps of the centromere—microtubule interac-
tion, including initial capture and microtubule stabilization or
formation of mature attachments. This reinforces and extends three
previous lines of evidence. First, chromosome movement in vitro,
powered by disassembly of a kinetochore microtubule, is blocked
by antibodies against CENP-E, but not by antibodies against other
kinetochore motors™; second, chromosome alignment is either not
established or not maintained in spindles assembled in vitro after
removal of CENP-E*; and third, chromosomes do not congress in
cultured cells injected with anti-CENP-E antibodies™. Together,
these findings indicate that CENP-E must be a critical linking factor
that mediates stability of spindle microtubules at kinetochores and/
or linkage of kinetochore bundles to the bulk microtubules of the
spindle without affecting the number of microtubules bound. The
other lines of evidence mentioned above are as follows: However,
it is uncertain whether the bi-orientated chromosomes seen in
CENP-E-depleted cells had undergone congression from a periph-
eral position, or had initially condensed in a central position, cap-
tured polar microtubules and remained in a central location.
Despite their resistance to cold-induced microtubule disassembly,
it is also unknown whether microtubule bundles attached either to
mono-orientated or bi-orientated chromosomes really have life-
times that are comparable to those of typical kinetochore fibres, or
whether the absence of CENP-E generates unstable kinetochore
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fibres, producing chromosomes that cycle between mono- and
bi-orientation.

Although chromosome-positioning abnormalities were not
unexpected, elimination of CENP-E revealed that this motor pro-
tein contributes to the geometry and stability of bipolar spindles.
Spindles in CENP-E-depleted cells were markedly flatter and spin-
dle poles were frequently fragmented, effects that were not previ-
ously identified by antibody injection® or by transfection of cells
with the CENP-E kinetochore-targeting domain”. Although flaten-
ning of the spindle may simply be a consequence of reduced tension
between the poles (a consequence of the reduction in the number of
stable bipolar attachments and in the tension applied across those
chromosomes), a further factor may be the apparent increase in the
amount of kinetochore-bound cytoplasmic dynein in the absence
of CENP-E. This indicates not only that the two motors may com-
pete for a common or overlapping set of kinetochore-binding sites,
but also that CENP-E may be required for appropriate release of
dynein and its mitotic cargoes, including ZW10 (ref. 35) and
NuMA™. Reduced delivery (or maintenance of delivery) of the lat-
ter would fully account for the observed fragmentation of the spin-
dle pole, as dynein-mediated delivery of a dynein—dynactin—-NuMA
complex is required for tethering of polar microtubules to each
other and to the centrosome™?.

Whatever the case, the establishment of many monopolar and
some bipolar attachments in CENP-E-depleted spindles supports
the idea that CENP-E itself is not uniquely required for attachment
of spindle microtubules to kinetochores. Rather, two other mitotic
motor proteins that localize within the kinetochore, cytoplasmic
dynein®” and MCAK/XKCM]1 (refs 31, 38), are candidates for the
basal attachment seen in CENP-E-depleted cells (modelled in Fig.
7). For MCAK/XKCM1, there is no direct evidence of kinetochore-
tethering activity. Rather, the Xenopus homologue XKCM1 is a
potent microtubule destabilizer that is targeted to microtubule ends
in vitro and promotes microtubule castastrophe®. Antisense sup-
pression of the mammalian homologue (MCAK) gives rise to lag-
ging chromosomes in anaphase, without apparently affecting
chromosome attachment or congression®. A dynein-like, minus-
end-directed motor is clearly involved in initial lateral attachment
of microtubules to kinetochores’. However, microinjection of anti-
bodies against dynein" or disruption of the dynein activator
dynactin® results in spindle collapse, rather than a direct effect on
chromosome attachment to spindles. The simplest view is that
either CENP-E or cytoplasmic dynein can form initial mono-orien-
tated linkage of centromeres to spindle microtubules (Fig. 7), but
that a combination is required to efficiently convert and stabilize
these initial lateral interactions, forming the mature ones that allow
active congression. This is all the more crucial for capture of micro-
tubules by the second kinetochore of a chromosome pair (Fig. 7b),
and CENP-E seems to have a key function in this process, as sup-
pression of this protein produces chronic mono-orientation of
many chromosomes.

Finally, what seems readily apparent is that, after initial activa-
tion of the mitotic checkpoint as the nuclear envelope is disassem-
bled, one or more kinetochore-associated microtubule-binding
components must be involved in linking microtubule attachment
to checkpoint silencing. Indeed, suppression of CENP-E leads to
chronic activation of the mitotic checkpoint (Fig. 1) and continued
association of high levels of Mad2 and BubR1 with many mis-
aligned kinetochores (Figs 5, 6). Although this many reflect indirect
participation of CENP-E in checkpoint signalling through CENP-
E-dependent stabilization of microtubule capture, the roughly sto-
ichiometric nature of the mitotic complex of soluble CENP-E and
kinetochore-associated kinase BubR1 (Fig. 4) indicates that CENP-
E may have a more direct function. Combined with the loading of
BubR1 onto kinetochores in prophase, before that of CENP-E®,
this raises the possibility that BubR1 is an adaptor that is at least
partly responsible for targeting CENP-E to kinetochores. In some
systems, this may be reciprocal, as in vitro establishment and main-
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tenance of an activated checkpoint in Xenopus extracts requires the
continued presence of CENP-E (A.A., J. A. Kahana and D.W.C,,
unpublished observations). In this model (see Fig. 7c), initial
attachment of kinetochore-bound CENP-E to spindle microtu-
bules affects checkpoint signalling both directly, through interac-
tion with BubR1 (altering the activity and/or kinetochore affinity of
BubR1) and indirectly, by promoting development of a stable bun-
dle of kinetochore fibres and tension-dependent stretching of the
kinetochores of bi-orientated chromosome pairs. In the mamma-
lian context, the fact that the signal can be at least partially silenced
on aligned chromosomes when CENP-E levels are diminished (as
shown by reduced binding of Mad2 or BubR1) indicates either that
very few molecules of CENP-E required or, more probably, that
there is some redundancy in components that participate in silenc-
ing BubR1 signalling. O

Methods

Cell culture.

HeLa cells, from the American Type Culture Collection (Rockville, Maryland) were maintained as
subconfluent monolayers in RPMI1640 media (Gibco/BRL) with 10% FCS (Gemini Bio-Products,
Calabasas, California) and 100U ml™ penicillin plus 100gml™ streptomycin (Gibco/BRL).

Transfection of antisense oligonucleotides.

HelLa cells were grown to near-confluence on 150-mm’ culture flasks at 37°C with 5% CO,; mitotic cells
were selected by mitotic shake-off. Two hours after replating into six-well plates with or without
coverslips, cells (now in early G1) were transfected according to the manufacturer’s protocol with 2pg
ml™ lipofectin or lipofectamine (Gibco/BRL) premixed with various oligonucleotides. Several regions of
CENP-E messenger RNA were selected for targeting with antisense oligonucleotides. Among various
oligonucleotides, the one targeted to the sequence 5'-TTCAGCCTGATAGGATGGCGGAGG was found
to be effective; a scrambled sequence of this oligonucleotide was used as a control. All oligonucleotides
were used as phosphothoirates to increase the stability of the nucleotides*. Transfection efficiency was
assessed by fluorescence microscopy to follow the uptake of fluorescein-isothiocyanate-labelled
oligonucleotides. Transfection efficiency was typically 85+4%.

After various time intervals, cells were either fixed for immunofluorescence microscopy (see below),
or were collected with a rubber policeman, centrifuged and solubilized in RIPA buffer (25mM Tris—HCI
pH?7.5, 5mM EDTA, 0.5% SDS and 1% deoxycholate). Extracts were then sonicated and centrifuged to
remove residual insoluble materials. Before electrophoresis, an appropriate amount of extract was
diluted with a fourfold volume of sample buffer and boiled for 2min. To analyse protein-accumulation
profiles across the subsequent cell cycle, equal proportions of each sample were subjected to SDS-PAGE.
Proteins were then transferred onto a nitrocellulose membrane (MSI, Westborough, Massachusetts) and
incubated with antibodies against CENP-E, Mad2, 3-tubulin and cyclin B, and then with *I-labelled
protein A. Immunoreactive signals were visualized by autoradiography on Kodak BioMAX MS film for
6-8h at —80°C, using an intensifying screen. Signals were quantified by phosphorimaging using
ImageQuant Software (Molecular Dynamics, Sunnyvale, California).

Antibodies.

Antibodies against part of the coiled-coil domain of CENP-E (amino acids 955-1,571) were raised in
rabbits as described”. Anti-Mad2 antibody was a gift from Y. Li (Memorial-Sloan Kettering Cancer
Center, New York). Anti-tubulin antibody (YL1/2) was a gift from J. Kilmartin (MRC, Cambridge, UK).
Antibody against cytoplasmic dynein was a gift from E. Vaisberg (University of Colorado, Boulder,
Colorado). Anti-CENP-F antibodies were from T. Yen (Fox Chase Cancer Center, Philadelphia,
Pennsylvania). Myc—BubR1 construct was from F. McKeon (Harvard University, Boston,
Massachusetts). Mouse monoclonal antibody 9E10.2 against the c-Myc epitope was from ATCC (UCSF,
San Francisco, California).

Immunofluorescence microscopy.

For immunofluorescence, cells synchronized by mitotic shake-off were seeded onto sterile, acid-treated
18-mm coverslips in 6-well plates (Corning Glass Works, Corning, New York). Two hours after
replating, synchronized HeLa cells were transfected with 2pigml™ lipofectamine premixed with various
oligonucleotides as described above. At various times after transfection with antisense or scrambled
(control) oligonucleotides, cells were rinsed for 1 min with PHEM buffer (100mM PIPES, 20mM HEPES
pH6.9, 5mMEGTA, 2mMMgCl, and 4M glycerol), permeabilized for 1 min with PHEM plus 0.1%
Triton X-100 as described”. Extracted cells were then fixed in freshly made 4% paraformaldehyde plus
0.05% glutaraldehyde in PHEM, and rinsed three times in PBS. Coverslips were blocked with 0.05%
Tween-20 in PBS (TPBS) with 1% BSA (Sigma). Cells were incubated with various primary antibodies in
an humidified chamber for 1h and then washed three times in TPBS. To visualize microtubules
simultaneously, cells were incubated with YL1/2 anti-tubulin antibody* in an humidified chamber for 1
h and then washed three times in TPBS. Rabbit polyclonal antibodies bound to CENP-E and CENP-F
were visualized using rhodamine-conjugated goat anti-rabbit immunoglobulin G (IgG), and binding of
anti-tubulin antibody was visualized using fluorescein-conjugated goat anti-rat IgG. DNA was stained
with DAPI (Sigma). Slides were examined with a Zeiss axiophot fluorescence microscope and images
were collected and analyzed with MetaMorph software (Universal Imaging).

Deconvolution microscopy.

Deconvolution images were collected using a Deltavision wide-field deconvolution microscope system
built on an Olympus IX-70 inverted microscope base. For imaging, a X100 1.35 NA lens was used and
optical sections were taken at intervals of 0.2 im. Images were processed using DeltaVision Softworx
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software on a Sun Octane workstation. Images for display were generated by projecting the sum of the
optical sections using the maximum-intensity method. For presentation of details of the internal spindle
in Fig. 3, projection images were constructed from a 1-um section within the cell.

Measurement of interkinetochore distance.

The distance between sister kinetochores was measured using Metamorph software (Universal Imaging),
ACA-marked centromeres and a Zeiss axiophot fluorescent microscope calibrated with a stage
micrometer. When suitable kinetochore pairs were identified, the image was enlarged threefold to
facilitate accurate placement of a computer-generated cursor over the centre of each kinetochore. Only
sister kinetochores that were in the same focal plane were measured.

Transient transfection and immunoprecipitation.

HeLa cells were grown to ~50% confluency in DMEM with 10% FBS at 37°C in 5% CO,. Cells were then
transfected with Myc-BubR1 by lipofectamine, according to manufacturer’s protocol (Gibco/BRL).
Mitotic cells were collected 24 h after transfection by treatment with 100ngml™ nocodazole for 18h, and
proteins were solubilized in lysis buffer (50mM HEPES pH7.4, 150mMNaCl, 2mMEGTA, 0.1% Triton
X-100, 1 mM phenylmethylsulphonyl fluoride, 10gml™ leupeptin and 10gml™ pepstatin A). Lysates were
clarified by centrifugation at 16,000g for 10min at 4°C. Myc-tagged fusion proteins were incubated with
anti-Myc monoclonal antibody 9E10 (ref. 47) bound to protein-A beads (Bio-Rad).Beads were washed
five times with lysis buffer and then boiled in SDS-PAGE sample buffer for 2min. After SDS-PAGE,
proteins were transferred to a nitrocellulose membrane. The nitrocellulose was divided into four strips
and incubated with antibodies against CENP-F, CENP-E, the Myc epitope and Mad2, respectively, and
then with '*’I-labelled protein A. Immunoreactive signals were visualized by autoradiography on Kodak
BioMAX film for 6-8h at —80°C, using an intensifying screen.
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