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Summary

During mitosis, the motor molecule cytoplasmic dynein plays key direct and indirect roles in
organizing microtubules (MTSs) into a functional spindle. At this time, dynein is also recruited to
kinetochores, but its role or roles at these organelles remain vague, partly because inhibiting dynein
globally disrupts spindle assembly [1-4]. However, dynein can be selectively depleted from
kinetochores by disruption of ZW10 [5], and recent studies with this approach conclude that
kinetochore-associated dynein (KD) functions to silence the spindle-assembly checkpoint (SAC)
[6]. Here we use dynein-antibody microinjection and the RNAi of ZW10 to explore the role of KD
in chromosome behavior during mitosis in mammals. We find that depleting or inhibiting KD
prevents the rapid poleward motion of attaching kinetochores but not kinetochore fiber (K fiber)
formation. However, after kinetochores attach to the spindle, KD is required for stabilizing
kinetochore MTs, which it probably does by generating tension on the kinetochore, and in its absence,
chromosome congression is defective. Finally, depleting KD reduces the velocity of anaphase
chromosome motion by ~40%, without affecting the rate of poleward MT flux. Thus, in addition to
its role in silencing the SAC, KD is important for forming and stabilizing K fibers and in powering
chromosome motion.

Results and Discussion

To prevent the formation of aneuploid cells, the sister kinetochores on each replicated
chromosome must become attached to the forming bipolar mitotic spindle such that each is
attached to a different pole. In animal cells, the kinetochore fibers (K fibers) that mediate this
attachment begin to form at nuclear-envelope breakdown (NEB) while astral microtubules
(MTSs) growing randomly from the separating centrosomes contact kinetochores [7]. During
this “search-and-capture” process, the kinetochore that is closest to and/or facing a pole
(centrosome) often attaches before its sister does. When this occurs, the now “mono-oriented”
chromosome moves toward the pole with velocities that can exceed 50 um/min [8]. As spindle
assembly continues, the MTs for K fiber maturation are both seeded by the kinetochore itself
and captured from the centrosomes [9,10]. In mammals, the MT-binding capacity of
kinetochores varies depending on their surface area [11], but it usually exceeds 20 MTs, and
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the rate at which kinetochores move becomes progressively attenuated as their K fibers mature
(to the 1-2 um/min velocity seen during anaphase [12]).

The velocity exhibited by mono-orienting chromosomes, toward the minus ends of their
associated K fiber MTs, is comparable to the rate at which cytoplasmic dynein moves vesicles
along MTs during interphase [8]. However, although dynein is concentrated at unattached
kinetochores [13,14], its involvement in the rapid motion of attaching chromosomes remains
to be demonstrated. As a first step toward this goal, we used the RNAiI method of Tulu et al.
[10] to deplete TPX2, a spindle-assembly factor, from LLC-PK1 cells expressing GFP-a-
tubulin. As detailed previously [10], this treatment blocks kinetochore-associated MT
formation but not the capture of kinetochores by astral MTs. Indeed, when TPX2-depleted
mitotic cells are allowed to gradually recover from a nocodazole (MT poison) pretreatment,
MT arrays form from centrosomes but not kinetochores (Figures 1A and 1B). As during a
normal division, when MTs from these arrays contact one kinetochore on an unattached
chromosome, the now-mono-oriented chromosome moves toward the centrosome with an
average velocity of 29 + 19 um/min (n = 10; Figures 1A and 1A"). Importantly, in this
experiment, search and capture occurs under conditions in which MTs cannot form at
kinetochores, eliminating the possibility that the rapid poleward chromosome motion observed
in normal cells is produced by astral MTs interacting with kinetochore-nucleated MTs. When
TPX2-depleted mitotic cells are allowed to recover from nocodazole, after being microinjected
with a function-blocking antibody against cytoplasmic dynein (ab70.1) [15], astral MTs still
grow from the centrosomes as the intracellular nocodazole concentration drops (Figure 1B).
However, under this condition, when centromere and/or kinetochore regions are contacted by
astral MTs, no motion toward the centrosomes is seen, even after prolonged periods (n = 6
cells; Figure 1B). In these preparations, kinetochores appear to form attachments with astral
MTs because, after astral MTs grow into a centromere region, stable connections between them
and centromeres are observed (Figure 1B’). From this study we conclude that inhibiting
kinetochore-associated dynein (KD) by antibody injection prevents the rapid poleward motion
of attaching chromosomes.

Dynein is targeted to kinetochores by a complex of proteins that includes ZW10, and, as a
consequence, mutating or depleting ZW10 selectively prevents dynein from binding to
kinetochores [6]. Our observations on antibody-injected TPX2-depleted cells predict that
depleting ZW10 will also inhibit the rapid poleward motion of kinetochores during the early
stages of spindle assembly. To test this, we used the RNAI protocol of Kops et al. [16] to knock
down ZW10 in GFP-CENP-B-expressing U20S cells. We found that 96 hr after transfection
with ZW10 siRNA duplexes, the level of ZW10 in western blots of growing U20S cultures
was reduced by ~85% (Figure S1A in the Supplemental Data available online). When these
cultures were first treated with nocodazole (1.0 uM) for 1 hr before they were processed for
the indirect immunofluorescent (IMF) localization of ZW10 and then analyzed by wide-field
3D deconvolution light microscopy, ZW10 was not detected in maximalintensity projections
in 25% of the cells, and it was significantly attenuated in the remaining 75% (Figure S1B).
Similar analyses also revealed that dynein was either absent or largely depleted from
kinetochores (Figure S1C).

We then followed the behavior of GFP-CENP-B-labeled kinetochores for 5 min after NEB in
untreated and ZW10-reduced cells with a framing interval of 6 s. In ten mock-transfected
control cells, 89 of the 637 kinetochore regions (13.9%) that could be continuously followed
for 5 min after NEB exhibited linear translocations in a fixed direction that lasted up to 18 s
(3 frames) and had a maximum velocity between frames of 10-20 pm/min, and another 15
(2.3%) moved at rates exceeding 20 pum/min (Figures 2A and 2C; Movie S1). By contrast, of
the 735 kinetochores followed during spindle assembly in 12 ZW10-depleted cells, only 16
(2.1%) exhibited rapid translocations of 10-20 um/min, and just one moved faster than 20
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um/min (Figures 2B and 2C; Movie S2). These observations confirm our conclusion, drawn
from antibody-injected TPX2-depleted cells, that KD powers the rapid poleward motion of
kinetochores that results from a successful search-and-capture event.

Why do chromosomes in TPX2-depleted cells show no poleward motion after dynein-antibody
injection, whereas chromosomes in ZW10-depleted cells can still become clustered around the
centrosomes after NEB? Because the incidence of clustering during prometaphase in ZW10-
reduced cells is more than 2.1% of the chromosomes examined, it is too high to be ascribed
solely to the presence of residual dynein at some kinetochores. Alternatively, after depletion
of ZW10 by RNAI, kinetochores can still nucleate MTs [9]. As shown for K fiber formation
in Drosophila S2 cells [9], it is likely that in the absence of ZW10 (and KD), fragments of
kinetochore-nucleated MTs move themselves and their attached kinetochore poleward along
astral MTs with, for example, the slow minus-end spindle-associated MT motor, HSET. By
contrast, when MT nucleation at kinetochores is prevented by the knockdown of TPX2, K fiber
formation can only occur via the recruitment of astral MTs. Because there is no dynein at the
kinetochore to power poleward motion, the chromosome will not move poleward until the K
fiber matures to the point where it can initiate MT poleward flux (see below). The formation
of a mature K fiber via recruitment alone, especially under conditions where the chromosome
cannot translocate into the centrosome (Figure 1B), can be expected to require many hours
[10,17].

The initial rapid pole-directed motion of a monoorienting chromosome is a highly conserved
behavior, having been described in many types of organisms, including diatoms [18], insects
[19], amphibians [8], mammals [20], and humans (this study). (As they reattach to metaphase
spindles, kinetochores in S. cerevisiae can also move poleward along the surface of a MT
derived from a spindle pole [21]. However, under this experimental condition, the motion is
relatively slow, is often interrupted by pauses or antipoleward movements, and is mediated by
Kar3. HSET, the human homolog of Kar3, is not reported to be a kinetochore component in
mammals [22].) In mammals, the presence of dynein in the kinetochore corona, which radiates
from the kinetochore plate, greatly increases the surface area exposed to probing astral MTs.
The fact that dynein can attach to and move along the wall of a MT means that even glancing
contacts with astral MTs result in chromosome attachment and centrosome-directed motion
[8]. As a consequence, chromosomes, scattered within the cell at NEB, are rapidly and
efficiently tethered and transported into a common region where they promote the formation
of a common spindle via their chromatin-associated MT-nucleation activity [23,24]. The
significance of this “collection” is likely of considerable importance in minimizing
chromosome loss in large cells, including the early centrosome-mediated cleavage divisions
in mammalian zygotes. Furthermore, the movement of a mono-orienting chromosome into a
spindle pole actually facilitates its subsequent biorientation and congression by positioning its
unattached kinetochore adjacent to the K fibers on bioriented chromosomes [25]. This allows
the unattached kinetochore to laterally associate with and glide toward the spindle equator
along other K fibers by using its associated CENP-E (kinesin 7) motors.

Early observations on Drosophila ZW10 mutants noted “lagging” chromatids in anaphase; this
implied that ZW10 functions in anaphase chromosome motion [26,27]. However, in addition
to binding dynein, the ZW10 complex is also required for localizing spindle-assembly
checkpoint (SAC) proteins Mad1 and Mad?2 to unattached kinetochores [16,28]. As a result,
in the absence of functional ZW10, the SAC is nonoperable [29], which suggests that the
lagging-chromatid phenotype in anaphase is due to premature anaphase onset [16,30,31].
However, although premature anaphase clearly contributes to this phenotype, it is also possible
that depleting KD, by mutating or knocking down ZW?10, also disrupts normal chromosome
congression—a condition that would be masked by premature anaphase onset.
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To explore this possibility, we defined the duration of mitosis (from NEB to anaphase onset)
in untreated GFP-CENP-B U20S cells, as well as in cells from ZW10-reduced cultures. We
found that at 37°C, mitosis in mock-transfected controls took 31 + 6 min (n = 20, range 22-48),
whereas after knockdown of ZW-10, the duration was 42 + 11 min (n = 20, range 26-65), and
more than 60% of these cells entered anaphase with noncongressed chromosomes compared
to more than 1% in mock-transfected control cultures (data not shown, see below). When the
SAC is rendered nonfunctional by disruption of proteins involved in the monitoring or signal-
transduction pathways, vertebrate cells exit mitosis 10-15 min after NEB regardless of the state
of spindle assembly [32,33]. Thus, when ZW10 is reduced within a cell, but not eliminated,
the SAC can still delay anaphase onset, but not for prolonged periods. In this regard, Kops et
al. [16] depleted 85% of the ZW10 from HeLa cultures by RNAi and found that, in response
to nocodazole, the mitotic index was still two times that predicted if the checkpoint was lacking
in all cells. They concluded that this unexpected modest increase in mitotic index *“almost
certainly reflected continued mitotic checkpoint signaling in the ZW10-containing proportion
of cells and a complete absence of sustained checkpoint signaling in ZW10-depleted cells.”
However, because of their methods, these authors could not determine whether the increased
mitotic index was due to a minor proportion of cells that contained a normal complement of
ZW10, or to a larger proportion that contained some ZW10 but not enough to sustain a
prolonged SAC arrest. At any one time, both situations would give the same modest increased
mitotic index.

Our methods directly addressed this issue. In our RNAI preparations, ~75% of the mitotic cells
contained some residual ZW10 (see above), and, although anaphase occurred (prematurely) in
the presence of noncongressed chromosomes, it was still delayed 2-3x relative to cells that
completely lacked an SAC. The only reasonable interpretation of these data is that the presence
of residual ZW10 allows one or more kinetochores to recruit some Mad1/Mad2 and that this
in turn leads to the production of enough “wait anaphase” signal to delay anaphase, but not for
a prolonged period. The same situation, which is referred to by Weaver and Cleveland [32] as
a “weakened checkpoint,” is seen when cells are engineered to contain reduced amounts of
other checkpoint proteins, such as BubR1 [34] or Mad?2 [35].

Our live-cell data reveal that when ZW10 is substantially reduced, many chromosomes fail to
complete congression over a temporal period in excess of that required for all chromosomes
to congress in untreated cells. This implies that the lagging-chromatid phenotype seen in
anaphase cells depleted of ZW10 is not due solely to a weakened SAC, but also to problems
in establishing and maintaining normal kinetochore-to-pole connections during prometaphase.
To test this idea, we treated ZW10-depleted U20S cultures for 2 hr, prior to fixation, with 5.0
uM MG132, a drug that leads to an accumulation of metaphase cells in control cultures by
inhibiting proteolysis and anaphase onset. We then compared the ratio of metaphase (all
chromosomes positioned on the spindle equator) to prometaphase (i.e., one or more
noncongressed chromosomes) cells under both control (MG132 only) and experimental (ZW10
knockdown + MG132) conditions. We counted 200 cells in each of two experiments and found
that 92% + 2% of the cells in control cultures were in metaphase, compared to only 47% + 4%
in ZW10-depleted cultures. This result confirms our finding from live cells that congression
is defective, at least for some chromosomes, after depletion of kinetochores of the ZW10/KD
complex.

Live-cell studies reveal that KD constantly streams from the kinetochore toward the spindle
poles along K fibers. This behavior is thought to remove SAC proteins from the kinetochore
[15], as well as to deliver proteins involved in spindle-pole maintenance and function to the
centrosomes [3]. To determine whether the selective depletion of KD in ZW10 knockdown
cells disrupts spindle-pole formation and structure, we fixed control and ZW10-depleted
cultures and stained them for the IMF localization of y-tubulin, NuMA, Kif2a, and cytoplasmic
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dynein. Although selectively reducing dynein at kinetochores via ZW10 siRNA leads, as
expected, to a diminished level of dynein in the spindle-pole regions, the amount and
distribution of y-tubulin, NuMA, and Kif2a were not noticeably affected (Figure S2).

Dynein is a kinetochore-associated motor that is positioned to generate tension on the
kinetochore as it works along K fiber MTs. As R.B. Nicklas and colleagues have elegantly
demonstrated by live-cell micromanipulation, “tension, or some consequence of tension,
stabilizes the proper spindle attachment™ [36], probably by slowing the turnover rate of K fiber
MTs [37,38]. Does depleting ZW10 and KD from kinetochores lead to a reduction in tension
at the kinetochore-centromere interface? To answer this question, we compared the distance
between the peripheral edges of CENP-B spots (i.e., sister kinetochores) in U20S cells under
control and experimental conditions. We found that in nocodazoletreated (5 uM, 3 hr) cells
lacking MTs, this distance was 0.67 £ 0.07 um (n = 74 kinetochore pairs from six cells),
compared to 1.05 + 0.07 um (n = 98 kinetochore pairs from ten cells) in untreated metaphase
controls. By contrast, on fully congressed chromosomes in ZW10 knockdown cells containing
mature spindles, this distance was 0.87 + 0.09 um (n = 96 kinetochore pairs from 12 cells);
this represents a 47% reduction in tension relative to untreated controls. This finding is
consistent with the previous report that globally disrupting the dynein-dynactin interaction in
metaphase PtK4 cells with p50 reduces the tension on kinetochores by 40% [15]. It also supports
our contention that the phenotype observed in the absence of functional ZW10 arises from
premature entry into anaphase under conditions in which chromosome congression is already
delayed, because kinetochores lack the dynein necessary for promoting timely tension-
mediated K fiber stability.

To further evaluate this idea, we incubated mock-transfected control and ZW10-depleted
U20S cultures in MG132 for 2 hr, and then placed them in cold (4°C) medium on ice for 10
min prior to fixation for tubulin IMF. In untreated cells, the enhanced stability of K fiber MTs,
relative to other spindle MTs, makes them more resistant to depolymerization by cold [39]. As
expected from previous reports, we found that, compared to untreated cells (Figure 3A),
metaphase cells in cold-treated U20S cultures (Figure 3D) contained shorter spindles with
greatly reduced numbers of nonkinetochore MTs but prominent K fibers. By contrast,
compared to cold-shocked controls (Figure 3D), the number of cold-stable K fiber MTs in
metaphase cells containing reduced levels of ZW10 (Figure 3E) was noticeably reduced. To
validate this subjective impression, we captured low magnification (20x) images of these cells
with a NIKON TE-2000-U microscope equipped with a Hamamatsu ORCA camera and then
quantified MT fluorescence. We found that the fluorescence intensity of cold-shocked ZW10-
depleted and MG132-treated metaphase cells (n = 27 over two experiments) was only 40.7%
+ 4% that of mock-transfected, cold-shocked, MG132-treated controls (n = 22 over two
experiments). From these data we conclude that the ZW10/KD complex is required for
stabilizing MT attachments to kinetochores, probably by promoting tension, and in its absence
congression is delayed and/or disrupted because K fiber MTs are not properly stabilized.

Finally, we asked whether specifically depleting KD in U20S cells depresses the rate of
chromosome poleward motion during anaphase, as previously reported in ZW10 mutant
Drosophila spermatocytes [31], and also after dynein-antibody microinjection of Drosophila
embryos [40] and PtK1 cells [15]. For this study, GFP-centrin-1-expressing U20S cells were
transfected with GFP-CENPB 48 hr after ZW10 RNAI. Selected prometaphase or metaphase
cells were imaged 48 hr later, at 10 s intervals, while they completed mitosis. As noted above
for ZW10-depleted U20S cells expressing GFP-CENP-B, the great majority of these cells
initiated anaphase with noncongressed chromosomes, which generated lagging chromatids
(Figure 4B). We then determined the rate of anaphase A, i.e., the change in the distance between
GFP-CENP-B-labeled kinetochores and GFP-centrin-1-labeled centrosomes, on chromosomes
positioned near the spindle’s long axis. In controls (Figures 4A and 4C; Movie S3) kinetochores
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moved poleward with an average rate during the first 2-3 min of 1.4 + 0.10 um/min (n = 12;
range 1.2-1.7 um/min). By contrast, in ZW10-depleted cells (Figures 4B and 4D; Movie S4),
the rate of kinetochore poleward motion during anaphase A was depressed to 0.8 £ 0.2 um/
min (n = 12; range 0.40 -1.10 um/min; p < 0.001), whereas the rate of anaphase B (spindle-
pole separation) was not affected (Figure 4E). Thus, a major velocity component of anaphase
chromosome motion in mammals is due to KD.

In vertebrates, poleward MT-subunit flux contributes 35%-45% of the chromosome velocity
during anaphase, whereas 55%-65% has been ascribed to a pacman activity associated with
the kinetochore. In our experiments, the reduction of anaphase velocity after depleting ZW10/
KD (43%) is closer to that contributed by MT flux than by pac-man. This raises the issue of
whether depleting KD depresses flux. To answer this, we measured flux in control and ZW10-
depleted U20S metaphase cells expressing photoactivatable GFP-a-tubulin [10,41]. We found
that the flux rate in metaphase and early anaphase U20S control cells (0.5 £ 0.1 um/min; n =
8 half spindles) was the same as that published previously [41], and that it did not change (0.5
+ 0.1 um/min; n = 14 half spindles) after depletion of ZW10 (Figure S3). This is consistent
with the report that the flux rate in Drosophila S2 cells does not change after depletion of
dynein heavy chain globally by RNAI [4], and it means that dynein, either at the kinetochore
or in the spindle, does not contribute to flux.

In summary, recent work on KD has focused on how it mediates silencing of the SAC, and no
effort has been made to understand the role of this motor in chromosome behavior during
spindle assembly. Here we show that as prometaphase begins, dynein is responsible for rapidly
transporting chromosomes toward the forming spindle during the search-and-capture process.
We argue that this behavior reduces chromosome loss by facilitating congression and the
formation of a common bipolar spindle. Next, we show that by creating tension on the K fiber-
kinetochore interface, the ZW10/KD complex stabilizes K fibers during spindle assembly.
Indeed, in the absence of this influence, many chromosomes fail to congress even when spindle
assembly is prolonged by inhibiting anaphase. This, when combined with premature entry into
anaphase, leads to the characteristic lagging-chromatid phenotype seen in ZW10 mutants.
Finally, we find, as others have, that dynein is involved in generating the force for chromosome
poleward motion, contributing up to 40% of the velocity in mammals after the K fiber matures.
Much of the remaining velocity for this motion appears to be generated by poleward MT-
subunit flux [41], which, as we and others [4] have shown, is not affected by the absence of
KD. Clearly, in addition to its putative role in silencing the SAC, KD also functions to power
chromosome movement and to ensure faithful chromosome segregation via its effects on K
fiber formation and stability.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cytoplasmic Dynein Is Responsible for the Rapid Centrosome-Direct Motion of Attaching
Kinetochores in TPX2-Depleted Cells

(A) A LLC-PKa cell depleted of TPX2, during recovery from a treatment with nocodazole
(starting at 0:00). As the cell recovers, astral microtubules form around the centrosome,
whereas chromosome-mediated microtubule formation is inhibited. Within the first few
minutes of recovery, those chromosomes (outlined in different colors) closest to the centrosome
exhibited a sudden rapid motion toward the centrosome (arrow), presumably because an astral
microtubule contacted one of their kinetochores. Time is given as min:s. The scale bar
represents 10 um.

(A") Temporal details of chromosome motion toward a centrosome in a TPX2-depleted cell
recovering from nocodazole. Time is given as min:s. The scale bar represents 5 um.

(B) A TPX2-depleted cell that was injected with 70.1 dynein antibody shortly before being
released from the nocodazole (at 0:00). As in controls (A), during drug recovery, the
centrosomes nucleate numerous astral MTs, some of which grow toward the chromosomes.
However, movement of chromosomes (outlined in blue) toward the centrosomes does not
occur, even after a prolonged period and even though astral MTs clearly contact the centromere
region of at least one chromosome ([B'] shows the chromosome outlined in blue in [B]). The
scale bar in (B) represents 10um; the scale bar in (B’) represents 5um.

(C) A schematic of this experiment. TPX2-depleted cells are treated with nocodazole to
depolymerize MTs. When the drug is washed out, the chromosomes and centrosomes come
together in control cells to form a rosette-like structure. By contrast, in dynein-antibody-
injected cells, the chromosomes and centrosomes interact but do not move toward each other.
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Figure 2. Depleting Kinetochore-Associated Dynein by ZW10 RNAI Inhibits the Rapid Motion of
Kinetochores toward a Centrosome after Nuclear-Envelope Breakdown

(A) In control GFP-CENP-B U20S cells, a variable number of kinetochores exhibit rapid
poleward motions toward a centrosome shortly after nuclear-envelope breakdown. In the
example shown here, six kinetochores (CENP-B-positive regions that are represented by
different colors at the 0 time point) underwent sudden rapid linear motions toward a centrosome
during a 30 s period. The changing position of these kinetochores during this motion is tracked
in the last panel. Asterisks mark the spindle poles. The scale bar represents 5 um.

(B) Rapid kinetochore mations are rarely seen after nuclear-envelope breakdown in cells
depleted of kinetochore-associated dynein by ZW10 RNA.. In the cell depicted here, no
kinetochores exhibited a rapid motion. The scale bar represents 5 um.

(C) Plot depicting the percentage of kinetochores exhibiting rapid motions within 5 min of
nuclear envelope breakdown, and their range of velocities, before and after ZW10 RNA. (see
text for details).
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Figure 3. Relative to Spindles in Control Cells, Spindle and Kinetochore Microtubules in
Metaphase Cells Depleted of ZW10 Are More Labile

(A and B) Maximum-intensity projections from deconvolved data sets of representative
metaphase spindles from U20S cultures treated with MG132 for 2 hr (A) or with MG132 for
2 hr after depleting ZW10 with RNAI (B).

(C) Prometaphase cell depleted of ZW10 and treated with MG132 for 2 hr.

(D) Metaphase cell treated as in (A) before incubating at 4°C for 10 min. Cold-shocking
metaphase cells leads to a significantly shorter spindle consisting predominantly of kinetochore
fibers (cf [A] and [D]).

(E and F) Metaphase (E) and prometaphase (F) spindles in ZW10-depleted cultures treated
with MG132 for 2 hr (C) and then incubated at 4°C for 10 min. When compared to cold-shocked
controls (D), the spindles in cold-shocked cells depleted of ZW10 (E and F) are significantly
shorter and contain fewer, as well as thinner, kinetochore fibers.

The left column shows DAPI staining, the center column shows tubulin fluorescence, and the
right column is a merged view also showing CENP-B. The scale bar in (A) represents 10 um.
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Figure 4. The Rate of Anaphase Poleward Chromosome Motion Is Significantly Reduced after
Depletion of Kinetochore-Associated Dynein by ZW10 RNAI

(A) Selected phase-contrast (top) and fluorescence (bottom) micrographs, from a time-lapse
series, of a control GFP-CENP-B U20S cell labeled with GFP-centrin as it undergoes anaphase
and cytokinesis. The scale bar represents 10 um.

(B) Similar to the sequence shown in (A), except in this cell, kinetochore-associated dynein
was depleted by ZW10 RNA.. Note that the cell entered anaphase with numerous
noncongressed chromosomes (CENP-B dots that are positioned off the spindle equator at
anaphase onset are indicated with arrowheads at 0 time). Arrowheads depict some of the
lagging chromosomes seen during anaphase. The scale bar represents 10 um.

(C) Plot depicting the change in kinetochore-to-pole distance versus time for four
chromosomes, positioned near the spindle's long axis, during anaphase in untreated control
cells.

(D) Similar to (C), except in this case, kinetochore-associated dynein was depleted by ZW10
RNAI. Note that relative to controls, the velocity of anaphase chromosome motion is
significantly reduced in the ZW10-depleted cells (See text for details.).

(E) Change in pole-to-pole (centrosome-to-centrosome) distance during anaphase in control
and ZW10-depleted cells. Depleting kinetochores of cytoplasmic dynein does not alter the rate
or extent of anaphase B (spindle elongation).
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