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For proper chromosome segregation, all kinetochores must achieve bipolar microtubule (MT) attachment and sub-
sequently align at the spindle equator before anaphase onset. The MT minus end-directed motor dynein/dynactin binds 
kinetochores in prometaphase and has long been implicated in chromosome congression. Unfortunately, inactivation of 
dynein usually disturbs spindle organization, thus hampering evaluation of its kinetochore roles. Here we specifically 
eliminated kinetochore dynein/dynactin by RNAi-mediated depletion of ZW10, a protein essential for kinetochore lo-
calization of the motor. Time-lapse microscopy indicated markedly-reduced congression efficiency, though congressing 
chromosomes displayed similar velocities as in control cells. Moreover, cells frequently failed to achieve full chromosome 
alignment, despite their normal spindles. Confocal microcopy revealed that the misaligned kinetochores were monoori-
ented or unattached and mostly lying outside the spindle, suggesting a difficulty to capture MTs from the opposite pole. 
Kinetochores on monoastral spindles were dispersed farther away from the pole and exhibited only mild oscillation. 
Furthermore, inactivating dynein by other means generated similar phenotypes. Therefore, kinetochore dynein produces 
on monooriented kinetochores a poleward pulling force, which may contribute to efficient bipolar attachment by facilitat-
ing their proper microtubule captures to promote congression as well as full chromosome alignment.
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Introduction 

Chromosome motions to the spindle midzone, or con-
gression, is an efficient process in mitosis. After nuclear 
envelope breakdown (NEBD) at prometaphase, the ki-
netochore, an organelle at the centromere region of each 
chromatid, is exposed to and thus capable of capturing the 
spindle MTs. A kinetochore that has successfully captured 
an MT laterally is usually subjected to rapid poleward 

(P) motion. It is believed that the P movement enables 
the kinetochore to run into more MTs emanated from the 
approaching pole to facilitate the stable, or “end-on”, MT 
attachment [1, 2]. Chromosomes with such monooriented 
kinetochores then experience oscillations toward (P) and 
away (AP) from their attaching pole until their unattached 
kinetochores capture MTs from the opposite pole. The now 
bi-oriented chromosomes move towards the metaphase 
plate and finally align there, waiting for inactivation of 
the spindle checkpoint to allow anaphase onset [1-3]. For 
monooriented kinetochores, their P movement is attributed 
to the poleward pulling force at the attached kinetochore, 
whereas their AP movement is likely a composite effect 
of both the pushing force at the kinetochore and the polar 
ejection force acting on chromosome arms through non-
kinetochore MTs [2, 3]. These antagonizing forces appear 
to act alternatively to enable the oscillation, during which 
kinetochore MTs (k-fibers) remain attached but assemble 
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and disassemble accordingly [2, 3]. 
Full chromosome alignment is a prerequisite for equal 

segregation of sister chromatids into daughter cells. The 
spatial location of each chromosome must differ from cell 
to cell after NEBD. Therefore, it is amazing that usually 
metaphase is accomplished within 20 min [4]. How cells 
achieve chromosome alignment so efficiently is still not 
fully understood. 

Cytoplasmic dynein, a minus-end-directed MT-based 
motor, is a large complex containing two heavy chains 
(DHC), two intermediate chains (DIC), four light-interme-
diate chains, and several light chains [5, 6]. Another multi-
protein complex, dynactin, increases the processivity of 
dynein and anchors dynein to certain cargos or target sites. 
Both complexes are believed to link together through the 
interaction between DIC and p150glued, the largest subunit 
of dynactin [5-7]. 

Dynein is widely involved in cellular functions requiring 
MT-based motility, for instances, mitosis, cell migration, 
and cargo transport [5, 8, 9]. A pool of dynein is located 
to the kinetochore in M phase through dynactin [10, 11], 
whereas dynactin is recruited to kinetochores by the ZW10/
Rod complex [12, 13]. There dynein/dynactin can transport 
kinetochore proteins such as Mad2, BubR1, CENP-E, mi-
tosin (CENP-F), and Rod to spindle poles along k-fibers 
[14-17]. Although the physiological role of such transport 
is not fully understood, at least part of it is to inactivate the 
spindle checkpoint, a mechanism assuring proper timing 
for anaphase onset [2, 14]. 

Kinetochore dynein is generally believed to play a role 
in congression by driving the poleward kinetochore move-
ment [1, 2, 18]. Experimental results, however, are contro-
versial. Dynein inactivation before prometaphase by excess 
dynactin subunit p50 or anti-dynein antibodies indeed 
blocks the prometaphase/metaphase transition. However, 
since dynein is also important for spindle organization 
[19-21], spindle organization is also affected [11, 22]. It is 
thus difficult to discriminate the kinetochore-specific roles 
of dynein. On the other hand, microinjecting anti-dynein 
antibodies or purified p50 in prometaphase cells does not 
seem to affect congression, though tension is significantly 
reduced [14, 22]. 

Dynein is recruited to kinetochores by dynactin that 
binds the ZW10/Rod complex [12]. ZW10 may thus serve 
as an ideal target for regional elimination of dynein/dynac-
tin. Studies in zw10-null Drosophila mutants indeed indi-
cate reduced poleward chromosome movement in meiosis 
[23]. In this study, we tried this approach to assess the role 
of kinetochore dynein in congression. We demonstrate that 
kinetochore dynein is required for efficient congression and 
full chromosome alignment. Moreover, dynein generates 
at monooriented kinetochore a poleward pulling force that 
is important for chromosome oscillations. We propose that 

the pulling force contributes to efficient bipolar attachment 
by facilitating proper microtubule capture of monooriented 
kinetochores. 

Materials and Methods

Plasmid constructs
Plasmids for GFP-tagged H2B, p50dynamitin, Nudel, and the dynein 

binding-defective mutant NudelC36 were described previously [17, 24, 
25]. To express H2B-RFP, the GFP coding region was replaced with 
mRFP cDNA which was kindly provided by Dr E Fuchs (Rockefeller 
University, USA). 

Plasmids for RNAi were constructed using the vector pTER+ 
[26]. pTER-ZWi and pTER-Nudi were used to knock down ZW10 
and Nudel, respectively [17, 27], whereas either the vector or pTER-
Luci, which was designed to knock down firefly luciferase [28], 
served as a control [17]. For time-lapse studies using HeLa cells, the 
shRNA-expressing module of pTER or pTER-ZWi was cloned into 
pH2B-RFP, independent of the H2B-RFP-expressing module, to form 
pTER-H2B-RFP or pTER-ZWi-H2B-RFP. In this way, transfectants 
positive for RFP should also express shRNA. 

Cell culture and transfection
HEK293T and HeLa cells were cultured as described [27]. For 

protein overexpression, cells were transfected for 48 h using calcium 
phosphate method. HeLa cells stably expressing GFP-α-tubulin 
were cloned after G418 selection. Transfections for RNAi were 
carried out in 35-mm dishes using Lipofectamine 2000 (Invitrogen) 
for HEK293T cells or Fugene 6 (Roche) for HeLa cells. Cells were 
transfected for 72 h to knock down ZW10 [17]. To transiently label 
chromosomes with H2B-GFP for time-lapse studies, pEGFP-H2B 
was cotransfected with the RNAi construct or control construct at a 
ratio of 1:200 into HEK293T cells. H2B-GFP thus also served as a 
transfection marker. For transfecting HeLa cells stably expressing 
GFP-α-tubulin, pTER-RFP-H2B and pTER-ZWi-RFP-H2B were 
used instead of pEGFP-H2B and transfection was performed at a 
ratio of 1:50. To knock down Nudel, two rounds of transfection was 
performed as described [17]. 

Antibodies 
Anti-α-tubulin mAb was purchased from Sigma-Aldrich. Anti-

p150glued and BubR1 mAbs were from BD Transduction Laboratories. 
Chicken anti-Nudel IgY was prepared by using bacterially-expressed 
Nudel as antigen [17]. Polyclonal antibodies to the CREST antigen 
were gifts from K.H. Choo (Royal Children’s Hospital, Australia). 
Antibodies against human ZW10 and Rod were kindly provided by 
Dr. G. Chan (University of Alberta, Canada). Secondary antibod-
ies labeled with Alexa 488, 546, and 647 were purchased from 
Invitrogen. 

Fluorescence staining and microscopy
Kinetochore staining was performed as described [17]. To disas-

semble MTs, cells were treated with nocodazole (10 µg/ml) for 1 h 
before fixation. Proper antibody combinations were used for multi-
color staining, whereas GFP or RFP fusion proteins were visualized 
directly through the autofluorescence. Nuclear DNA was stained with 
4,6-diamidino-2-phenylindole (DAPI). To induce monoasters, cells 
were treated with monastrol (50 µM) (Sigma-Aldrich) for 4 h [29]. 

Laser confocal microscopy was performed with the Leica SP2 



www.cell-research.com | Cell Research

Yan Li et al
703
npg

system as described for fixed cells [17]. Time-lapse microscopy 
was performed at 37ºC using a Leica AS MDW system with a HCX 
PL APO 63×1.30 GLYC CORR 37 ºC objective and a CoolSNAP 
HQ CCD camera (Roper Scientific) [17]. Cells were grown on 
glass coverslips and cultured in Leibovitz’s (L-15) based media 
supplemented with 10% fetal bovine serum (Invitrogen) and 7 mM 
HEPES (pH 7.2). 

Quantitation for kinetochore fluorescence intensities was done 
as described [17]. To reduce influences of quenching and different 
spatial distribution, only kinetochores showing brighter staining than 
most of the remaining ones were quantitated in each cell. The average 
intensity from control cells was set at 10, while that of experimental 
cells was made proportional to this value to obtain the relative inten-
sity. Statistic data were presented as mean ± s.e.m. 

The kinetochore-pole distance was measured using NIH image J 
software. To quantify chromosome motions on monoastral spindles, 
time-lapse image sequences were imported into image J. The inner 
edge of a peripheral chromosome was tracked frame-by-frame us-
ing the image J manual-tracking tool. The centroid of the cell was 
picked using the measure tool. Its distance to the inner edge was then 

measured in each frame using the software. Data were then analyzed 
using Microsoft Excel. 

Results

Silencing mammalian ZW10 leads to chromosome mis-
alignment and tension reduction 

To assess possible functions of kinetochore dynein in 
congression, we first tried to influence only this pool of 
dynein by knocking down ZW10 expression via RNAi. 
We have previously used an RNAi construct, pTER-ZWi, 
to silence ZW10 expression in HEK293T cells [17]. Com-
pared to the strong kinetochore staining of ZW10 in cells 
transfected for 72 h with a control construct, pTER-Luci 
[17], the protein was virtually undetectable after transfec-
tion of pTER-ZWi (Figure 1A-B). Consistent with previous 
reports [13, 30, 31], dynactin (indicated by p150glued) and 

Figure 1 Silencing ZW10 expression induces chromosome misalignment. (A-B) ZW10 depletion reduces kinetochore dynactin, 
Mad2, and BubR1. HEK293T cells transfected with pTER-Luci (control) or pTER-ZWi (RNAi) were fixed 72 h post transfection 
after nocodazole treatment for 1 hour. The indicated proteins were immunostained with appropriate antibodies. Chromosomal DNA 
was stained with DAPI. Quantitation results (n=150) are presented as mean±s.e.m. (C) Typical configuration of control cells in late 
prometaphase. (D) A typical ZW10-depletion cell in pseudometaphase. Insets are 2× magnifications from proper optical layers to 
show MT-kinetochore relationship of misaligned chromosomes. Scale bars, 10 µm. 
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Mad2 were decreased by 92.7% and 81.7%, respectively, 
from the kinetochore, whereas BubR1 showed less reduc-
tion (61.7%) and was still visible (Figure 1A-B). 

Similar to antibody microinjection to inactivate ZW10 
in HeLa cells [32], ZW10 depletion in HEK293T cells by 
RNAi also frequently led to misaligned chromosomes. 
Of ZW10-depleted cells in prometaphase or metaphase, 
23.9% (n=260) were in pseudometaphase, a metaphase-like 
state with misaligned chromosomes [33]. Most misaligned 
chromosomes were clustered near the spindle pole on the 
astral side and appeared monooriented or unattached, as 
judged through their MT-kinetochore relationships (Figure 
1D). In comparison, pseudometaphase cells occupied only 
5.8% (n=299) in matched control populations. Moreover, 
misaligned chromosomes in control cells were usually 
distributed between the poles, suggesting that they were 
in the process of congression. Therefore, distribution of 
unattached and monooriented chromosomes in the astral 
region in ZW10-depleted pseudometaphase cells suggests 
defects in formation of bi-oriented chromosomes.

ZW10 depletion also resulted in decreased tension 
across sister kinetochores. In control transfectants, the 
interkinetochore distance was 1.79±0.01 µm on average 
(n=110) for fully aligned chromosomes. The value for 

unaligned chromosomes in early prometaphase, i.e., when 
kinetochores were not subjected to tension, was 1.01±0.01 
µm. In ZW10-depleted cells, the interkinetochore distance 
was 1.31±0.02 µm for aligned chromosomes, indicating a 
tension reduction by 61.5% [34-36]. 

Silencing ZW10 results in a severe delay in both congres-
sion and anaphase onset

To understand how chromosome misalignment occurred 
in the absence of ZW10, we monitored chromosome 
behaviors in mitotic HEK293T cells using H2B-GFP as 
a chromosome marker [17, 37]. H2B-GFP-positive cells 
cotransfected with pTER-Luci (n=16) showed normal 
mitotic progressions when imaged from prophase or 
early prometaphase (Figure 2A; Table 1; for reference, see 
Supplementary information, Video 1). All of them started 
anaphase within 1 h. In contrast, such normal cases were 
rare (1/26) in H2B-GFP-positive cells cotransfected with 
pTER-ZWi. Instead, 30.8% of mitotic transfectants (8/26) 
failed to start anaphase in 3 h. Although the remaining 
65.4% (17/26) initiated anaphase to form two (7/26) or 
more (10/26) daughter nuclei after considerably prolonged 
delay, the average time from prometaphase to anaphase 
onset was 3.1-fold longer than that of control cells (Figure 

Figure 2 ZW10 depletion results in delayed anaphase onset. A plasmid for expression of H2B-GFP as both transfection and chromo-
some markers was cotransfected into HEK293T cells at 1:200 ratio with either pTER-Luci (control) or pTER-ZWi (RNAi). GFP-
positive mitotic cells were monitored after 72 h. Scale bars, 10 µm. (A) Representative frames showing normal mitotic progression of 
control cells. Cells were imaged at 1.5-min intervals. For reference, see Supplementary information, Video 1. (B) Abnormal mitotic 
progressions of ZW10-depleted cells. Note that the cell on the right started anaphase at ~240 min even in the presence of many un-
aligned chromosomes. Also see Supplementary information, Video 2. (C) Efficient chromosome congression in control cells. Cells 
were imaged at 10-second intervals to visualize detailed chromosome movement. The indicated chromosomes congress relatively 
slowly. Also see Supplementary information, Video 1. (D) ZW10 depletion impairs congression of unaligned chromosomes. Three 
representative chromosomes are indicated. Also see Supplementary information, Video 3. 
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2B; Table 1; Supplementary information, Video 2). A larger 
difference was actually expected because most pTER-ZWi 
transfectants (22/26) were recorded from prometaphase and 
thus might have already been in this phase for some time 
before being imaged. Therefore, ZW10 depletion appears 
to impair but not abolish the spindle checkpoint.

The mitotic delay was attributed to chromosome mis-
alignment. In control cells, the prometaphase/metaphase 
transition only took 17 min on average (n=16) (Figure 2A; 
data not shown). Nevertheless, 61% of pTER-ZWi trans-
fectants (16/26) stayed in a prometaphase-like state before 
anaphase onset or termination of the experiment (Table 1). 
34% of transfectants (9/26) needed 4.7-fold longer time to 
form a visible metaphase plate (Table 1). Moreover, full 
chromosome alignment was difficult to achieve (Figure 
2B; Supplementary information, Video 2). 

For more detailed view of chromosome movement, 
mitotic cells were imaged every 10 seconds. Control cells 
still divided within 1 h under such condition (Supplemen-
tary information, Video 1). Moreover, after a metaphase 
plate was visible, unaligned chromosomes were able to 
fully congress within 20 min (n=15) (Figure 2C; Supple-
mentary information, Video 1). In ZW10-depleted cells 
at pseudometaphase (n=14), however, full chromosome 
alignment was not achieved during the same period of 
time (Figure 2D; Supplementary information, Video 3). 
Only occasionally did misaligned chromosomes move 
plateward in ZW10-depleted cells (Figure 2D; data not 
shown). When congressing chromosomes, which were 
presumably bi-oriented, were tracked, their mean velocity 
was 4.32±0.16 µm/min (n=17). This value was similar to 
that in control cells (4.39±0.17 µm/min; n=45). Therefore, 
ZW10 depletion did not affect congression of bi-oriented 
chromosomes. This is consistent with the observation that 
the misaligned chromosomes were either monooriented or 
unattached in fixed cells lacking ZW10 (Figure 1D). 

Taken together, these results indicate that ZW10 deple-
tion results in severe defects in the prometaphase/metaphase 
transition probably due to difficulties for monooriented 
chromosomes to establish bipolar attachment.

ZW10 depletion does not disrupt spindle organization and 
function

The MT-kinetochore attachment is affected by both 
spindle and kinetochore. Although ZW10 deficiency in 
Drosophila did not influence spindle morphology [38], we 
still assessed this issue. In fixed samples, 80.0% of ZW10-
depleted HEK293T cells in prometaphase or metaphase 
(n=242) had normal-shaped bipolar spindles (Figure 1D), 
which was similar to the value (87.2%; n=299) for control 
cells. 

To further corroborate this, we monitored spindle or-
ganization in live cells stably expressing GFP-α-tubulin. 
Since HEK293T cells were G418-resistent, we used HeLa 
cells to screen for stable cell lines. To increase RNAi ef-
ficiency and at the same time avoid high-level expression 
of H2B, pTER-ZWi-H2B-RFP was contransfected with 
pTER-ZWi at a ratio of 1:50. Similarly, control cells were 
cotransfected using pTER-H2B-RFP and pTER. Time-
lapse microscopy indicated that HeLa cells transfected with 
pTER-ZWi-H2B-RFP (Figure 3; Table 2) behaved similarly 
to ZW10-depleted HEK293T cells (Figure 2). The average 
time from NEBD to anaphase onset among 11 control cells 
was 41.5±4.2 min (Table 2). Of 18 pTER-ZWi transfectants 
monitored, however, only 3 cells exhibited normal M phase 
progression. The remaining 15 cells showed considerably 
delayed division (Table 2). Nevertheless, these 15 cells 
showed virtually normal spindle organization during the 
course of M phase progression (Figure 3; Supplementary 
information, Video 4), except for a tiny extra pole of one 
cell after 105 min. Despite normal spindles, congression 
was markedly delayed, as chromosomes needed a 2.2-fold 
longer time to form a clear metaphase plate (Figure 3; Table 
2). Moreover, all these cells displayed difficulty in full 
chromosome alignment (Figure 3; data not shown). Thus, 
the phenotypes in ZW10-depleted cells are attributed to 
defects at the kinetochore.

 
Dynein inactivation is correlated with congression defects 
and chromosome misalignment 

If kinetochore dynein had a role in congression, its inac-

Table 1 Summery for time-lapse assays on HEK293T cells
                                Total            Divisions in         Divisions in        Divisions in          Visible metaphase              Anaphase onset
          RNAi                n                       pro-                 pseudo-            metaphase                plate (min) a                             (min) a

                                                    metaphase(n)      metaphase(n)              (n)
 Luc 16 0 0 16 6.0±0.5 (n=16) 39.0±2.7 (n=16)
 ZW10 26 8 8 2 b  28.2±3.8 (n=9) 120.6±15.0 (n=17)
 aTime was counted from prometaphase;
 bOne divided at 114 min; another appeared normal and was excluded from the subsequent analysis.
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tivation by other means would also result in similar defects 
as ZW10 depletion. Nudel binds DHC [39] and is essential 
for dynein function [15, 17, 24]. We have previously shown 
that depletion of Nudel by RNAi or overexpression of a 
dynein-binding-defective mutant NudelC36 inactivates dy-
nein in entire cells with little effect on kinetochore ZW10, 
Mad2, and BubR1 [17]. Overexpression of the dynactin 
subunit p50 inhibits dynein function as well by disrupting 
the integrity of dynactin [11, 17]. Although these ways 
of dynein inactivation indeed impaired congression, an 

apparent disadvantage is that they also result in spindle 
abnormality [11, 17]. Therefore, to diminish the influence 
of spindle configuration on chromosome behaviors, we only 
checked mitotic cells with bipolar spindles.

We first examined HEK293T cells overexpressing 
GFP-NudelC36 and found that 31.7% (n=104) of them with 
bipolar spindles were in pseudometaphase (Figure 4A). In 
contrast, the value was only 9.3% (n=102) for cells over-
expressing GFP-Nudel. Similar to those in ZW10-depleted 
cells (Figure 1), misaligned chromosomes in GPF-NudelC36-

Figure 3 ZW10 is not required for spindle organization and function. HeLa cells stably expressing GFP-α-tubulin (MT) were 
transiently transfected with either pTER (control) or pTER-ZWi (RNAi) for 72 h, with H2B-RFP (H2B) as both transfection and 
chromosome markers. Early mitotic cells were then imaged at 3-min intervals for up to 4 h. Representative images are shown. Scale 
bars, 10 µm. (A) M phase progression of a typical control cell. (B) M phase progression of a typical ZW10-depleted cell. Anaphase 
was initiated at around 189 min. Arrows indicate the metaphase plate. Arrowheads indicate misaligned chromosomes. Also see 
Supplementary information, Video 4. 

Table 2 Summery for time-lapse assays on HeLa cells
                     RNAi                       Total                       Visible metaphase               Prometa-metaphase                  Anaphase
                                                        n                               plate (min) a                     transition(min) a                   onset (min) 
 Mock 11 10.5±0.5 18.8±2.1   41.5±4.2
 ZW10 15 22.8±2.4 (n=10) 82.8±21.5 (n=5) b 136.7±22.6 (n=7)
aTime was counted from NEBD;
bOnly cells without misaligned chromosomes were counted.
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overexpressing cells showed monotelic MT attachment or 
no attachment (Figure 4A). Both the stable (“end-on”) and 
transient (“lateral”) attachments were seen (Figure 4A-B, 
insets). We also noticed that the prominent Rod staining 
on misaligned chromosomes could serve as a marker for 
unattached or monooriented kinetochores (Figure 4B, 
panels 6-10). Similarly, 47.5% of Nudel-depleted mitotic 
cells with bipolar spindles (n=100) were in pseudometa-
phase (Figure 4C), whereas the value was 9.0% (n=106) 
for mock-transfected cells. Bright Rod staining was also 
observed on misaligned chromosomes in Nudel-depleted 

cells (Figure 4C, panels 6-10), suggesting monotelic MT 
attachment or no attachment as well. 

To understand the behaviors of misaligned/unaligned 
chromosomes, we monitored living cells in 10-second 
intervals for ~20 min, a time normally sufficient for the 
prometaphase/metaphase transition (Figure 2A). In control 
cells transfected with pTER (n=13), unaligned chromo-
somes always moved into the metaphase plate (Figure 4D; 
for reference, see Supplementary information, Video 1). 
However, misaligned chromosomes in most pTER-Nudi 
transfectants (15/17) failed to achieve full metaphase 

Figure 4 Inactivation of dynein by other means also impairs full chromosome alignment. (A-B) Typical pseudometaphase cells 
overexpressing GFP-NudelC36. HEK293T cells were transfected for 48 h to express either GFP-Nudel or GFP-NudelC36 and processed 
for immunostaining. Insets are 2× magnifications from proper optical layers to show MT-kinetochore relationship of misaligned 
chromosomes (arrowheads). Arrows indicate spindle poles. (C) A control cell in late prometaphase and a typical pseudometaphase 
cell lacking Nudel. Cells were transfected with pTER (panels 1-5) or pTER-Nudi (panels 6-10) and processed for immunostaining. 
(D) Nudel depletion impairs congression of misaligned chromosomes. A plasmid for expressing H2B-GFP was cotransfected with 
pTER (control) or pTER-Nudi (RNAi) into HEK293T cells. Late prometaphase cells were imaged at 10-second intervals for 20 
min. Representative misaligned chromosomes are indicated by arrowheads. Also see Supplementary information, Video 5. Scale 
bars, 10 µm.
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alignment during recording (Figure 4D; Supplementary 
information, Video 5). Misaligned chromosomes in most 
RPF-NudelC36 (7/11) or RFP-p50 expressing cells (6/6) 
failed to achieve full alignment in 20 min as well (data 
not shown). 

Therefore, chromosome misalignment due to defects in 
the formation of bipolar attachment is a common phenotype 
of inactivation of kinetochore dynein. 

Kinetochore dynein generates a poleward pulling force 
that may facilitate bipolar attachment

Dynein has long been suspected to generate the pulling 
force critical for the P movement of the kinetochore [1]. Its 
possible contributions to congression have also been specu-
lated [1, 2]. Although the reduction of tension by 61.5% 
upon ZW10 depletion supported the force generation role 
of dynein, theoretically such a reduction could be a result 
of increased pushing force at the kinetochore as well. 

To verify whether kinetochore dynein generated a pole-
ward pulling force, we made advantages of monoastral 

spindles, in which kinetochores would be only monotelic 
and thus their movement would reflect the direction of the 
net force. Monoastral spindles were induced upon treat-
ment with monastrol, a small-molecule inhibitor of the 
kinesin motor Eg5 [29, 40]. In monastrol-treated control 
HEK293T cells, kinetochores were obviously subjected 
to net poleward pulling force: most kinetochores were 
oriented proximal to the pole with their chromosome arms 
significantly stretched backward (Figure 5A, panels 1-5) 
[29, 41]. In contrast, chromosomes were short, straight, and 
scattered in ZW10-depleted cells (Figure 5A, panels 6-10). 
Their kinetochores were dispersed as well (Figure 5A-B). 
53.0% of them were located farther than 4.5 µm away from 
the poles, compared to 12.6% in control cells. As k-fibers 
were obvious in ZW10-depleted cells (Figure 5A, panel 
10, arrowheads), such dispersions were not due to loss 
of the MT-kinetochore attachment. Rather, they strongly 
suggested reduced poleward pulling force. Similar results 
were obtained using Nudel-depleted cells (Supplementary 
Figure S1A-B).

Figure 5 ZW10 depletion results in chromosome dispersion on monoastral spindles. (A) Typical chromosome positioning on monoast-
ers. HEK293T cells transfected for 68 hours with pTER-Luci (panels 1-5) or pTER-ZWi (panels 6-10) were treated with monastrol 
for 4 hours to induce monoasters, followed by processing for immunostaining. Arrowheads indicate representative kinetochores and 
their k-fibers. (B) Percentage of kinetochores with kinetochore-pole distances in the indicated ranges. (C) Cells treated as in (A) were 
incubated with 0.1 mM CaCl2 for 90 seconds to destabilize non-kinetochore MTs prior to fixation. Arrowheads indicate representative 
monooriented kinetochores. Scale bars, 10 µm. 
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To exclude the possibility that the chromosome disper-
sions were due to lack of k-fibers, Ca2+ treatment was 
performed to destabilize non-kinetochore MTs [29, 41]. 
In control cells, such a treatment had little effect on the 
compact distribution patterns of kinetochores, except that 
the chromosome arms were no longer pushed away from 
the pole, confirming loss of the polar ejection force (Figure 
5C, panels 1-3). Similarly, chromosomes and their kineto-
chores in ZW10-depleted cells were still dispersed (Figure 
5C, panels 4-6). Nevertheless, k-fibers were clearly visible 
for most chromosomes away from the pole (Figure 5C, 
panels 4-6). These results further attribute the chromosome 
dispersion in ZW10-depleted cells to loss of the poleward 
pulling force. 

Finally, to exclude the possibility that the chromosome 
dispersions were resulted from increased pushing force at 
the kinetochore or hyperactive oscillation, we monitored 
the actual chromosome movements in living cells at 10-
second intervals for 20 min. In control cells with monoastral 
spindles (n=17), chromosomes were long and exhibited 
active oscillations towards and away from their centroid 
(Figure 6A-B; Supplementary information, Video 6). In 
ZW10-depleted cells (n=17), such directional oscillations 

were largely attenuated (Figure 6C-D; Supplementary 
information, Video 7). Moreover, similar to fixed cells 
(Figure 5A, panel 9), chromosomes in ZW10-depleted 
live cells were short (Figure 6C).  Taken together, we con-
clude that kinetochore dynein indeed generates a poleward 
pulling force critical for P movement of monooriented 
chromosomes. 

Discussion

We demonstrate that ZW10 is important for both efficient 
congression and full chromosome alignment in mammalian 
cells. ZW10 depletion by RNAi increased the time required 
to form a visible metaphase plate by 4.7-fold, indicating 
reduced congression efficiency. Furthermore, although 
most chromosomes could eventually align at the metaphase 
plate after a considerable delay, unaligned chromosomes 
were frequently seen and full alignment was difficult to 
achieve (Figures 1, 2). These chromosomes often stayed 
outside the spindle and were monooriented or unattached 
(Figure 1). As congressing chromosomes still displayed 
similar velocities compared to those in control cells (4.32 
vs. 4.39 µm/min) (Figure 2), the major defect was attributed 

Figure 6 ZW10 depletion attenuates chromosome oscillation on monoasters. Selected frames of a typical control cell (A) and a 
ZW10-depleted cell (C) during the first 180 seconds of recording are shown. HEK293T cells transfected as in Figure 2 for 68 h were 
treated with monastrol for additional 4 h to induce monopolar spindles. H2B-GFP-positive mitotic cells were then imaged at 10-
second intervals for 20 min. The innermost side of each of 10 chromosomes is marked with a color dot, and its distance to the cell 
center (red spot) is measured frame by frame. Data are then presented as a curved line of the same color in (B) or (D), respectively. 
Also see Supplementary information, Video 6-7. 
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Figure 7 Proposed roles of the poleward pulling force of kinetochore 
dynein in congression and full chromosome alignment. (A) Monotelic 
chromosomes in normal cells. (a) The pulling force (red) drives rapid 
movement of kinetochore along transiently-associated MTs towards 
the pole to facilitate stable monotelic attachment [1]. (b) The chromo-
some oscillation powered by the pulling force and the polar ejection 
force (blue) helps to orient the unattached sister kinetochore towards 
the opposite pole, increasing its chance of proper MT capture. (c) 
For chromosome with syntelic attachment, the movement to the 
attaching pole facilitates its congression [43]. This is probably true 
as well for other monotelic chromosomes lying outside the spindle. 
(B) Monotelic chromosomes in cells lacking kinetochore dynein 
activity. (d) Lack of the poleward movement reduces the efficiency 
of stable MT attachment. (e) Lack of chromosome oscillation leads 
to misoriented kinetochores that may hinder proper MT capture of 
the unattached sister kinetochore. (f) Chromosome with syntelic 
attachment does not move to the pole. Such chromosomes tend to 
lie outside the spindle [43], thus are likely to become misaligned. 
Similarly, monooriented chromosomes may become misaligned as 
well once they happen to locate outside the spindle. 

to inefficient MT-kinetochore association. 
The defect in MT attachment is mainly due to lack 

of kinetochore dynein. ZW10 depletion significantly re-
presses kinetochore association of the Mad1/Mad2 complex 
(Figure 1) [30, 31], whereas kinetochore BubR1, mitosin 
(CENP-F), and Nudel are also partially reduced (Figure 1) 
[17, 30]. To rule out possible contributions of these proteins, 
we inactivated dynein by NudelC36 overexpression or Nudel 
depletion. Either of the two treatments has been shown 
to block the prometaphase/metaphase transition, without 
affecting kinetochore associations of Mad2, BubR1, and 
mitosin [17]. To diminish the potential effect on spindle, 
we examined cells with bipolar spindle and found similar 
phenotypes of chromosome misalignment (Figure 4). 
Inactivation of dynein by p50 overexpression [11], which 
only weakly reduces kinetochore localization of Nudel, 
manifested similar phenotypes as well (data not shown). 
Nevertheless, as most, sometimes all, chromosomes can 
eventually align at the spindle midzone in cells lacking 
dynein activity but with bipolar spindles (Figures 2-4) 
[11], kinetochore dynein is dispensable for congression 
of chromosomes with bipolar attachment. This probably 
explains why microinjection of anti-dynein antibodies 
into prometaphase cells has little effect on congression 
[14], since most kinetochores may have established bipolar 
attachment by the time when the injected antibodies take 
into effect. 

We prove that kinetochore dynein generates a pulling 
force critical for the poleward movement of monooriented 
chromosomes. Chromosome oscillations on monoastral 
spindles were significantly repressed in ZW10-depleted 
cells (Figure 6). In contrast to the tightly-packed kineto-
chores and V-shaped chromosomes around the pole of 
monopolar spindle in control cells, kinetochores in cells 
lacking either ZW10 or Nudel were scattered, even though 
they were mostly monooriented, and their chromosomes 
displayed a short, straight configuration (Figure 5; Supple-
mentary information, Figure S1). Therefore, the disper-
sions were attributed to lack of the poleward pulling force 
produced by dynein. Consistently, the reduced tension 
by 61.5% in ZW10-depleted cells was also attributed to 
inactivation of kinetochore dynein. During the preparation 
of this manuscript, Yang and colleagues reported similar 
effects of ZW10 RNAi on poleward chromosome move-
ment and congression [42]. Together with results showing 
that microinjecting an anti-dynein antibody repressed 
chromosome movement towards the pole of monoaster 
formed due to depletion of TPX2, they also reached similar 
conclusion about the force generation role of kinetochore 
dynein [42]. Nevertheless, their study did not address the 
issue of chromosome misalignment.

Kinetochore dynein/dynactin may help to increase 

congression efficiency in multiple ways (Figure 7A) [1, 
2]. Chromosomes with syntelic attachment tend to stay 
away from the spindle [34, 43]. Probably, occupation of 
their kinetochores by MTs from one pole impedes as-
sociation with MTs from another pole, whereas pulling 
forces from two opposing poles are critical for maintain-
ing chromosomes in the spindle. It has been shown that 
syntelic chromosomes move back to the pole before their 
congression [43]. This phenomenon on one hand suggests 
that the poleward movement is critical for correction of the 
false attachment [43]. On the other hand, moving scattered 
chromosomes, including stably or transiently-attached 
monotelic ones (Figure 7A), back to the pole may allow 
them to reenter the spindle region, as demonstrated in the 
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case of syntelic chromosomes [43], thus increasing their 
chance of congression. Yang and colleagues reported that 
in ZW10-depleted cells K-fiber stability was reduced upon 
cold treatment [42]. We observed similar results as well in 
cells lacking Nudel or overexpressing NudelC36 (data not 
shown), thus attributing the effect to the lack of kinetochore 
dynein activity. Dynein-mediated stabilization of k-fibers 
may therefore contribute to efficient congression as well 
[42]. In this context, kinetochores may sometimes lose 
MT attachment in cells lacking kinetochore dynein activ-
ity. Consistent with this, positioning of some unattached 
misaligned chromosomes near poles in such cells indeed 
suggests that they are once attached by MTs (Figure 1D; 
Figure 4).

Moreover, during chromosome oscillation, antagoniz-
ing actions of the pulling force produced by kinetochore 
dynein and the polar ejection force by chromokinesins 
[44] may help to orient monotelic kinetochores such that 
the unattached sister kinetochores face the opposite pole to 
increase the chance of proper MT capture (Figure 7A). In 
addition to MT capture, the longitudinal orientation of sister 
kinetochores (Figure 7A) may also minimize formation of 
false attachments [45] by shielding each sister kinetochore 
from MTs from opposing poles. 

We propose that functions of dynein in increasing con-
gression efficiency may also help to assure full chromo-
some alignment. For instance, lack of the pulling force will 
inhibit the poleward movement of chromosomes outside 
the spindle (Figure 7B), thus leading to chromosome 
misalignment. Moreover, to make things worse, the polar 
ejection force of chromokinesins and/or the pushing force 
of CENP-E may drive these chromosomes further away 
from the spindle area (Figure 5; Figure 7B). Interestingly, 
CENP-E is also required for full chromosome alignment 
[35, 36, 46], implying requirement of multiple machineries 
to both guarantee full alignment and prevent chromosome 
loss effectively. Indeed, neither dynein nor CENP-E is 
essential for congression per se, since most chromosomes 
are able to eventually align at either’s absence. Dynein is 
likely only critical for difficult chromosomes, for instance, 
those with syntelic attachment or somehow laying outside 
the spindle, to achieve alignment (Figure 7).   

Initiation of anaphase before full chromosome alignment 
but after significant mitotic delay indicates only a partial 
compromise of the spindle checkpoint in ZW10-depleted 
HEK293T or HeLa cells (Figures 2-3; Tables 1-2). Similar 
phenotypes are also observed in U2OS cells by Yang and 
colleagues, though the mitotic delay is milder [42]. Micro-
injection of anti-ZW10 antibody into HeLa cells also results 
in anaphase onset in the presence of misaligned chromo-
somes [32]Since loss of Mad2 from all kinetochores upon 
stable MT attachment is usually the hallmark of spindle 

checkpoint inactivation [2], the ~20% kinetochore Mad2 
left in ZW10-depleted cells (Figure 1) might be able to 
partially maintain the spindle checkpoint, thus resulting in 
the mitotic delay. Moreover, lack of dynein-mediated depri-
vation of kinetochore Mad2 and other spindle checkpoint 
proteins in these cells might further hinder inactivation of 
the checkpoint [2, 14]. 
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