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Co-silencing of human Bub3 and dynein highlights an antagonistic
relationship in regulating kinetochore–microtubule attachments
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We previously reported that the spindle assembly checkpoint protein Bub3 is involved in regulating
kinetochore–microtubule (KT-MT) attachments. Also, Bub3 was reported to interact with the micro-
tubule motor protein dynein. Here we examined how this interaction contributes to KT-MT attach-
ments. Depletion of Bub3 or dynein induced misaligned chromosomes, consistent with their role in
KT-MT attachments. Unexpectedly, co-silencing of both proteins partially suppressed the misalign-
ment phenotype and restored chromosome congression. Consistent with these observations, KT-MT
attachments in co-depleted cells were stable, able to drive chromosome congression, and produce
inter- and intra-kinetochore stretch, indicating they are functional. We suggest that a mutual antag-
onism exists between Bub3 and dynein to ensure optimal KT-MT attachments.
� 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

Faithful chromosome segregation in mitosis relies on appropri-
ate kinetochore–microtubule (KT-MT) attachments, under the
surveillance of the spindle assembly checkpoint (SAC). The SAC
prevents anaphase onset until all chromosomes accomplish proper
bipolar attachments and come under tension. Core components of
the SAC proteins include, among others, the evolutionary con-
served Mad2, Bub3, and BubR1, which form the mitotic checkpoint
complex (MCC) with Cdc20 whenever unattached or improperly
attached kinetochores are present. As a consequence, Cdc20 is
unable to activate the anaphase promoting complex/cyclosome
(APC/C) and anaphase is blocked [1,2]. Besides this surveillance
role, SAC components were also involved in the regulation of KT-
MT attachments [3]. For instance, we previously reported that
Bub3 is required for the establishment of stable end-on KT-MT
attachments. Yet, the relationship between Bub3 and other pro-
teins involved in the same process of KT-MT attachments remains
unknown. A good candidate for this relationship is the cytoplasmic
dynein. Dynein was reported to interact with Bub3 [4,5]. Although
there is still no clear demonstration of a direct role of dynein in the
formation of stable KT-MT attachments, in many reports, displace-
ment of kinetochore dynein was reported to delay chromosome
congression and the formation of load-bearing attachments. For
instance, inhibition of dynein results in unstable KT-MT attach-
ments and interferes with metaphase chromosome alignment
[6,7]. Here, we studied the functional relationship between Bub3
and dynein in regulating KT-MT attachments.

2. Materials and methods

2.1. Cell culture and siRNA transfection

HeLa cells, HeLa cells stably expressing EGFP-Bub3 [8], and
HeLa cells stably expressing EGFP-CENP-A (a gift from Dr. Lars Jan-
sen, IGC, Lisboa, Portugal) were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM, Biochrom, São Mamede de Infesta, Portu-
gal), supplemented with 10% fetal bovine serum (FBS, Biochrom),
and maintained at 37 �C, in a 5% CO2 humidified atmosphere. For
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HeLa cell lines stably expressing EGFP-Bub3 and EGFP-CENP-A, the
medium was supplemented with 400 lg/mL of a selective agent
G418 and 1 lg/mL Blasticidin (Sigma–Aldrich Co., Saint Louis,
MO, USA) respectively. For transfection with siRNAs, cells were
seeded in 22 mm poly-L-lysine-coated coverslips in 6-well plates
containing DMEM and, 24 h later, transfected using INTERFERin
siRNA Transfection Reagent (PolyPlus, New York, USA) according
to the manufacturer’s instructions. The culture medium was
replaced 6 h after transfection with fresh DMEM. Validated siRNA
duplexes against Dynein Heavy Chain (DHC) and Bub3 (Santa Cruz
Biotechnology, Dallas, USA) were used at a final concentration of
13.3 and 6.7 nM, respectively. A validated siRNA sequence against
Spindly [9] was synthetized by Sigma–Aldrich and was used at a
final concentration of 100 nM. Microscopic analysis was performed
48 or 72 h post-transfection.

2.2. Cell extracts and western blotting

For total cell extracts, cells were harvested by centrifugation
and resuspended in lysis buffer (50 mM Tris pH 7.5; 150 mM NaCl;
1 mM EDTA; 1% Triton-100) containing a protease inhibitor cock-
tail (Sigma–Aldrich). Protein quantification was performed using
a BCATM Protein Assay Kit (Pierce Biotechnology), according to the
manufacturer’s instructions. A total of 15 lg of protein lysate
was resuspended in SDS-sample buffer (375 mM Tris pH 6.8; 12%
SDS; 60% Glycerol; 0.12% Bromophenol Blue; 600 nM DTT), boiled
for 3 min at 100 �C and proteins were separated on a 7.5% SDS–
PAGE gel. After electrophoresis, proteins were transferred to a
nitrocellulose membrane (Amersham) by semidry transfer system
(Hoefer). Membrane was blocked with 5% non-fat dried milk in
TBST (50 mM Tris pH 7.5; 150 mM NaCl, 0.05% Tween-20) for 1 h
at room temperature (RT) with mild agitation. Primary antibodies
were diluted, in 1% non-fat dried milk, as follows: mouse anti-
Bub3 (1:1000, 611731 clone 31, BD Biosciences); mouse anti-DIC
(1:200, D5167 clone 70.1, Sigma–Aldrich); rabbit anti-Spindly
(1:3000, gift from Dr. R. Gassmann, IBMC, Portugal), rabbit anti-
a-tubulin (1:1500, ab15246, Abcam) and mouse anti-a-tubulin
(1:5000, T568 Clone B-5-1-2, Sigma–Aldrich). After washing in
TBST, membrane was probed, for 1 h at RT, with horseradish per-
oxidase (HRP)-conjugated secondary antibodies, diluted at
1:1500 (anti-mouse, Vector) or at 1:1000 (anti-rabbit, Sigma). Pro-
teins were visualized using the Enhanced Chemiluminescence
(ECL) method and the relative signal intensity of the bands was
determined as normalized against a-tubulin intensity levels using
ImageJ 1.4v software (http://rsb.info.nih.gov/ij/).

2.3. Immunofluorescence

Cells were fixed in fresh 2% paraformaldehyde (Sigma–Aldrich)
in phosphate-buffered saline (PBS) for 12 min, rinsed three times
5 min in PBS and permeabilized with 0.5% Triton X-100 in PBS
for 7 min. Alternatively, cells were fixed in �20 �C cold methanol
for 10 min and rehydrated twice in PBS. Non-specific binding sites
were blocked with 10% FBS in PBST (PBS plus 0.05% Tween-20) for
30 min at RT. Then cells were incubated for 1 h with primary anti-
bodies diluted in PBST containing 5% FBS as follows: human anti-
CREST (1:4500, gift from Dr. E. Bronze-da-Rocha, IBMC, Porto, Por-
tugal); mouse anti-Hec1 (1:600, ab3616, Abcam); rabbit anti-
Spindly (1:3000, gift from Dr. R. Gassmann, IBMC, Portugal); rabbit
anti-a-Tubulin (1:100, Abcam); mouse anti-c-Tubulin (1:1500,
T6557, Clone GTU-88, Sigma–Aldrich) mouse anti-a-Tubulin
(1:2500, Sigma–Aldrich). After washing in PBST, cells were incu-
bated with secondary antibodies for 1 h. All secondary antibodies
were used at 1:1500 (Molecular Probes), with the exception of
Alexa Fluor 647-conjugated secondary antibody which was used
at 1:2000 (Molecular Probes). DNA was stained with 2 lg/mL 40,6
-diamidino-2-phenylindole (DAPI, Sigma–Aldrich) diluted in Vec-
tashield mounting medium (Vector, H-1000).

2.4. Functional assays for kinetochore–microtubule attachments

To assess cold-stable microtubules, cells in culture medium
were incubated at 4 �C for 5 min and processed immediately for
immunofluorescence with anti-a-tubulin and anti-HEC1 antibod-
ies. Inter-kinetochore distance was measured between HEC1 spots
on kinetochore pairs of bi-oriented chromosomes. kinetochore
stretching (intra-kinetochore distance) was obtained by subtract-
ing the distance between CENP-A spots (inner kinetochore marker)
from the distance of HEC1 spots (outer kinetochore marker), using
GFP-CENP-A expressing HeLa cell line. More than 50 kinetochore
pairs from 10 cells were analyzed. To evaluate the ability of KT-
MT attachments to drive chromosome congression, cells were first
incubated with 1 lM nocodazole (Sigma–Aldrich) for 1 h to
depolymerize microtubules, in the presence of 10 lM of the pro-
teasome inhibitor MG-132 (Sigma–Aldrich) in order to arrest cells
at metaphase-anaphase boundary. Then cells were released into
medium in the presence of MG-132 for 1 h before immunostaining
[10]. Nocodazole washout gives cells the opportunity to nucleate a
new set of microtubules and MG132 give chromosomes time to
achieve successful bipolar KT-MT attachments and to align at the
equator to (re)organize a metaphase plate. More than 750 mitotic
cells were counted for each condition.

2.5. Image acquisition and processing

Phase-contrast images were acquired with a 10� objective, on a
Nikon TE 2000U microscope, using a DXM1200F digital camera and
with Nikon ACT-1 software (Melville, NY). Fluorescence images
were acquired with Plan Apochromatic 63�/NA 1.4 objective on
an Axio Observer Z.1 SD microscope, coupled to an AxioCam MR3
digital camera (Carl Zeiss, Germany). Z-stacks were acquired at
0.4-lm intervals and images were processed using ImageJ soft-
ware after deconvolution with AxioVision Release 4.8.2 SPC soft-
ware. Insets are representative of each condition with 2–4 stacks
projection.

Quantification of kinetochore fluorescence signals was per-
formed as previously described except that values were normal-
ized to Hec1 fluorescence intensities [10]. Each value was
derived from at least 300 kinetochores in ten representative cells.
For quantification of cold-stable microtubules, unattached and
attached kinetochores were counted in 5 representative cells as
previously described except that Hec1 staining was used to iden-
tify kinetochores in image Z-stacks [10]. More than 90 kineto-
chores were counted per cell.

2.6. Statistical analysis

Data are presented as the means ± standard deviation (S.D.) of
at least three independent experiments. Statistical analysis was
performed using an unpaired Student t-test in GraphPad Prism ver-
sion 6 (GraphPad software Inc., CA, USA). The level of significance
was set at probabilities of *P < 0.05, **P < 0.01, ***P < 0.001 and
****P < 0.0001.

3. Results and discussion

3.1. Bub3 and dynein are not mutually interdependent for kinetochore
localization

To study the relationship between Bub3 and dynein in KT-MT
attachment, we performed single and double depletions using
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validated siRNAs (Fig. 1A and B). An important question that
needed to be clarified first was whether depletion of one protein
affects kinetochore localization of the other. This possibility was
excluded as Bub3 properly localized to kinetochores in dynein-
depleted cells, as did dynein in Bub3-depleted cells (Fig. 1B). Thus,
the chromosome misalignment phenotype known to result from
depletion of one protein is not a consequence of depletion of the
other.

3.2. Dynein depletion partially suppresses chromosome misalignment
phenotype associated with Bub3 depletion

We then proceeded to the analysis of chromosome congression
in the absence of both Bub3 and dynein in order to determine if a
relationship exists between the two proteins. For that, we deter-
mined the ability of chromosomes to align at spindle midzone
and to form a defined metaphase plate in Bub3/dynein co-
depleted cells. Cells were treated with the anaphase inhibitor
MG132 prior to immunostaining in order to give chromosomes
enough time to reach the metaphase plate [3,10,11]. Most mitotic
cells in control were blocked in metaphase (91 ± 0.7%) and had all
chromosomes aligned (Fig. 2A and B). In contrast, the majority of
mitotic Bub3-depleted cells (62 ± 1.5%) that reached metaphase
exhibited misaligned chromosomes (Fig. 2A and B), consistent with
defective KT-MT attachments we previously reported [10]. In
dynein-depleted cells, we observed three distinct mitotic figures:
metaphases with misaligned chromosomes (36.2 ± 7.2%), full
Fig. 1. Bub3 and dynein depletion are not interdependent for kinetochore localization. (A
co-depletion of Bub3 and dynein (siBub3/siDHC). Note that the levels of one protein is n
(top panel) depletion of Bub3 (siBub3) did not affect kinetochore localization of dynein
localization of Bub3 (EGFP-Bub3); (bottom panel) shows depletion of both proteins (siB
create conditions where Bub3 and dynein are maximally enriched at kinetochores. Bar,
metaphases (26.2 ± 3.1%), and mitotic cells with no defined organi-
zation that we scored as disorganized metaphases (37.6 ± 2.4%)
(Fig. 2A and B). While the presence of metaphases with misaligned
chromosomes reflects the dynein role in initial attachments and
probably in their conversion into end-on attachment [7,12,13],
the disorganized figures displayed abnormal mitotic spindle mor-
phology with no focused spindle poles, probably reflecting dynein
role in spindle organization and centrosomes separation [14,15].
Nevertheless, the metaphases with misaligned chromosomes and
full metaphases showed bipolar spindles with focused poles as
judged by the centrosome marker c-tubulin (Fig. 2C). Quantifica-
tion of metaphases in MG132-treated Bub3/dynein co-depleted
cells showed a significant increase in full metaphases, from
38.4 ± 1.5% in Bub3- and 26.2 ± 3.1% in dynein-depleted to
47.4 ± 8.1% after depletion of both proteins (Fig. 2A and B). This
increase was accompanied with a concomitant decrease in meta-
phase with misaligned chromosomes, with a drop from
61.7 ± 1.5% in Bub3 and 36.2 ± 4.6% in dynein single knockdown
to 22.4 ± 1.8% in the absence of both proteins. The percentage of
disorganized metaphases did not seem to be affected by the co-
depletion.

Then, we sought to clarify whether the contribution of dynein to
the rescue of chromosome alignment observed in Bub3/dynein co-
depletion was specific to its kinetochore pool, or it is due to the
multiple roles of its cytosolic pool in mitotic spindle organization.
To selectively deplete dynein from kinetochore, we used validated
siRNAs against Spindly, a protein required for dynein recruitment
) Immunoblots showing efficient siRNA-mediated individual (siBub3 and siDHC) and
ot affected by depletion of the other. (B) Immunofluorescence images showing that
(DIC), and (middle panel) depletion of dynein (siDHC) did not affect kinetochore

ub3siDHC). Cells were treated with 1 lM nocodazole prior immunofluorescence to
5 lm.
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to kinetochores [16]. As expected, dynein was absent from kineto-
chore after Spindly depletion (Supplementary Fig. 1A and B). We
also certified that Bub3 and Spindly were not interdependent for
kinetochore localization (Supplementary Fig. 1C and D). In
MG132-treated Bub3/Spindly co-depleted cells, the severity of
chromosome misalignment was clearly attenuated, compared to
Spindly depletion, with a net increase in well-defined metaphase
plates having few to no misaligned chromosomes (Fig. 2D and E).
Collectively, these observations indicate that co-depletion of
Bub3 and dynein suppresses, at least partially, the misalignment
phenotype generated by depletion of each protein individually,
which probably underlies an antagonistic interaction. Of note, as
a dynein-recruitment independent role in chromosome alignment
has been proposed for Spindly [17], we do not exclude the possibil-
ity that Bub3/Spindly co-depletion is also rescuing alignment
defects that are not necessarily dependent on dynein.

3.3. Kinetochore–microtubule attachments in Bub3/dynein co-
depleted cells are stable and functional enough to restore the
alignment

Successful chromosome congression relies on stable and func-
tional KT-MT attachments. We asked whether the apparent rescue
of chromosome alignment upon Bub3/dynein depletion was due to
a rescue of stable and functional KT-MT attachments. For that, we
performed functional assays to test the robustness of KT-MT
attachments and their ability to generate tension and to drive chro-
mosome movement and alignment in co-depleted cells.
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The robustness of kinetochore-attached microtubules (or K-
fibers) was tested after a brief exposure of cells to low tempera-
ture. Low temperature induces disassembly of unstable, but not
stable, K-fibers [18]. After cold treatment, metaphases in Bub3-
or dynein-depleted cells exhibited few cold-resistant K-fibers and
many unattached kinetochores, as judged by Hec1/tubulin
immunostaining (Fig. 3A). Instead, unattached kinetochores were
rather rare or absent in metaphases of co-depleted cells, almost
indistinguishably from control metaphases, indicating that robust
KT-MT connections were restored.

Robustness of KT-MT attachments in co-depleted cells was fur-
ther assessed for their ability to generate tension across sister-
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percentage of attached kinetochores per cell) after individual (siBub3 and siDHC)
immunofluorescence images of (A) showing several unattached kinetochores (free Hec
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kinetochore pairs, showing a slight increase in inter-kinetochore distance in siBub3/s
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siBub3/siDHC, comparatively to individual depletions. Kinetochore stretching (c) was mea
that between outer kinetochore Hec1 spots (a) and divided by two, as illustrated in the lo
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kinetochores due to poleward forces exerted by microtubules on
kinetochores. Tension between kinetochores can be appreciated
by measuring inter- and intra-kinetochore distances [19]. Inter-
kinetochore distance reflects centromere stretching and intra-
kinetochore distance reflects stretching at the kinetochore itself
[20,21]. Inter-kinetochore distance was found to be smaller in
siBub3 cells (1.39 ± 0.09 lm) and in siDHC cells (1.56 ± 0.10 lm),
compared to control cells (2.08 ± 0.37 lm), in agreement with pre-
vious data (Fig. 3B) [3,7,22]. In co-depleted cells, inter-kinetochore
distance slightly increased to reach 1.66 ± 0.19 lm. Although it did
not reach control values, this slight increase underlies an improve-
ment in KT-MT attachments. Interestingly, a clear improvement of
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intra-kinetochore distance (kinetochore stretching) was found in
co-depleted cells (68.33 ± 0.02 nm), compared to Bub3-depleted
cells (45.00 ± 0.07 nm) (Fig. 3C). Here, intra-kinetochore stretching
was restored to levels indistinguishable from control
(68.50 ± 0.05 nm). Intra-kinetochore stretch can occur at low levels
of inter-kinetochore stretch and reflects the attachment of
dynamic microtubules, ultimately leading to satisfaction of the
SAC [20]. Taken together, these observations strongly indicate that
Bub3 and dynein co-depletion restores robust and dynamic KT-MT
attachments that are able to generate tension.

Finally, we were concerned whether the restored KT-MT attach-
ments in co-depleted cells were functional and, thus, able to drive
chromosome congression. For that, we assessed their ability to
drive chromosome movement and alignment after a nocodazole
treatment/washout assay in the presence of MG132. After 45 min
of recovery, up to 80% of mitotic control cells have formed full
metaphases, while only 12% in Bub3- and 20% in dynein-depleted
mitotic cells exhibited full alignment (Fig. 3D). However, upon
co-depletion, up to 40% of mitotic cells reaching full metaphases,
indicating that Bub3/dynein co-depletion restores functional KT-
MT attachments that are able to drive chromosome congression.

3.4. How to explain this unexpected antagonistic interaction between
Bub3 and dynein and what would be its functional significance?

At first glance, the question may seem difficult to answer.
Indeed, given the role of Bub3, and most probably also of dynein,
in promoting end-on attachments, one should expect a rather
worst chromosome misalignment phenotype in the absence of
both proteins. Nevertheless, in light of previous reports, involve-
ment of dynein in intriguing antagonistic relationships is not too
surprising. For instance, depletion of dynein restored bipolar spin-
dles in cells depleted of the drosophila homolog of human CLASP, a
protein required to incorporate tubulin subunits into microtubule
plus-ends, suggesting an unexpected antagonistic role of the two
proteins in kinetochore–microtubule plus-end dynamics [23]. Sim-
ilarly, depletion of the drosophila motor protein CENP-E partially
suppressed the unstable KT-MT attachments associated with the
depletion of the SAC protein BubR1 [24]. As both proteins are
implicated in stable KT-MT attachments, the restoration of stable
attachments upon their co-depletion revealed, again, an intriguing
antagonistic interaction. Interestingly, alleviation of chromosome
alignment defects has been also surprisingly seen upon co-
depletion of Spindly and Rod/ZW10/Zwilch (RZZ) complex by
allowing constitutive binding of Ndc80 complex to microtubules
[25].

One possible explanation for the antagonistic interaction is that
Bub3 and dynein are functioning in parallel pathways to promote
KT-MT attachments and that the two pathways might, either
directly or indirectly, mutually restrain the activity of each other.
Particularly consistent with this possibility is the partial suppres-
sion of the misalignment phenotype associated with Bub3 deple-
tion when dynein was also removed. The restoration of full
metaphase after the double knockdown could result from a
restoration of balance between residual Bub3/dynein or from other
regulators of KT-MT interactions.

As to the functional significance of this antagonistic interaction,
first we believe that this crosstalk is the result of direct interactions
between Bub3 and dynein as both proteins were reported to inter-
act in human [5]. The crosstalk between Bub3 and dynein activities
may serve to fine-tune KT-MT interactions, probably to achieve
optimal end-on attachments. It may also serve to link the state of
KT attachment to the SAC signaling machinery in order to ensure
that efficient KT-MT attachments are established before anaphase
resumes. Additionally, the crosstalk would allow dynein to probe
when SAC proteins need to be transported away from kinetochores
to promote SAC silencing. In this respect, Bub3 itself is a dynein
cargo during the step of SAC silencing according to our previous
report [8]. Future work will be needed to understand the mecha-
nistic aspect of this crosstalk.
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