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A predominant mechanism of spindle assembly checkpoint (SAC) silencing is dynein-mediated
transport of certain kinetochore proteins along microtubules. There are still conflicting data as to
which SAC proteins are dynein cargoes. Using two ATP reduction assays, we found that the core
SAC proteins Mad1, Mad2, Bub1, BubR1, and Bub3 redistributed from attached kinetochores to spin-
dle poles, in a dynein-dependent manner. This redistribution still occurred in metaphase-arrested
cells, at a time when the SAC should be satisfied and silenced. Unexpectedly, we found that a pool
of Hec1 and Mis12 also relocalizes to spindle poles, suggesting KMN components as additional
dynein cargoes. The potential significance of these results for SAC silencing is discussed.
� 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

Accurate chromosome segregation relies on the activity of the
spindle assembly checkpoint (SAC) [1], a surveillance mechanism
that monitors the status of kinetochore-microtubule attachment
and prevents anaphase onset until all chromosomes are bipolarly
attached to the mitotic spindle and aligned at the metaphase plate
[2]. Inhibition of anaphase onset is achieved by the SAC through
downregulation of the APC/C (anaphase promoting complex/cyclo-
some). The latter is a E3 ubiquitin ligase required for targeting
cyclin B1 and securin for degradation by the 26S proteasome,
thereby delaying cell in mitosis and preventing precocious sister-
chromatid separation. APC/C inhibition is predominantly achieved
by the MCC, the mitotic checkpoint complex that forms between
the SAC proteins Mad2, BubR1 and Bub3, and the cofactor and acti-
vator of APC/C, Cdc20 [3]. It is widely believed that unattached or
improperly attached kinetochores provide the catalytic platform
for the formation of the anaphase inhibitor MCC [1,4]. SAC compo-
nents also include the evolutionary conserved proteins Mad1, and
the kinases Bub1, Mps1, and Aurora B. These proteins localize to
kinetochores and participate in the recruitment, activation, or for-
mation of the MCC. Kinetochore levels of these proteins fall upon
microtubule attachment [2]. Once all kinetochore-microtubule
attachments are efficiently established, SAC must be extinguished
in order to allow for mitotic progression, a process known as SAC
silencing. Extinguishing SAC requires that assembly of new MCC
is prevented and existing inhibitory complexes are disassembled
in order to release Cdc20 and, thus, alleviate APC/C inhibition
[5–7].

A predominant mechanistic model of SAC silencing postulates
the removal of proteins that are required for SAC activation from
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attached kinetochores via stripping (also known as streaming) [7].
Stripping is mediated by the minus-end directed microtubule
motor dynein, which transports certain SAC proteins off kineto-
chores towards spindle poles along kinetochore-microtubules.
Using an ATP depletion assay that maintained dynein activity but
prevented release of its cargo from spindle poles, Howell et al.
were the first to report that Mad2 and BubR1 (as well as CENP-E,
dynein itself and 3F3/2 antigens) are transported to spindle poles,
and that inhibition of dynein prevented Mad2 removal from
attached kinetochores [8]. Subsequent studies also based on ATP
depletion have catalogued several kinetochore components for
their ability to be transported by dynein [9]. While it is consensual
that Mad1, Mad2, and spindly (which is required for dynein
kinetochore binding) are dynein cargoes, there is conflicting data
concerning the poleward transport of Bub1 and BubR1 [8,9].
Furthermore, whether all SAC components are transported to
spindle poles upon checkpoint silencing is not known yet.

In an attempt to clarify these issues, we used two ATP depletion
assays to assess the poleward transport of SAC proteins, focusing
the analysis on those that are relevant to the generation of the ana-
phase inhibitory signal. Through this approach, we confirm the
dynein-dependent transport to spindle poles of Mad1 and Mad2;
we clarify that Bub1 and BubR1 are indeed dynein cargoes; and
propose Bub3 as additional dynein cargo. We also report that the
poleward transport of these SAC proteins persists in metaphase-
arrested cells, a situation when the cells are in a SAC inactive state
with all chromosomes bipolarly attached. Interestingly, we further
propose dynein-dependent poleward transport of the KMN
components Hec1 and Mis12.
2. Results

We were particularly interested in understanding the behavior
of bona fide SAC proteins in terms of their dynein-dependent
removal from attached kinetochores during SAC silencing. We first
examined Mad1 and Mad2 as it has been established that these
proteins function as dynein cargoes. After treatment of HeLa cells
with sodium azide/2-deoxyglucose (AZ/DOG), we observed a
strong accumulation of Mad2 at spindle poles in all prometaphase
and metaphase cells analyzed, while Mad2 was undetectable at
attached kinetochores (Fig. 1A). Mad1 redistribution from
kinetochores to spindle poles mirrored that of Mad2 (Fig. 1B), in
accordance with previous reports [8–10]. Treatment with
nordihydroguaiaretic acid (NDGA) showed similar results (data
no shown).

BubR1 has been shown previously to redistribute to spindle
poles in an ATP reduction assay [8]. However, a subsequent study
using NDGA treatment reported that BubR1 did not accumulate at
spindle poles and therefore ruled out the role of BubR1 as dynein
cargo [9]. In an attempt to clarify this crucial aspect of SAC signal-
ling, we treated HeLa cells with AZ/DOG or with NDGA followed by
staining of BubR1. In the NDGA assay, BubR1 was observed at kine-
tochores but not at spindle poles, behaving much like untreated
cells (Fig. 1C), thus suggesting that BubR1 is insensitive to NDGA
in the experimental conditions here described. In the 30 min
AZ/DOG assay, we were unable to detect BubR1 at kinetochores
and at spindle poles (Supplementary Fig. 1A). However, in a recov-
ery experiment, 10 min after AZ/DOG washout, BubR1 readily
reappeared on kinetochores (Supplementary Fig. 1A). In order to
clarify whether BubR1 stability was affected by AZ/DOG, making
it inaccessible to the antibodies, we reduced the AZ/DOG incuba-
tion time to 10 min. Under such conditions, BubR1 was consis-
tently observed at spindle poles with a clear loss from both
unaligned and aligned kinetochores (Fig. 1D), suggesting that
BubR1 was affected by ATP reduction at longer incubation periods.
Although definition of how exactly BubR1 is affected by ATP reduc-
tion requires further investigation, our results suggest that BubR1
relocalizes to spindle poles upon kinetochore attachment and that
conflicting results from previous studies is due to differences in the
experimental protocols used by different authors. Such discrepan-
cies extend to the study of Bub1, which has been reported to func-
tion as dynein cargo in AZ/DOG but not in NDGA assays [9,11]. Our
data shed light into this process as they consistently show that
Bub1 leaves the kinetochores toward spindle poles after 30 min
incubation with the inhibitors (Fig. 1E) thus supporting the view
that Bub1 functions as dynein cargo.

Bub3 is a crucial kinetochore partner of Bub1 and BubR1 that is
required for efficient kinetochore-microtubule attachments [12].
Bub3 forms part of the MCC; binds to the recently identified pro-
tein BuGZ [13,14] and is required for SAC activation and silencing.
Given the multiple roles of Bub3 in SAC signaling, we set out to
investigate whether Bub3 is poleward transported by dynein upon
kinetochore-microtubule attachment. For this, we used a HeLa cell
line stably expressing EGFP-Bub3. Thirty minutes after treatment
with AZ/DOG (Fig. 1F) or NDGA (data not shown), we observed
EGFP-Bub3 at spindle poles, while a pool was retained at attached
kinetochores in all prometaphases and metaphases analyzed
(Fig. 1F). The persisting EGFP-Bub3 pool at kinetochores was not
due to insufficient inhibition as Mad2 was depleted from kineto-
chores within the same treated cells (Fig. 1G). Importantly, exten-
sion of the incubation time with the inhibitors gave the same
results (data not shown). Although the possibility that EGFP-
Bub3 competed with the endogenous version cannot be ruled
out, our data support the idea of the normal retention of a Bub3
pool at aligned kinetochores until the onset of anaphase [15].
The possibility of our observations being the result of an incom-
plete enzymatic reaction is remote given the time scale of mitosis
in HeLa cells and the fact the assays were performed for up to
45 min. Comparable incubation times for ATP reduction assays
have been reported by others [10] thus allowing a fair and mean-
ingful comparison of our experiments with such reports.

Interestingly, we observed that upon AZ/DOG or NDGA treat-
ment, Mad1, Mad2, BubR1, Bub1, and Bub3 accumulate at spindle
poles from prometaphase through anaphase (Fig. 1), suggesting
that their poleward transport may occur even in cells with the
checkpoint satisfied. This was particularly clear in the case of
Mad2 in metaphase when this protein was absent from attached
kinetochores [16]. To assess if this could be the case of other SAC
proteins, we treated cells with the proteasome inhibitor MG132
to arrest cells in metaphase before performing the ATP reduction
assay. In these conditions, all SAC proteins were still able to accu-
mulate at spindle poles (Fig. 2A). We took advantage of the HeLa
cell line stably expressing EGFP-Bub3 to perform live-cell imaging
experiments in order to monitor spindle pole relocalization of
Bub3 upon ATP reduction. In control cells, the behavior of EGFP-
Bub3 was consistent with the cellular distribution pattern
described for endogenous Bub3 throughout mitosis (Fig. 2B and
Supplementary Movie 1) [12]. We noted, however, that mitotic
progression stopped almost instantaneously upon addition of AZ/
DOG, indicating that it is affected by ATP reduction. This aspect
was not appreciated in previous works that used ATP reduction
assays, which precludes any comparison with such reports. We
therefore monitored mitotic progression by time-lapse micros-
copy, and once cells reached the desired mitotic phase AZ/DOG
was added to the medium and cells immediately filmed. Under
these conditions, EGFP-Bub3 was observed to immediately accu-
mulate to spindle poles with a pool retained at kinetochores
(Fig. 2B), confirming the results described above. Moreover, while
no accumulation of EGFP-Bub3 at spindle poles was apparent in
MG132 metaphase-arrested cells during the 30 min of filming,
addition of AZ/DOG to these MG132-pretreated cells resulted in



Fig. 1. SAC proteins accumulate at spindle poles upon ATP reduction. (A) ATP reduction was performed by 30 min incubation either with isotonic salt solution with glucose
(Saline G) or with sodium azide/2-deoxyglucose (AZ/DOG) [8]. Cells were stained with anti-Mad2, CREST as kinetochore marker, and anti-tubulin to localize spindle pole
position. (B) Cells were treated as in (A) except that they were stained for Mad1. (C) ATP reduction was performed by 30 min incubation with nordihydroguaiaretic acid
(NDGA) and cells were stained for BubR1, CREST, and tubulin. (D) Cells were treated as in (A) except that they were incubated for 10 min only with AZ/DOG and stained for
BubR1. (E) Cells were treated as in (A) except that they were stained for Bub1. (F) Cells were treated as in (A) except that a HeLa line stably expressing EGFP-Bub3 was used to
visualize Bub3 spindle pole relocalization, with a persistent pool at kinetochores. (G) A cell treated as in (A) showing that the persistence of the EGFP-Bub3 kinetochore pool is
not due to insufficient inhibition as Mad2 was completely removed from kinetochores in the same cell. PM = Prometaphase; M = Metaphase; AN = Anaphase; Bars, 5 lm.
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Fig. 2. Poleward transport of SAC proteins still occurs at metaphase. (A) HeLa cells were pre-treated with MG132 for 1 h, subjected to ATP reduction assay, and stained for
Mad2, Mad1, BubR1, or Bub1. For Bub3, the EGFP-Bub3 expressing HeLa line was used. CREST was used to localize kinetochore position, and anti-tubulin to localize spindle
pole position. (B) Selected 1 lm Z-stacks collected every minute in time-lapse experiments using HeLa cells stably expressing EGFP-Bub3. Control saline G cells (top) show
intense EGFP-Bub3 staining on prometaphase (PM) kinetochores and reduced staining on metaphase (M) and anaphase (AN) kinetochores. EGFP-Bub3 relocalizes to spindle
poles (yellow arrowheads) almost instantaneously upon AZ/DOG treatment in prometaphase (middle) and metaphase (bottom). The red arrows indicate EGFP-Bub3 foci
streaming towards the pole. (C) HeLa cells stably expressing EGFP-Bub3 were treated with MG132 and filmed for 30 min, then AZ/DOG was added and the cells were further
filmed for 60 min. EGFP-Bub3 relocalized to spindle poles (yellow arrowheads) at the start of filming. Time is shown in hours:minutes. Bar, 5 lm.
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immediate EGFP-Bub3 relocalization to the poles (Fig. 2C and Sup-
plementary Movie 2).

We then inhibited dynein in order to establish if poleward
transport of the aforementioned SAC proteins was dependent
on this motor protein. Inhibition of dynein was achieved either
by direct RNAi depletion or by preventing its kinetochore locali-
zation through RNAi depletion of spindly, a protein indispensable
for the kinetochore localization of dynein (Supplementary
Fig. 1B). Our results show that dynein inhibition abolished spin-
dle pole relocalization of Mad1, Mad2, BubR1, Bub1, and Bub3
following AZ/DOG treatment (Fig. 3). Also, we found that
dynein-inhibited cells, without or with AZ/DOG treatment, did
not retain SAC proteins on kinetochores of aligned chromosomes.
Instead, these proteins accumulated only on misaligned kineto-
chores (Fig. 3). The same results were obtained in cells co-
depleted of dynein and spindly in order to maximize dynein
depletion from kinetochores, therefore ruling out the possibility
that residual dynein delocalised SAC proteins from kinetochores
(Fig. 3). These results support the idea of the existence of a
Fig. 3. Poleward transport of SAC proteins is suppressed upon dynein depletion. Cells
subjected to ATP reduction assay, and stained for (A) Mad2, (B) BubR1 and (C) Bub3 (ana
accumulate on unaligned but not on aligned kinetochores. Mad1 behaves identically to
dynein-independent mechanism of protein stripping from
attached kinetochores during SAC silencing [10,17,18]. Moreover,
we noted that Cdc20 was not subjected to poleward transport
(data not shown) which is in good agreement with similar, previ-
ous observations [9].

An unexpected result from our analyses concerned the protein
Hec1, a subunit of the outer kinetochore KMN network that consti-
tutes the core site for microtubule attachment. In the present study
we first intended to use Hec1 as kinetochore marker instead of
CREST. Interestingly, we noted that 30 min after AZ/DOG treat-
ment, Hec1 accumulated at spindle poles and a pool remained at
attached kinetochores, in a manner that mirrored Bub3 localization
(Fig. 4A). The localization of Hec1 to spindle poles was prevented
upon dynein inhibition (Fig. 4A), thus suggesting that Hec1 func-
tion as an additional dynein cargo [9,18]. Similar results were
obtained for the other component of the KMN network, Mis12,
except that its spindle pole localization was not observed at pro-
metaphase but only when a metaphase plate became evident
(Fig. 4B).
were depleted of dynein (siDHC), spindly (siSpindly), or both (siDHC/siSpindly),
lyzed using the EGFP-Bub3 expressing cell line). Note that in all cases, SAC proteins
Mad2 (not shown); and Bub1 behaves identically to Bub3 (not shown). Bars, 5 lm.



Fig. 4. KMN components are dynein-dependent cargoes. (A) EGFP-Bub3 expressing HeLa cells were subjected to ATP reduction assay and stained for Hec1. (Left) Upon the
assay, Hec1 redistributes to spindle poles with a pool left on kinetochores, mirroring the behavior of Bub3. (Right) Dynein depleted cells (siDHC) were subjected to ATP
reduction assay and stained for Hec1 and CREST. Note the absence of Hec1 at spindle poles in cells depleted of dynein. (B) HeLa cells were transiently transfected with
pBABEblast YFP-Mis12 construct and subjected to ATP reduction assay. (Left) Upon the assay, Mis12 redistributed to spindle poles with a pool left on kinetochores. (Right)
YFP-Mis12 expressing cells were depleted of dynein (siDHC) and subjected to ATP reduction; CREST was used as kinetochore marker. Note the absence of Mis12 at spindle
poles in cells depleted of dynein PM = Prometaphase; M = Metaphase; Bars, 5 lm.
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3. Discussion

Unattached kinetochores activate and accumulate critical SAC
components such as Mad1, Mad2, Bub1, BubR1, and Bub3. Binding
of Mad2 to Mad1 to the kinetochore induces significant conforma-
tional changes that promote Mad2 binding to Cdc20, which in turn
makes Cdc20 unable to activate the APC/C [19]. Additionally, the
Mad2-Cdc20 complex associates with Bub3 and BubR1 to form
the MCC, the protein assembly that acts as a pseudosubstrate to
inhibit the APC/C [20–22]. Bub1 is required to recruit all the above
SAC components to the kinetochore and contributes to APC/C inhi-
bition through Cdc20 phosphorylation [7,23].
We used two previously described ATP reduction assays [8,9]
which prevent release of dynein and its cargoes from spindle poles,
in order to identify core SAC proteins that are transported off kine-
tochores toward spindle poles. We found that Mad1, Mad2, Bub1,
BubR1, and Bub3 accumulated at spindle poles following treatment
with the inhibitors. This poleward transport was dynein-depen-
dent as it was abolished upon dynein inhibition. The result con-
firmed that Mad1 and Mad2 function as dynein cargoes, a feature
shown in earlier reports [8–10]. We argue that the discrepancy
between previous studies concerning BubR1 and Bub1 function
as dynein cargoes is due to differences in the experimental
approaches, a concern that has been expressed by others [8,9].
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We found that BubR1 was the only SAC protein which was insen-
sitive to NDGA but not to AZ/DOG as co-staining of NDGA-treated
cells showed BubR1 only at kinetochores while Bub3 was relocal-
ized to spindle poles (Supplementary Fig. 1A). We have also deter-
mined that Bub3 is a new dynein cargo that is poleward
transported upon kinetochore attachment, suggesting a role in
SAC silencing. Such role seems consistent with Bub3 direct involve-
ment in the MCC complex whose assembly must be prevented to
relieve inhibition exerted on the APC/C thus allowing mitotic pro-
gression. Interestingly, the SAC proteins were not retained at
aligned kinetochores upon dynein depletion, supporting the exis-
tence of a dynein-independent mechanism for SAC silencing as
previously suggested [10,17,18]. Also, it should be noted that spin-
dle pole accumulation of SAC proteins reported in the present
study depends on the specific treatment we used to inhibit dynein
cargo release at the poles; such poleward transport needs, how-
ever, to be confirmed under physiological conditions upon chro-
mosome attachment.

We found that ATP depletion assays performed on cells
arrested at metaphase after pretreatment with MG132 still
resulted in a poleward transport of all the SAC proteins reported
in this study, in a manner that mirrored that of ATP depletion
assays without prior MG132 treatment. This poleward relocaliza-
tion was dynein-dependent as it was abolished by dynein inhibi-
tion. These finding suggests that metaphase cells with complete
chromosome alignment are still competent to generate a SAC sig-
nal. This is consistent with the recently reported ability to rees-
tablish SAC activity after initial silencing [24], and with the
persistence of SAC activity observed in MG132-treated mitotic
cells and in proteasome deficient cells [25,26]. As MG132-treated
cells can be arrested in metaphase with kinetochores that develop
normal tension [27], it was assumed that the kinetochores in
these cells would be depleted of Mad2, a condition that should
inactivate the SAC [9]. Although the absence of Mad2 poleward
stripping in metaphase-arrested cells, in a previously reported
ATP reduction assay, seems to support this assumption [8,9], Zeng
et al. showed that cells treated with the proteasome inhibitor
MG132 were unable to sustain a prolonged metaphase arrest
after depletion of Mad2, suggesting that MG132-mediated meta-
phase arrest may depend on continued inhibition of APC/C by
the SAC [28]. The latter notion would explain why SAC compo-
nents could be detected at spindle poles of metaphase-arrested
cells in our ATP depletion assays. Intriguingly, it is unclear how
SAC proteins appeared at spindle poles in a stage when their lev-
els are lowered since all kinetochores are attached and under ten-
sion, particularly in the case of Mad2, which leaves the
kinetochore upon attachment [16].

Interestingly, and contrary to what has been reported [9,18], we
observed that a pool of Hec1, a subunit of the outer kinetochore
KMN network that constitutes the core site for microtubule attach-
ment [29], accumulated at spindle pole in a dynein-dependent
manner. Hec1 is one of four proteins of the outer kinetochore
Ndc80 complex that together with the KNL-1 protein and the
Mis-12 complex form the conserved KMN (KNL-1/Mis-12/Ndc80)
network that constitutes the core microtubule binding site at the
kinetochore [29]. The observed dynein-dependent relocalization
of Hec1 to spindle poles is consistent with early studies where
Hec1 was reported to localize at the centrosome [30,31]. As Mis-
12 exhibited similar behaviors, it is tempting to speculate that
KMN streaming from kinetochores would partially disassemble
the docking platform that recruits SAC proteins, therefore contrib-
uting to SAC silencing by preventing further assembly of anaphase
inhibitors. At the same time, a significant pool of KMN components
must be retained at kinetochores in order to ensure efficient
attachment and chromosome transport at anaphase onset. This is
consistent with the decrease in Hec1 kinetochore levels following
an ATP reduction assay [32], and with the recently reported disas-
sembly of all KMN components at the onset of anaphase [33]. We
have previously shown that Bub3 is required for efficient kineto-
chore-microtubule attachment [12,34]. Accordingly, the pool of
Bub3 retained at the kinetochores, as observed in the present
study, might serve to sustain attachment during metaphase and
anaphase.

In summary, this report presents evidence of additional SAC
components to be subjected to dynein-mediated transport to the
spindle pole. We also show that poleward transport still occurs
in metaphase-arrested cells consistent with the reported SAC reac-
tivation ability at metaphase [24], and that a pool of Hec1 and
Mis12, may function as additional dynein cargoes, thus providing
new insights into the contribution of the KMN network to SAC
silencing.

4. Materials and methods

4.1. Cell culture, drug treatment, and RNAi

HeLa cells were cultured in DMEM (PAA Laboratories, E15-883),
supplemented with 10% FBS (GIBCO, 10500-064) and 1% antibiotic/
antimycotic (GIBCO, 12605-028) and maintained at 37 �C, in a 5%
CO2 humidified atmosphere. EGFP-Bub3 stably-expressing HeLa
cell line was generated by inserting the hBub3 cDNA in frame
into pIC113 vector [35]. Clones expressing near endogenous
levels of EGFP-Bub3 were selected and maintained in culture under
400 lg/ml of G418 (Sigma, A1720-1G). MG132 (Sigma, 2211-5MG)
was used at 10 lM for 60 min; nocodazole (Sigma, M1404-2MG)
was used at 1 lM for 60 min; nordihydroguaiaretic acid (Biomol,
BML-EI101-0001) was used at 30 lM for 30 min as described [9];
The ATP inhibition assay was performed as described [8].

Dynein knockdown was performed using validated siRNA oli-
goduplexes against Dynein Heavy Chain [36] (Santa Cruz Biotech-
nology, sc-43738). Spindly knockdown was performed using
validated siRNAs sequence [10] that was synthetized by (Sigma).
Cells were transfected as previously described [12], except that
INTERFERin siRNA Transfection Reagent (PolyPlus, 409-10) was
used. For immunoblotting, cells were collected by centrifugation,
lysed, and resuspended on SDS-sample buffer containing protease
inhibitors (Sigma cocktail, P2850-1ML), and loaded onto a 7.5%
SDS–PAGE and western blots were processed and analyzed as
described [12].

4.2. Immunofluorescence

Cells were fixed for 12 min in freshly prepared 2% paraformal-
dehyde (Sigma, 158127-500G) in phosphate-buffered saline
(PBS), permeabilized with 0.5% Triton X-100 in PBS for 7 min,
rinsed in PBS and blocked with 10% FBS in PBST (PBS plus 0.05%
Tween-20) for 30 min. Cells were then incubated for 1 h with pri-
mary antibodies diluted in PBST with 5% FBS. After three washes in
PBST for 5 min each, cells were incubated with fluorescently-
labeled secondary antibodies for 1 h, and then washed three times
5 min in PBST. DNA was stained with 2 lg/ml DAPI (Sigma, D9542-
5MG) diluted in Vectashield mounting medium (Vector, H-1000).
Images were acquired on a Spinning Disc AxioObserver Z.1 SD con-
focal microscope (Carl Zeiss, Germany), coupled to an AxioCam
MR3, and with a Plan Apochromatic 63�/NA 1.4 objective. Z-stacks
were acquired at 0.5 lm intervals, deconvolved using AxioVision
Release 4.8.2 SPC software, and projected using ImageJ software
(http://rsbweb.nih.gov/ij/).

http://rsbweb.nih.gov/ij/
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4.3. Antibodies

Primary antibodies used were: mouse anti-Mad2L1 (1:200,
Sigma, WH0004085M1-100UG); mouse anti-Bub1 (1:400, Abcam,
ab54893); mouse anti-BubR1 (1:1000, BD Biosciences, 612503);
rabbit anti-Cdc20 (1:1000, Sigma, C5497); rabbit anti-Mad1
(1:100, gift from Dr. Kuan-The, NIH, USA); human anti-CREST
(1:4500, gift from Dr. Bronze-da-Rocha, IBMC, Portugal); mouse
anti-Hec1 (1:600, Abcam, ab3613); rabbit anti-a-Tubulin (1:100,
Sigma, T5168); mouse anti-dynein intermediate chain (1:200,
Sigma, D5167); mouse anti-spindly (1:100, Sigma,
WH0054908M1-100UG); rabbit anti-spindly (1:3000, gift from
Dr. R. Gassmann, IBMC, Portugal). Alexa Fluor 488- and 568-
conjugated secondary antibodies were used at 1:1500, and 647-
conjugated secondary antibody which was used at 1:2500
(Molecular Probes). Horseradish peroxidase (HRP)-conjugated
secondary antibodies was used at 1:1500 (Vector).

4.4. Live-cell imaging

HeLa cells stably expressing EGFP-Bub3 were seeded on glass
bottom dish (Bioptechs) and synchronized in S phase using a dou-
ble thymidine (2.5 mM) block of 24 h, with a 12 h interval between
the blocks. Cells were filmed 8–10 h after the final release as they
entered mitosis, on a Delta Vision microscope, using a 100�/NA 1.4
Plan Apo objective, and an EMCCD camera (Cascade2_1 k) with
gain 75. Time-lapse images were acquired every minute (7 stacks
at 1 lm intervals).
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