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The human mitotic checkpoint protein BubR1
regulates chromosome–spindle attachments
Michael A. Lampson1,2 and Tarun M. Kapoor1
Loss or gain of whole chromosomes, the form of chromosomal
instability (CIN) most commonly associated with human
cancers, is expected to arise from the failure to accurately
segregate chromosomes in mitosis1. The mitotic checkpoint
is one pathway that prevents segregation errors by blocking
the onset of anaphase until all chromosomes make proper
attachments to the spindle. Another process that prevents errors
is stabilization and destabilization of connections between
chromosomes and spindle microtubules. An outstanding
question is how these two pathways are coordinated to ensure
accurate chromosome segregation. Here we show that in
human cells depleted of BubR1 — a critical component of
the mitotic checkpoint that can directly regulate the onset of
anaphase2–4 — chromosomes do not form stable attachments to
spindle microtubules. Attachments in these cells are restored
by inhibition of Aurora kinase, which is known to stabilize
kinetochore–microtubule attachments5–7. Loss of BubR1
function thus perturbs regulation of attachments rather than
the ability of kinetochores to bind to microtubules. Consistent
with this finding, depletion of BubR1 increases phosphorylation
of CENP-A, a kinetochore-specific Aurora kinase substrate. We
propose that BubR1 links regulation of chromosome–spindle
attachment to mitotic checkpoint signalling.
To prevent chromosomal instability due to unequal segregation of
chromosomes during cell division, two mechanisms must be coordinated. One regulates the separation of sister chromosomes through
activation of the mitotic checkpoint, and the other modulates the
attachment of chromosomes to spindle microtubules. Genetic mutations or changes in expression levels of proteins involved in checkpoint signalling, such as BubR1 and Mad2, are associated with CIN8–12.
Regulation of chromosome–spindle attachments requires the activity of Aurora kinases, currently thought to be promising therapeutic
targets that are also linked to CIN13. As the molecular basis for the
coordination between these pathways is not known, we tested the
possibility that known mammalian checkpoint proteins might also
regulate the attachment of chromosomes.
1
2

As an indicator of proper chromosome attachment, we examined
the alignment of chromosomes at the metaphase plate after depletion
of checkpoint proteins by RNA interference (RNAi) in human cells.
Depletion of checkpoint proteins can cause premature mitotic exit before
chromosomes are properly attached to the spindle and aligned14. To
control for the premature exit, we blocked the onset of anaphase using
a proteasome inhibitor. Under these conditions control cells arrest with
all chromosomes aligned at the metaphase plate (Fig. 1a). To quantify the
extent of chromosome alignment, we measured the distance of individual kinetochores from the nearest spindle pole along the pole–pole axis
(Fig. 1f). Misaligned kinetochores were defined as those for which this
distance is less than 20% of the pole–pole distance. Depletion phenotypes are shown for Mad2 and BubR1, two proteins that are required for
checkpoint activation15,16 and interact directly with Cdc20 to inhibit the
anaphase-promoting complex2–4, and CENP-E, an essential checkpoint
signalling protein17 (Fig. 1b–d). Fewer than 2% of all kinetochores were
misaligned in both control and Mad2-depleted cells, compared with
15% (±4%) for CENP-E depletion and 33% (±4%) for BubR1 depletion
(Fig. 1a–d, g). Thus, depletion of Mad2 had no chromosome alignment
phenotype, CENP-E was intermediate and BubR1 most severe. More
detailed analysis revealed a uniform distribution of kinetochores along
the length of the spindle in BubR1-depleted cells (Fig. 1h).
The severe chromosome misalignment phenotype of BubR1 depletion suggests that this mitotic checkpoint protein might be required
for proper attachment of chromosomes to the spindle. To test this
directly, we used three different assays for stable kinetochore-microtubule attachments. First we assayed for the presence of cold-stable
microtubules, as kinetochore microtubules are preferentially stabilized
at 4 °C18. In control and Mad2-depleted cells (data not shown), the spindle remained intact after cold treatment, with microtubule fibres clearly
attached to each kinetochore stained with CREST antiserum (Fig. 2a–b).
In CENP-E-depleted cells cold-stable kinetochore–microtubule fibres
were present on aligned chromosomes but not on chromosomes near
the pole (see Supplementary Information, Fig. S1i). In BubR1-depleted
cells, however, only a few cold-stable microtubules remained, and most
kinetochores had no microtubules attached to them (Fig. 2c–d). We also
examined proteins whose kinetochore localization depends strongly
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Figure 1 Depletion of BubR1 causes severe chromosome misalignment.
(a–d) Hela cells were mock transfected (control) or tranfected with Mad2,
BubR1 or CENP-E siRNA, and after 24 or 48 h, arrested in mitosis for
2 h (MG132, 10 µM) and processed for immunostaining (tubulin, green;
kinetochores (CREST), red). Scale bar represents 3 µm. (e) Western blot
analysis of knockdown. (f) Kinetochore positions were measured by the

distance from the nearest pole along the pole–pole axis, and normalized
for pole–pole distance. (g) Fraction of unaligned kinetochores (position
<0.2) was calculated for each RNAi. The average value (± s.e.m.)
over multiple cells (n ≥ 5, >400 kinetochores) is shown. (h) Profiles
of kinetochore position after control and BubR1 RNAi. Positions were
binned in increments of 0.1.

on microtubule attachment: dynein/dynactin and Mad2 (refs 19,20).
In control cells, chromosomes were aligned and both Mad2 and p150
— a subunit of the dynactin complex — were generally undetectable
on kinetochores (Fig. 2e, g). In cells depleted of BubR1, however, both
Mad2 and p150 were detected on kinetochores at high levels (Fig. 2f,
h). Quantification of fluorescence intensities showed that average Mad2
levels at BubR1-depleted kinetochores (n = 169) were more than 20
times greater than at control kinetochores (n = 118) (data not shown).
Together, the data demonstrate that BubR1-depleted cells fail to form
stable kinetochore–microtubule attachments.
We considered two possible explanations for the lack of stable kinetochore–microtubule attachments in BubR1-depleted cells. First, regulation of microtubule attachments may be perturbed, so that attachments
are not stabilized. Second, kinetochores may not assemble properly and
therefore not form stable microtubule attachments. We first tested the
possibility that the BubR1-depletion phenotype is mediated by a known
regulator of microtubule attachments, Aurora kinase. Inhibition of the
kinase activity stabilizes attachments, whereas active Aurora kinase has
a destabilizing effect6,7. To test whether the BubR1-depletion phenotype
requires Aurora kinase activity, we used two different small-molecule
inhibitors of Aurora kinase activity: hesperadin and AKI-1 (refs 7,21,22).
To minimize any effects of Aurora kinase inhibition on spindle formation, cells already arrested in mitosis were treated with an Aurora kinase
inhibitor for 1 h before analysis. In these cells, depletion of BubR1 was
confirmed by immunofluorescence (see Supplementary Information,
Fig. S1), kinetochores were concentrated in the centre of the spindle
(Fig. 3a–b) and the fraction of bipolar spindles with a recognizable metaphase plate increased from 30% (n = 100) to 85% (n = 100) (Fig. 3c).
These data show that inhibition of Aurora kinase activity suppressed the
chromosome misalignment phenotype in BubR1-depleted cells.
To test if the effect of Aurora kinase inhibition was due to stabilization
of kinetochore–microtubule attachments, we again used three assays
for stable attachments. In BubR1-depleted cells treated with an Aurora
kinase inhibitor, cold-stable microtubule fibres were clearly attached to

kinetochores (Fig. 3f–g; also see Supplementary Information, Fig. S1). In
these cells, 84% (±4% s.d.) of kinetochores had cold-stable microtubule
fibres attached, compared with only 5% (±2% s.d.) with Aurora kinase
active (>80 kinetochores counted per cell). Chromosomes aligned at the
centre of the spindle had microtubule fibres extending from sister kinetochores towards opposite poles (Fig. 3f). For some kinetochores near
the poles, syntelic orientation was observed, with both sister kinetochores attached to the same pole (Fig. 3f). The Aurora kinase inhibitors
have not been shown to be specific for Aurora A compared with Aurora
B, but we expected that the stabilization of kinetochore–microtubule
attachments was due to loss of function of Aurora B, which localizes to
centromeres. To test this, cells were depleted of both BubR1 and Aurora
B by RNAi, shown by both immunofluorescence in single cells and
western blot analysis (see Supplementary Information, Fig. S2). Loss of
Aurora B function was consistent with the effects of the Aurora kinase
inhibitors in BubR1-depleted cells, as many chromosomes aligned at
the metaphase plate with cold-stable kinetochore–microtubule fibres
attached (Fig. 3h). In independent assays for microtubule attachment,
we found that Mad2 and p150 no longer localized to kinetochores of
BubR1-depleted cells after inhibition of Aurora kinase activity (see
Supplementary Information, Fig. S3), consistent with attachment of
the kinetochore to microtubules.
As an additional test of kinetochore–microtubule attachments in
BubR1-depleted cells, we examined the ability of kinetochore microtubules to drive chromosome movements during the transition from a
monopolar to bipolar spindle. Spindles are monopolar in cells treated with
the reversible Eg5 inhibitor monastrol, with chromosomes positioned
all around the unseparated centrosomes23. The spindle becomes bipolar
after removal of the inhibitor, and chromosomes bi-orient and align at
the metaphase plate, a process that requires kinetochore–microtubuledependent transport. Spindles were monopolar in BubR1-depleted cells
treated with monastrol (M.A.L. and T.M.K., unpublished observations)
and became bipolar after removal of monastrol (Fig. 3j–k). This finding
suggests that all spindle microtubules are not perturbed after BubR1
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Figure 2 Depletion of BubR1 results in the loss of kinetochore–microtubule
attachments. (a–d) Analysis of cold-stable microtubules in control (a, b) or
BubR1-depleted (c, d) cells stained for tubulin (green), CREST (red) and
DNA (blue). (b, d) Tubulin staining alone. Insets (1–3) detail kinetochore–
microtubule interactions. (e, f) Mad2 localization in control (e) or BubR1-

depleted (f) cells (tubulin, green; Mad2, red; CREST, blue). Insets (1–3)
show kinetochores without (e) or with (f) Mad2. (g–h) p150 localization in
control (g) or BubR1-depleted (h) cells (p150, green; CREST, red; DNA,
blue). Insets (1–3) show kinetochores without (g) or with (h) p150. Scale bar
represents 3 µm. Insets show optical sections, 200% magnification.

depletion, and that interpolar and astral microtubules are most probably
functional and can drive centrosome separation. Chromosomes failed
to align on bipolar spindles in BubR1-depleted cells (Fig. 3j), consistent
with the absence of functional kinetochore–microtubule attachments.
If spindles bipolarized in these cells in the presence of an Aurora kinase
inhibitor, however, many chromosomes aligned at the metaphase plate,
with a few chromosomes remaining near the pole with syntelic attachments (Fig. 3k). This result indicates that if both BubR1 and Aurora
kinase functions are blocked, kinetochore–microtubule attachments
form that allow chromosome movements. We also found that CENPA and CENP-E localized to the kinetochore in BubR1-depleted cells,
whereas Aurora B and MCAK localized to the inner centromere (Fig. 4e;
also see Supplementary Information, Fig. S4), consistent with previous
observations14,16. Together, these data indicate that kinetochore structure
is intact and competent to form functional attachments capable of driving chromosome movement after BubR1 depletion.
Suppression by Aurora kinase inhibition suggested that the kinetochore–microtubule destabilization phenotype of BubR1 depletion might
be caused by increased activity of Aurora kinase at kinetochores. To test
this prediction, we selected a known kinetochore substrate to use as a
reporter for kinetochore-specific Aurora kinase activity. MCAK is one
known substrate, but its localization at the kinetochore and inner centromere is regulated by Aurora kinase activity24, making a quantitative
analysis of its phosphorylation state at kinetochores difficult. CENP-A
is also a known substrate and a core kinetochore component whose

localization does not depend on phosphorylation by Aurora kinases25,26.
We measured CENP-A phosphorylation at kinetochores by calculating
the ratio of phospho-CENP-A to CREST antigens, which include CENPA27. To control for the effects of unattached kinetochores in BubR1depleted cells, experiments were performed both with and without taxol,
which stabilizes microtubules28. In BubR1-depleted cells treated with
taxol, kinetochores had associated microtubules (Fig. 4b), but sister
kinetochores were not bi-oriented as in control cells. Taxol treatment
also changed the distribution of chromosomes in BubR1-depleted cells
so that kinetochores were positioned near each pole and excluded from
the centre of the spindle (Fig. 4c). CENP-A phosphorylation in BubR1depleted cells was increased by 60% (±4%) over control cells, and was not
changed by the addition of taxol (Fig. 4d–f). Inhibition of Aurora kinase
activity reduced CENP-A phosphorylation by >75% in both control and
BubR1-depleted cells (data not shown). These data indicate that the
balance of kinase to phosphatase activities at kinetochores is shifted in
BubR1-depleted cells to favour CENP-A phosphorylation.
As an additional test of the effect of BubR1 depletion on CENP-A
phosphorylation, we reduced phospho-CENP-A to low levels by inhibition of Aurora kinase activity. Removal of the inhibitor, which is
reversible, activates Aurora kinase7. Thirty minutes after removal of the
inhibitor, CENP-A phosphorylation was still low in control cells but
markedly higher (5.9 ± 1.3-fold) in BubR1-depleted cells (Fig. 4g–k).
Thus, phosphorylation of a known Aurora kinase substrate is increased
at kinetochores in BubR1-depleted cells.
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Figure 3 Inhibition of Aurora kinase activity suppresses the BubR1-depletion
phenotype. (a) A BubR1-depleted cell treated with hesperadin (20 nM, 1 h)
and stained for tubulin (green), CREST (red) and DNA (blue). (b) Profiles of
kinetochore positions along the spindle axis (calculated as in Fig. 1). (c) The
fraction of cells containing bipolar spindles with a recognizable metaphase
plate was determined. Bars show the average of two experiments. (d–h) Coldstable microtubules in BubR1-depleted cells treated without (d, e) or with (f,
g) hesperadin or depleted of Aurora B simultaneously (h), stained for tubulin
(green), CREST (red) and DNA (blue). (e, g) Tubulin alone. Insets (1–4) show

individual kinetochores without (d) or with (f, h) cold-stable microtubules, some
with syntelic orientation (f, insets 1, 4). Similar results were obtained with
another Aurora kinase inhibitor (see Supplementary Information, Fig. S1). (i)
Schematic of spindle bipolarization as cells recover from monastrol treatment.
(j, k) After removal of monastrol, BubR1-depleted cells were incubated for 1 h
without (j) or with (k) hesperadin and then processed for immunofluorescence.
Tubulin (green), CREST (red) and DNA (blue). Insets (1–3) show individual
kinetochores with syntelic (1, 3) or bi-oriented (2) attachments. Scale bar
represents 3 µm. Insets show optical sections, 200% magnification.

Our data show that unlike other proteins known to interact directly
with Cdc20 to inhibit the anaphase promoting complex, BubR1 is
required for regulation of kinetochore–microtubule attachments as
well as activation of the mitotic checkpoint (Fig. 4l). Changes in the
normal function of proteins involved in checkpoint signalling, such as
reduction in BubR1 expression9,10, are associated with human cancer, and
small-molecule inhibitors of protein kinases that regulate attachment are
being validated in animal models as promising therapeutic agents for
cancer treatment13. Understanding the interplay between these pathways,
which are directly linked through BubR1, has important consequences
for developing new strategies to treat human disease.

and 100 µg ml–1 respectively; Invitrogen), at 37 °C in a humidified atmosphere
with 5% CO2. Cells were plated on glass coverslips in six-well dishes, and medium
was changed to Opti-MEM I (Invitrogen) before transfection, performed using
Oligofectamine following the manufacturers instructions (Invitrogen). siRNA
duplexes targeting Mad2 (5′-AAGAGUCGGGACCACAGUUUA-3′), BubR1 (5′AACGGGCAUUUGAAUAUGAAA-3′), CENP-E (SMARTpool, containing four
pooled siRNA duplexes) or Aurora B (5′- AACGCGGCACUUCACAAUUGA3′) were from Dharmacon Research (Lafeyette, CO). Buffer alone was used for
mock transfection (control). Results for BubR1 depletion were confirmed using
a different oligo (5′-AAAGAUCCUGGCUAACUGUUC-3′). Twenty-four hours
(CENP-E) or 48 h (Mad2 and BubR1) after transfection, cells were either used for
experiments or lysed for western blot analysis.
Antibodies used for western blots were: polyclonal antibodies against Mad2
(a gift from D. Compton, Dartmouth Medical School, Hanover, NH), BubR1 (a
gift from W. Dai, New York Medical College, Valhalla, NY) or CENP-E (HX-1;
a gift from T. Yen, Fox Chase Cancer Center, Philadelphia, PA); a monoclonal
antibody against α-tubulin (DM1A; Sigma); and a monoclonal antibody against
Aurora B (BD Transduction Laboratories, San Diego, CA). The same antibodies

METHODS
siRNA transfection and antibodies. Hela cells were cultured in growth medium,
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA) with 10%
fetal bovine serum (Sigma, St Louis, MO) and penicillin–streptomcyin (100 U ml–1

96

NATURE CELL BIOLOGY VOLUME 7 | NUMBER 1 | JANUARY 2005
©2005 Nature Publishing Group

print ncb1208.indd 96

8/12/04 3:14:27 pm

LETTERS
a

c

BubR1 RNAi + taxol

b
1
2
4

3

1

4

2

5

50
Percentage of
all kinetochores

Control + taxol

3

P-CENP-A / crest

f

P-CENP-A / crest

BubR1 RNAi

20

BubR1 RNAi
+ taxol

10
0
0.1 0.2 0.3 0.4 0.5
Fractional distance along spindle axis

d

k

Control + taxol

30

0

5

e

Control

40

g

i

h

j

BubR1
RNAi

Control
2.0
1.5
1.0
0.5
0.0

- Taxol

+ Taxol

l
1.0
0.8
0.6
0.4
0.2
0.0

Anaphase promoting
complex/Cyclosome

Control
Microtubule
fibre

BubR1
RNAi

Aurora
kinase
inhibitor

BubR1

Inhibitor
removed

Destabilize
attachment

Kinetochore

Mad2
Aurora B

Figure 4 BubR1 depletion increases Aurora kinase-dependent CENP-A
phosphorylation at kinetochores. (a, b) Control (a) and BubR1-depleted (b)
cells were treated with taxol (10 µM, 1 h) and stained for tubulin (green)
and CREST (red). Insets (optical sections, magnification 300%) show
kinetochore-associated microtubules in BubR1-depleted cells. (c) Profile
of kinetochore positions along the spindle axis, calculated as in Fig. 1, for
cells treated with or without taxol. (d, e) Control (d) and BubR1-depleted
(e) cells were stained for phospho-CENP-A (red) and CREST (blue). (f)
Fluorescence intensities of phospho-CENP-A and CREST at kinetochores
were summed over an entire cell, and the phospho-CENP-A/CREST ratio

was averaged over multiple cells (n = 5). The average values of at least two
independent experiments are shown. (g, h) Control (g) and BubR1-depleted
(h) cells were treated with hesperadin for 1 h and stained for phosphoCENP-A (red) and CREST (blue). (i, j) Control (i) and BubR1-depleted (j)
cells were treated as in (g, h), except that hesperadin was removed after
1 h, and cells were allowed to recover for 30 min before fixation. (k) The
phospho-CENP-A/CREST ratio was calculated for cells treated as in (g–j). (l)
Schematic representation, highlighting the role of BubR1 as a link between
the regulation of kinetochore–microtubule attachment and checkpoint
activation. Scale bar represents 3 µm.

against BubR1, Aurora B and α-tubulin were used for immunofluorescence, as
well as a polyclonal anti-XMad2, a monoclonal anti-p150glued (BD Transduction
Laboratories) and a polyclonal anti-MCAK (a gift from C. Walczak, Indiana
University, Bloomington, IN). Human CREST antiserum (a gift from W. Brinkley,
Baylor College of Medicine, Houston, TX) was used to stain kinetochores. A
polyclonal antibody against CENP-A phosphorylated at Ser-7 was a gift from D.
Allis (Rockefeller University, New York, NY). Secondary antibodies conjugated
to fluoroscein isothyocyante (FITC), rhodamine, Texas red or Cy5 were from
Jackson ImmunoResearch (West Grove, PA).

monastrol, and cells were incubated with MG132 with or without hesperadin
for 1 h before fixation with methanol.
All images were acquired as Z-stacks with 0.2-µm spacing using a ×100,
1.35 NA objective on a DeltaVision Image Restoration Microscope (Applied
Precision Instruments, Issaquah, WA and Olympus, Melville, NY), and processed by iterative constrained deconvolution (SoftWoRx, Applied Precision
Instruments). Maximal intensity projections of the entire Z-stack are shown,
and optical sections show individual kinetochores more clearly (insets). Image
analysis was performed using either SoftWoRx or Metamorph (Universal
Imaging, Downington, PA) software.
For comparison of Mad2 and p150 at kinetochores, image processing for the insets
showing individual kinetochores was identical for control and BubR1-depleted cells.
Mad2 fluorescence intensity was quantified for individual kinetochores (data not
shown), selected manually by CREST staining, in single deconvolved Z-sections.
After subtraction of background intensity — estimated from regions of the cell
without kinetochores — intensities were averaged over multiple kinetochores.
To count kinetochores with cold-stable microtubules attached, CREST staining
was used to identify kinetochores in deconvolved image Z-stacks. Each kinetochore was characterized as ‘attached’ or ‘unattached’, depending on whether a
microtubule fibre ended at the kinetochore. Kinetochores for which the attachment state could not be clearly determined (that is, the microtubule density was
too high) were not counted. An average of 97 kinetochore were counted per cell,
with three cells analysed in each case.

Immunofluorescence. All cells were incubated for 2 h in growth medium with
the proteasome inhibitor MG132 (10 µM; Sigma) before fixation, unless otherwise noted. To inhibit Aurora kinase activity, hesperadin (20 nM) or AKI-1
(1 µM) were added for the last hour (for details of these inhibitors, see ref. 7). For
analysis of cold-stable microtubules, cells were incubated for 10 min on ice in L-15
medium (Invitrogen) with 20 mM Hepes at pH 7.3, then fixed for 10 min at room
temperature with 3.7% formaldehyde in 100 mM Pipes at pH 6.8, 10 mM EGTA,
1 mM MgCl2 and 0.2% Triton X-100. For all other experiments, cells were fixed
for 10 min in methanol at –20 °C. After fixation, cells were blocked in TBS with
0.1% Triton X-100 and 2% bovine serum albumin (BSA), and antibodies were
diluted in the same medium. DNA was labelled with Hoechst 33342 (Sigma).
For the monastrol-washout experiment, cells were incubated for 2 h with
MG132 and monastrol (100 µM). The medium was exchanged to remove
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Analysis of kinetochore positions. Kinetochore positions were determined from
maximal intensity projections of deconvolved images, using an automated analysis. Based on CREST staining, objects (representing kinetochores) were defined
as regions of contiguous pixels with intensity above a threshold. For each object,
an internal threshold of 75% of the maximum for that object was used to separate
overlapping objects. An average of 90 kinetochores per cell were selected by this
method. The position of each kinetochore was recorded as the object centroid, as
well as the positions of the two spindle poles, determined from tubulin staining.
For each kinetochore, the nearest point on the pole–pole line was determined, and
the distance from that point to the nearest pole was calculated and normalized
by the pole–pole distance. Misaligned kinetochores were defined as those with
normalized distance <0.2. At least five cells (>400 kinetochores) were analysed
for each RNAi experiment.
Quantification of phosphorylated CENP-A. Cells were incubated for 2 h with
MG132 (10 µM), with taxol (10 µM) added for the last hour as indicated, then
fixed and stained for phospho-CENP-A, CREST and tubulin. Cells for analysis
were selected without knowledge of phospho-CENP-A staining. For each plane in
a deconvolved Z-stack, CREST staining was used to define kinetochore regions,
using an intensity threshold. The CREST and phospho-CENP-A intensities
in these regions were summed over the entire cell. Background fluorescence,
estimated from regions of the cell without kinetochores, was subtracted. The
phospho-CENP-A/CREST ratio was calculated and averaged over multiple cells
(typically, n = 5). To compare between independent experiments, the average
phospho-CENP-A/CREST ratio for each experimental condition was normalized
to control cells without taxol. Averages of at least two independent experiments
are presented.
For experiments with taxol, individual kinetochores visibly associated with
microtubules were also selected manually. The phospho-CENP-A/CREST ratio
was calculated for each kinetochore and averaged over multiple kinetochores. A
50% increase in BubR1-depleted cells was measured (data not shown), consistent
with the analysis of all kinetochores combined.
For experiments with hesperadin (Fig. 4g–k), cells were fixed after one of
the following treatments: first, 1 h with MG132; second, same as the first, then
1 h with MG132 and hesperadin (20 nM); and third, same as the second, then
removal of hesperadin and 30 min treatment with MG132 alone. The phosphoCENP-A/CREST ratio was calculated as described above and normalized to
control cells with MG132 alone (treatment 1). The averages of two independent
experiments are presented.
Note: Supplementary Information is available on the Nature Cell Biology website.
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Figure S1 Inhibition of Aurora kinase activity with AKI-1 suppresses the
BubR1 depletion phenotype. (A-F) Control (A, D) or BubR1-depleted (B-C, EF) cells were treated without (A-B, D-E) or with (C, F) AKI-1 (1 µM, 1 hr) and
stained for tubulin (green), CREST (red), and BubR1 (blue). (D-F) BubR1
staining alone. BubR1 staining is apparent in control (A, D) but not BubR1depleted (B-C, E-F) cells, both cytoplasmic and on kinetochores, shown
in insets (1-3). (G-H) Cold-stable microtubules in BubR1-depleted cells

treated without (G) or with (H) AKI-1, stained for tubulin (green), CREST
(red) and DNA (blue). (H) Insets (1-3) show individual kinetochores with
cold-stable microtubules. (I) Cold-stable microtubules in a CENP-E depleted
cell, stained for tubulin (green), CREST (red) and DNA (blue). Insets show
aligned (2, 3) and polar (1, 4) chromosomes with and without cold-stable
kinetochore-microtubules, respectively. Insets, magnification 200%. Scale
bar, 3 µm.

WWW.NATURE.COM/NATURECELLBIOLOGY

1

© 2005 Nature Publishing Group

S U P P L E M E N TA R Y I N F O R M AT I O N
Control

BubR1 RNAi

A

BubR1 and Aurora B RNAi

B

C

G
siRNA
BubR1
Aurora B

-

+
+

+
-

+

BubR1
Aurora B

D

E

F

Figure S2 Depletion of BubR1 and Aurora B by siRNA. (A-F) Cells were mock
transfected (A, D) or with BubR1 siRNA (B, E) or BubR1 and Aurora B
siRNA together (C, F). After 48 hrs cells were arrested in mitosis for 2 hrs
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and processed for immunofluorescence. (A-C) Tubulin (green), DNA (blue),
and Aurora B (red) staining. (D-F) BubR1 staining in the same cells. Scale
bar, 3 µm. (G) Western blot analysis of knockdown.
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Figure S3 Inhibition of Aurora kinase activity results in loss of Mad2 and
p150 from kinetochores in BubR1-depleted cells. BubR1-depleted cells
were treated without (A, C) or with (B, D) hesperadin (20 nM, 1 hr). (A-B)
Mad2 localization (tubulin: green; Mad2:red; CREST:blue). Insets (1-3) show

individual kinetochores with (A) or without (B) Mad2. (C-D) p150 localization
(p150:green; CREST:red; DNA, blue). Insets (1-3) show individual
kinetochores with (C) or without (D) p150. Insets, magnification 200%.
Scale bar, 3 µm.
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Figure S4 Aurora B, MCAK, and CENP-E localization in BubR1-depleted
cells. Control (A, C, E) or BubR1-depleted (B, D, F) cells were stained for
either Aurora B (A-B), MCAK (C-D), or CENP-E (E-F), shown in green, with

3

CREST (red) and DNA (blue). Insets (1-3) show individual kinetochores with
Aurora B (B) or MCAK (D) at the inner centromere, or CENP-E (F) at the
kinetochore. Insets, magnification 200%. Scale bar, 3 µm.
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