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Accurate chromosome segregation 
during mitosis is achieved by the 

kinetochore fibers (K-fibers) of the spin-
dle apparatus. These fibers are bundles of 
microtubules (MTs) connected by non-
motor bridges. We recently identified a 
TACC3/ch-TOG/clathrin complex that 
constitutes the shortest class of inter-MT 
bridge in K-fibers. TACC3 anchors the 
complex to MTs and this is dependent 
on phosphorylation by Aurora A kinase. 
Here we show that inhibition of Aurora A 
kinase using MLN8237 results in (1) loss 
of clathrin and TACC3 from spindles, (2) 
destabilization of K-fibers and (3) loss of 
inter-MT bridges. These results are simi-
lar to those in cells depleted of clathrin 
or TACC3; suggesting that TACC3/ch-
TOG/clathrin bridges are the major class 
of bridge that is regulated by this kinase.

The mitotic spindle is responsible for 
the accurate segregation of chromo-
somes that occurs during mitosis.1 The 
spindle apparatus is a dynamic assembly 
of microtubules (MTs), motors and non-
motor proteins.2,3 Chromosome move-
ments are performed by the kinetochore 
fibers (K-fibers) of the spindle. K-fibers 
are bundles of 20–40 MTs that run from 
the kinetochore on the chromosome to the 
spindle pole.4 The stability of these fibers 
is important for chromosome movement 
and successful mitosis.

In electron micrographs, the MTs in 
K-fibers are connected by electron-dense 
inter-MT bridges.5,6 These bridges are 
hypothesized to allow for the uniform 
transduction of forces throughout the MT 
bundle and to contribute to fiber stabil-
ity. The inter-MT bridges in K-fibers vary 
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in length from ~16 to ~60 nm5,7 and are 
thought to be comprised of non-motor 
proteins.2,3 In a recent paper, we described 
that the shortest type of bridges in K-fibers 
are comprised of a complex of transform-
ing acidic coiled-coil protein 3 (TACC3), 
colonic, hepatic tumor overexpressed gene 
(ch-TOG) and clathrin.7 Depletion of 
clathrin heavy chain (CHC) by RNAi 
resulted in K-fibers that lacked the short-
est type of inter-MT bridges. Similar 
results were found in TACC3-depleted 
cells. Longer bridges were still present, 
indicating that different proteins may con-
stitute these other bridge classes. Finally, 
we showed labeling of inter-MT bridges 
with clathrin immunogold. Our results 
suggested that clathrin is the actual cross-
bracing molecule with TACC3/ch-TOG 
acting as anchor points on adjacent micro-
tubules. This interpretation accounts for 
our results7-10 and those of others.11-13

The activity of the mitotic kinase 
Aurora A was found to be crucial for the 
localization of the TACC3/ch-TOG/
clathrin complex components on the 
spindle. We found that phosphorylation 
of TACC3, presumably at serine 558, by 
Aurora A kinase is required for TACC3 to 
bind to MTs and to subsequently recruit 
clathrin to the spindle.7 Acute inhibition 
of Aurora A kinase with the specific inhib-
itor MLN8237 (0.3 μM) resulted in a loss 
of TACC3 and clathrin from the spindle 
within 35 min. In addition, mutation of 
serine 558 to alanine completely blocked 
recruitment of TACC3 and clathrin to the 
spindle.7

A drawback of RNAi is that protein 
depletion is relatively prolonged compared 
to the length of the cell cycle. The mitotic 
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Orphan kinetochores could be found at 
the metaphase plate suggesting that they 
had congressed normally but had lost their 
stable attachment to the spindle (Fig. 1B). 
The effect of inhibiting Aurora A kinase 
during metaphase is therefore similar to 
depletion of CHC by RNAi.9

In a previous study, we found that 
depletion of either CHC or TACC3 
resulted in a loss of inter-MT bridges 
from K-fibers. The missing bridges were 
the shortest form of inter-MT bridge and 
the longer types of bridges were found to 
be slightly upregulated.7 We analyzed by 
electron microscopy the inter-MT bridges 
in K-fibers of cells close to metaphase 
where Aurora A kinase was inhibited 
using MLN8237 (Fig. 2A). The frequency 
of bridges per unit length of total MT 
or of parallel MT was reduced by ~37% 

was likely due to blocking phosphoryla-
tion of TACC3, a known Aurora A kinase 
substrate.15,16

We next examined kinetochore fiber 
stability using a qualitative immunofluores-
cence assay. Previously, depletion of CHC 
was shown to result in misaligned chromo-
somes in metaphase-like cells.9 These cells 
had K-fibers that were not stably attached 
and could be depolymerized by cold treat-
ment. We tested whether or not cells 
treated with MLN8237 (0.3 μM) for 40 
min had a similar mitotic defect. Figure 1B 
shows that control HeLa cells at metaphase 
had good alignment of the metaphase plate 
and most kinetochores had cold-stable 
K-fiber attachments. In cells where Aurora 
A kinase had been inhibited, misaligned 
chromosomes were evident and several 
“orphan” kinetochores could be found. 

spindle is constructed in the absence of the 
protein of interest and so compensatory 
mechanisms may complicate the inter-
pretation of the experiment. The acute 
removal of clathrin and TACC3 from 
spindles by chemical inhibition of Aurora 
A kinase presents an opportunity to con-
firm that removal of these proteins results 
in loss of inter-MT bridges from spindles 
that have assembled normally.

As reported previously in reference 7, 
treatment of cells near metaphase with 
MLN8237 (0.5 μM, 40 min) resulted in a 
loss of clathrin and TACC3 from mitotic 
spindles (Fig. 1A). Inhibition of Aurora A 
kinase did not result in a non-specific loss 
of all spindle proteins because NuMA, a 
protein that crosslinks MTs at the spindle 
pole,14 was still present. This indicated 
that the effect on TACC3 and clathrin 

Figure 1. Effect of inhibition of Aurora A kinase on TACC3/clathrin localization and K-fiber stability. (A) Inhibition of Aurora A kinase resulted in loss of 
clathrin and TACC3 from mitotic spindles. HEK293 cells near metaphase were treated with MLN8237 (0.5 μM, 40 min) prior to fixation and staining with 
the indicated antibodies. All experimental details are as described previously in reference 7, anti-NuMA (#3888, Cell Signaling). Bar, 10 μm. (B) Inhibi-
tion of Aurora A kinase resulted in destabilization of kinetochore fibers. HeLa cells near metaphase were treated with no drug (Control) or MLN8237 
(0.3 μM, 40 min) and then incubated for 6 min in warm (control) or cold (cold treated) media to depolymerize any non-stable MTs. Cells were fixed and 
stained for b-tubulin (green), CENP-B (red) and DNA (DAPI, blue). Bar, 10 μm. Note the misaligned chromosomes (arrows) and the “orphan” centro-
meres in the inset. Similar observations were reported in clathrin-depleted cells.9,10
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other Aurora A substrates18 whose localiza-
tion or function at the spindle is likely to 
depend on the activity of the kinase. The 
observed changes in inter-MT bridges fol-
lowing brief incubation with low concentra-
tions of MLN8237 represent a very specific 

and TACC3-depleted cells.7 This suggests 
that these defects arise from the removal 
of clathrin/TACC3 from K-fibers.

MLN8237 is a specific inhibitor of 
Aurora A kinase and so off-target effects 
are minimized.17 However, there are many 

(Fig.  2B). The frequency distribution 
of bridge lengths was also altered with 
median bridge lengths of 23.4 and 32.2 nm 
in controls versus MLN8237-treated cells 
(Fig. 2C). Again, these results are broadly 
similar to the data from clathrin-depleted 

Figure 2. Effect of inhibition of Aurora A kinase on inter-MT bridges. Inhibition of Aurora A kinase resulted in loss of inter-MT bridges. MLN8237-treat-
ed HeLa cells near metaphase were processed for EM. (A) Representative sections to show the morphology of K-fibers. Zoomed regions show bridges 
indicated by arrowheads. Scale bar, 200 nm. (B and C) Quantification of inter-MT bridges in K-fibers from control or MLN-treated cells. (B) Bar chart to 
show the average frequency of bridges per unit length of total or paired MTs. Student’s t-test, p = 0.066 and p = 0.014; Ncell = 3; Bars, mean ± SEM. (C) 
Frequency histogram to show the length distribution of inter-MT bridges. Inset: Tukey plots of the length distribution data.
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change in spindle structure. This suggests 
that TACC3/ch-TOG/clathrin bridges are 
the main class of bridge whose localization 
is dependent of Aurora A kinase. However, 
the antiproliferative property of this class of 
inhibitors19 is more likely to result from the 
global inhibition of Aurora A phosphory-
lations rather than solely on the specific 
effect of inter-MT bridge removal.

Rapid and specific removal of spindle 
proteins is likely to be a major advance 
over long-term depletion studies. For 
example, in clathrin-depleted cells, loss of 
short inter-MT bridges appeared to pre-
cede loss of MTs in K-fibers.7 It may be 
possible to separate temporally bridge loss 
and MT loss using chemical inhibition. 
Future studies will therefore concentrate 
on methods to rapidly remove spindle pro-
teins specifically.
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