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1. Introduction mitosis 
 
1.1 Cell division and development 

Every human being develops from a single fertilized oocyte to an adult 
through trillions and trillions of cell divisions. During each and every round of cell 
division, the chromosomes must be duplicated exactly once and the two identical 
copies of the genetic material must be divided equally over the two daughter cells. In 
addition to the chromosomes, all other cellular organelles much also be duplicated in 
number or size and divided so that each daughter cell gets approximately half of 
each organelle. The division of the cellular content, including the DNA, occurs 
during a brief phase of the cell cycle known as mitosis. Every developing organism 
must fulfill the monumental task of undergoing trillions of cell divisions without 
making any errors in the division of the chromosomes, as such can frequently lead to 
severe developmental defects and have been implicated in cancer formation. The 
question of how cells are able to divide their genetic material with such accuracy has 
been the focus of intense investigation for several decades, but many imporant 
questions still remain. 
  
1.2 Mitosis: A mechanical problem 
 Many aspects of the cell cycle are driven by chemical signaling events, often 
initiated by extracellular signals, and passed on within the cell by specialized 
signaling molecules, including the well studied family of cyclin-dependent kinases 
(CDKs) 1. Mitosis, on the other hand, is a different cup of tea altogether. While entry 
into mitosis is controlled by chemical signals resulting in the activation of the 
mitotic cyclin-dependent kinase, CDK1 2, mitosis itself is mostly a mechanical 
process. The central player in this process is called the mitotic spindle, a very large 
structure made up of thousands of polymers called microtubules and hundreds of 
associated proteins 3,4.  For mitosis to be successful, roughly 5 major physical 
hurdles need to be overcome.  

First, a two-sided symmetry must be generated within the cell. As the DNA 
is duplicated exactly once, the mother cell needs to divide in exactly two daughter 
cells. For such a division to occur properly, a two-sided symmetry is essntial. This is 
accomplished through formation of a so called “bipolar” spindle, which contains two 
spindle poles on opposite sides of the cell. Second, microtubules must bind to 
chromosomes. This occurs at specialized structures at the centromeres region of 
chromatids, known as kinetochores 5. The interaction of microtubules with 
kinetochores must be stable enough to last throughout the duration of mitosis, but 
must be dynamic enough to allow for growth and shortening of the kinetochore-
microtubule during chromosome movement and correction of erroneous 
attachments. In addition, each pair of sister chromatids must attach to microtubules 
coming from opposite poles, to ensure that upon division, each daughter cells 
receives exactly one copy of each duplicated chromosome. Third, all chromosomes 
align at the center of the cells in a process called chromosome congression. Although 
this is to some extent a consequence of bi-orientation (the process in which sister 
chromatids are attached to microtubules emanating from opposite poles), several 
additional important processes are thought to be involved in chromosome 
congression, including microtubule motor-dependent chromosome movement 6,7. 
Fourth, once all chromosomes have achieved correct kinetochore-microtubule 
attachments and have aligned to the metaphase plate (a process monitored by the 
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spindle assembly checkpoint, which will not be discussed here, but has been covered 
in an excellent recent review 8), the segregation of the two sets of sister 
chromosomes to opposite sides of the cell needs to occur. Physical separation of the 
two sets of sister chromosomes to different areas in the cell, allows equal division of 
the two sets of sister chromosomes once the cell splits in half. Fifth and last, once the 
sister chromosomes have been positioned in opposite sides of the cell, the actual 
division of the cell in two daughter cells needs to occur, in a process called 
cytokinesis. While the first four points described are mainly driven by microtubules, 
cytokinesis is largely dependent on the actomyosin network. In the following 
sections, I will focus on the mechanism of bipolar spindle assembly, centrosome 
separation, formation of kinetochore-microtubule attachments and chromosome 
congression. For introductions on the topics of anaphase and cytokinesis, I refer the 
reader to several recent reviews 9,10, as these topics are not covered in this thesis. 
  
 
2 Centrosome separation during prophase 
 
2.1 Loss of centrosome cohesion 
 During S-phase, the centrosome, which is the major microtubule-organizing 
and nucleating center in the cell, is duplicated exactly once along with the 
duplication of the DNA 11, resulting in a mother and a daughter centrosome. 
However, the two centrosomes remain closely associated with each other until late 
G2/prophase, at which time they separate, arguably the first step towards bipolar 
spindle formation 12. Centrosome separation likely involves two steps. First, the 
mechanical linkage or cohesion between the mother and daughter centrosome needs 
to be broken. Centrosome cohesion depends on a complex of centrosomal Nek2-
associated protein 1 (C-NAP1) and rootletin 13-15 and loss of either protein results in 
premature centrosome splitting 13,14. Interestingly, both C-NAP1 and rootletin are 
lost from centrosomes as cells enter mitosis, further implicating these proteins as 
important mechanical linkers of the two centrosomes prior to mitosis 13,14,16. Loss of 
C-NAP1 and rootletin from centrosomes involves the NIMA-related kinase 2a 
(Nek2). Nek2a can phosphorylate both C-NAP1 and rootelin 13,16 and overexpression 
of Nek2 displaces rootelin from centrosomes and triggers premature centrosome 
splitting 13,17. In addition, expression of a kinase-dead version of Nek2a inhibits 
centrosome separation and results in formation of monopolar spindles 18, implicating 
Nek2a as a central regulator of centrosome separation. Thus, regulation of 
centrosome cohesion by Nek2a is an important first step during bipolar spindle 
assembly, although it remains to be determined how Nek2a is activated at that right 
time in the cell cycle. 
 
2.2 Role of dynein in prophase centrosome separation 
 After loss of centrosome cohesion, centrosomes migrate along the nuclear 
envelope (NE) to opposite sides of the nucleus. This type of centrosome migration 
occurs in all organisms that undergo an “open” mitosis (in which the NE breaks 
down at the onset of mitosis), but surprisingly little is known about the mechanisms 
of centrosome migration during G2 and prophase.  

Several studies have shown a role in prophase centrosome migration for the 
minus end-directed motor dynein 19-22. The dynein motor protein (dynein heavy 
chain, DHC) is a part of a very large motor protein complex containing not only a 
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heavy chain force-generating polypeptide, but also two intermediate chains, two 
light intermediate chains and several light chains 23. In addition, the dynein motor 
complex associates with another large complex called dynactin 24, as well as a large 
array of adaptor proteins, but currently, the role of the individual components of the 
dynein motor complex remains largely unknown. Dynein localizes to many distinct 
subcellular compartments. In interphase, dynein localizes to the plus-ends of 
growing microtubules, to a plethora of intracellular vesicles and to the cell cortex, 
while in prophase it localizes to the NE 23. In addition, in mitosis dynein transiently 
binds to kinetochores and spindle microtubules.  
 
Dynein at the cortex 

Since dynein is a minus-end directed motor, one possibility is that dynein at 
the cortex, can pull on microtubules coming from the centrosomes. If microtubules 
from the two centrosomes are pulled on by dynein molecules on opposite sides of the 
nucleus, centrosomes will be pulled apart (Fig. 1A). There are, however, several 
potential problems with this simple model. First, when centrosomes are close 
together early in the centrosome separation process, it is unclear how microtubules 
from one centrosome could establish cortical interactions that are different from the 
microtubules origination from the other centrosome, a prerequisite for migration of 
centrosomes in different directions (Fig. 1B).  

Second, each centrosome will only move along the NE when the pulling 
force from one side is higher than the pulling force from the other side and it is 
unclear how such asymmetric pulling force could be accomplished (Fig. 1B). Indeed, 
attempts to model prophase centrosome separation in Drosophila embryos using 
cortical dynein as an outward force generator failed, unless an asymmetric 
distribution of dynein pulling forces was incorporated 25,26. In highly polarized cells 
in early Drosophila embryos, evidence for such asymmetric interactions with the 
cortex has been obtained 26, but the molecular basis for such asymmetry is unclear 
and it is uncertain if similar asymmetric attachments occur in non-polarized cells.  

 
 

 
Figure 1. Models of dynein function during prophase centrosome separation. 
(A) Dynein is anchored at the cortex and captures microtubules coming from the centrosomes. 
Dynein then walks along centrosomal microtubules, towards their minus-end, which pulls 
centrosomes apart. An important aspect of this model is that microtubules from the two centrosomes 
associate with different molecules of dynein to generate asymmetric pulling forces capable of 
directing centrosome movement in opposite directions. (B) If microtubules from a centrosome 
interact randomly with cortical dynein molecules, centrosomes will be pulled away from the NE, but 
will not separate from each other. (C) When dynein is anchored at the NE it can capture and walk 
along centrosomal microtubules as in (A), but dynein-dependent pulling forces on centrosomes will 
always be directed along the nuclear envelope, rather than away from it as can be the case with 
cortical dynein. (D) Like with cortical dynein, centrosomal microtubules still need to make 
asymmetric interactions with NE-associated dynein to facilitate centrosomal movement. (E) 
Microtubule outgrowth from centrosomes occurs in all directions. However, when centrosomes are 
very close together, microtubule outgrowth is block by the neighboring centrosome, which generates 
an asymmetric microtubule array. Interactions with centrosomal microtubules with NE-associated 
dynein can thus generate asymmetric pulling forces and promote centrosome separation. Blue arrows 
represent direction of dynein motility, red arrows present the direction of movement of the 
centrosome (A-D). In (E) each arrow corresponds to the movement of the centrosome in the same 
color. 
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Third, the orientation of the main force vector of cortical pulling forces is not 
in line with the direction of movement of centrosomes along the NE, but rather this 
force is expected to pull the centrosomes away from the NE, towards the cell cortex, 
especially in large non-polarized cells (Fig. 1B). An additional component is 
therefore required that tightly tethers centrosomes to the nucleus, but is sufficiently 
dynamic to allow for centrosome movement along the NE. The angle of the force 
vectors will be highly dependent on the cell geometry and, while such mechanisms 
may work for certain cells with a well-defined geometry, it is unclear how robust 
such a mechanism is in cells with a variable shape. 
 
Dynein at the nuclear envelope 

In addition to its cortical localization, dynein could also contribute to 
centrosome separation through its localization at the nuclear envelope. Dynein is 
specifically recruited to the NE in late G2 19,27,28, just prior to centrosome separation, 
suggesting it might have a function in this process. NE-associated dynein could pull 
on microtubules coming from the centrosomes, similar to cortical dynein (Fig. 1C). 
This model has two advantages over the cortical dynein model. First, the force 
vector of NE-associated dynein is directed so that is pulls centrosomes along the NE, 
rather than away from the NE. Second, centrosomes are very close to the NE, which 
would greatly facilitate interactions between microtubules coming from the 
centrosome and dynein at the NE. However, also in this model it is not completely 
clear how microtubules coming from a centrosome, which grow in all directions, 
will interact specifically with dynein molecules on one side of the centrosome to 
allow the pulling forces on that centrosome to become asymmetric. One possible 
solution for this is that a centrosome could act as a shield to block microtubules 
growing from the other centrosome. This will result in a preferential growth of 
microtubules away from the opposing centrosome, thereby breaking the symmetry of 
microtubule outgrowth from each centrosome and therefore also the symmetry in 
pulling forces, allowing centrosome separation (Fig. 1D). Of course, this will only 
work efficiently when centrosomes are very close together, so such a mechanism 
might function in the initial separation of centrosomes, after which other 
mechanisms take over. 

It is also possible that nuclear envelope-associated and cortical dynein work 
together to move centrosomes apart. In this model, centrosomes also remain closely 
associated with the nuclear envelope, as centrosomal microtubules will likely have 
more interactions with nuclear envelope-associated dynein (which pull centrosomes 
towards the nucleus), than with cortical dynein (which pulls centrosomes away from 
the nucleus). However, the issues with pulling force symmetry remain in this model. 

Finally, it is possible that dynein is anchored to structures present in the 
cytoplasm. These dynein molecules could pull on centrosomal microtubules in a 
similar way as cortically-anchored dynein. Relatively long microtubules will attach 
to more dynein molecules as short microtubules and thus experience a greater 
pulling force. This mechanism could function in very large cells, such as cells in 
early embryonic divisions, in which cortical connections are not easily made due to 
the size of the cell. A similar mechanism has been proposed for nuclear centering in 
very large cells (discussed in 29). 

In conclusion, it is clear that dynein contributes to prophase centrosome 
separation in certain experimental systems. So far, most evidence (especially from 
Drosophila embryos) has pointed to a role for cortical dynein, while a role for NE-
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associated dynein remains highly speculative. To directly test these different models, 
specific perturbations will be required that displace dynein from a specific site of 
action. While recent advances have identified specific dynein anchors at the 
kinetochore and nuclear envelope 30,31, the cortical anchor of dynein is still unknown 
in higher eukaryotes (in yeast num1p is thought to anchor dynein to the cortex 32). 
Identification of a specific dynein anchor, or perhaps a separation of function 
mutation within the dynein/dynactin complex, could prove very valuable in 
dissecting the role for cortical dynein in centrosome separation. Finally, many 
studies have found at least some prophase centrosome separation to occur in the 
absence of dynein activity 22,28,33,34, suggesting that additional pathways are active, 
even in systems where dynein does contribute to this process 20,22. 
 
2.3 Involvement of actin in centrosome separation 

The actin cytoskeleton is likely also involved in centrosome separation in 
prophase. In early Drosophila embryos, prophase centrosome separation clearly 
depends on the actin cytoskeleton 35,36. The role of the actin cytoskeleton during 
prophase probably does not involve cortical actomyosin contractility, as inhibition of 
myosin does not inhibit centrosome separation 36. A simple explanation for the role 
of actin could be that it is needed to recruit dynein to the correct cortical sites, where 
it can promote centrosome separation as described in the previous section. 
Consistent with this, inhibition of actin polymerization in Drosophila embryos only 
partially blocks centrosome separation, similar to inhibition of dynein in this system 
20,22,35,36. Similarly, Drosophila embryos carrying mutations in the Akt gene have 
reduced cortical microtubule attachments and decreased centrosome separation 37. 
Thus, it is likely that in early Drosophila embryos cortical actin promotes 
centrosome separation through recruitment of dynein. However, from these studies it 
is also clear that additional pathways for centrosome separation exist, as the defects 
in centrosome separation after inhibition of actin dynamics were only partial. 

Work in Xenopus cell culture cells also supports a role for actin in 
centrosome separation 38. In addition, an early study in Hela cells found centrosomes 
to be aligned with actin bundles in prophase in Hela cells, suggesting that the actin 
bundles might guide centrosome movement 39. While inhibition of the actin 
cytoskeleton did not inhibit centrosome movement per se in this study, the direction 
of their movement was found to be affected 39. It should be noted though, that the 
conclusions in the latter study were based on analysis of fixed cells, thus it will be 
important to analyze centrosome movement using live-cell imaging to confirm these 
findings. An additional study in mammalian cells found that actin is needed for 
centrosome separation after NEB 40. This function of actin in mammalian cells does 
involve actomyosin contractility, which is different from the role of actin in 
prophase centrosome separation in Drosophila 36. In fact, in contrast to the study 
done in mammalian cells, actin does not appear to be involved in centrosome 
separation after NEB in Drosophila embryos 36. 
Taken together, three different mechanisms of action of been proposed for actin in 
centrosome separation: 1) Cortical actin promotes prophase centrosome separation, 
possibly through recruitment of dynein to the cortex and cortical capture of astral 
microtubules. 2) Actomyosin contractility can position centrosomes after NEB by 
pulling on astral microtubules. 3) Non-cortical actin fibres may act to guide prophase 
centrosome movement. The extent to which these different pathways act in different 
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systems is still largely unclear and much work is required in different experimental 
systems to fully understand the role of actin and myosin in centrosome movement. 
 
2.4 Kinesin-5 dependent centrosome separation in prophase 

Centrosome separation in prophase might also be driven by kinesin-5 motors. 
Kinesin-5 motors can crosslink and slide anti-parallel microtubules apart (discussed 
in detail in a separate section below). As such they could crosslink microtubules 
coming from the two centrosomes (which would most likely be in an anti-parallel 
configuration, as there minus-ends are embedded in the centrosome). If a kinesin-5 
motor crosslinks these anti-parallel centrosomal microtubules and walks on both 
microtubules towards the plus-end, it will push the two centrosomes apart. 
Consistent with a role for kinesin-5 motors in prophase centrosome separation, 
several studies found the kinesin-5 motor Eg5 to localize to centrosomes and 
microtubule asters in prophase 39,41,42. In addition, inhibition studies revealed that 
Eg5 is indeed needed for centrosome separation during prophase  34,43,44. It should be 
noted, though, that these studies used either small molecule inhibitors or function 
blocking antibodies to inhibit Eg5. Eg5 can still bind microtubules in the presence of 
small molecule inhibitors 45-47, but its motility is blocked, possibly resulting in static 
crosslinking of anti-parallel microtubules and, as such, generation of friction as 
centrosomes try to move apart. This would mean that Eg5 inhibitors might actually 
inhibit centrosome separation through a dominant negative gain-of-function 
mechanism. However, this is unlikely to be the full explanation for the observed 
inhibition of centrosome separation in prophase by inhibitors of Eg5, as the kinesin-
5 inhibitor monastrol 48 blocks Eg5 in a low friction state that does not significantly 
inhibit microtubule sliding by other motors in vitro 47. Nonetheless, it will be 
important to confirm a role for Eg5 in prophase centrosome separation using RNAi 
or gene knockout technology in the future.  

There are however, two additional arguments against a role for kinesin-5 in 
prophase centrosome separation. First, in drosophila embryos, inhibition of the 
kinesin-5 motor Klp61F does not affect centrosome separation in prophase, while it 
is essential for bipolar spindle assembly after NEB 49. Second, direct observations of 
centrosome movements in mammalian cells using time-lapse microscopy revealed 
that centrosomes move independently from each other in prophase 50. If Eg5 would 
drive centrosome separation by crosslinking anti-parallel microtubules coming from 
the two centrosomes and sliding them apart, the movement of the centrosomes 
would be expected to be coordinated; if one centrosome moves in a certain direction, 
the other is expected to move at a similar rate in the opposite direction. These results 
clearly argue against a role for Eg5 as the major driver of prophase centrosome 
separation.  

So how can these observations be reconciled? One possibility for the lack of 
involvement of Eg5 in prophase centrosome separation, is that it needs to be 
phosphorylated by CDK1/cyclin B to efficiently associate with microtubules 41,51. As 
CDK1/cyclin B does not become fully active in the cytoplasm until NEB occurs 2, it 
is possible that Eg5 is not efficiently phosphorylated in prophase and thus cannot 
crosslink and slide microtubules apart at this time. Indeed, using a phospho-specific 
antibody in drosophila embryos no significant pool of phospho-Klp61F was found 
on asters before NEB 52, although it should be noted that a different study found that 
Klp61F-GFP did localize to prophase asters 53. In human cells, however, it was 
recently shown that CDK1/cyclin B does become gradually activated in the 
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cytoplasm just before NEB, and the time of activation correlates well with the time 
that centrosome separation is initiated 54. In addition, in human cell culture cells, 
CDK2/cyclin A is likely also active during prophase and this CDK complex might 
also phosphorylate Eg5. Consistent with the presence of CDK activity in prophase in 
human cells, Eg5 is found on prophase microtubule asters in these cells, as noted 
above. Thus, it is possible that temporal differences in CDK activation between 
human cell culture cells and early drosophila embryos could explain the differential 
involvement of kinesin-5 motors in prophase centrosome separation. In any case, 
this does mean that alternative mechanisms for prophase centrosome separation must 
exist, at least in Drosophila embryos. 

The observation that centrosomes move independently from each other in 
mammalian prophase cells 50, further suggests that an Eg5-independent pathway 
exists in mammalian cells as well. Perhaps centrosome movement is coordinated by 
two pathways that are simultaneously active, one involving Eg5 that acts on anti-
parallel microtubules, while the other is dependent on dynein, either at the cortex or 
at the nuclear envelope, which acts on each centrosome individually. This model 
predicts that when dynein is inhibited, Eg5 will be the sole driver of centrosome 
separation in prophase and thus centrosome movement should occur in a coordinated 
fashion. This is an easily testable prediction that might shed more light on this 
intriguing problem. 
 
2.5 The role of microtubule pushing forces in prophase centrosome separation. 
 Both assembling and disassembling microtubules can perform work. 
Assembling microtubules can generate pushing forces, while disassembling 
microtubules can generate pulling forces (reviewed in 55). Microtubule pulling forces 
are thought to control cellular processes, like poleward chromosome movement 56,57, 
while pushing forces have been implicated in nuclear position in yeast 58. An 
interesting model that has been proposed previously, is that microtubule pushing 
forces may contribute to centrosome separation in prophase 25. During the process of 
centrosome separation, microtubules growing from one centrosome will encounter 
the other centrosome and can generate a pushing force on it. This force can be 
especially strong very early during centrosome separation, when centrosomes are 
close together, since 1) the chance of a microtubule encountering the opposing 
centrosome is highest and 2) the force generated by each microtubule is relatively 
high, because short microtubules do not buckle as easily as long microtubules 55. 
While there is currently no direct experimental evidence that the outward force for 
centrosome separation can be generated by microtubule pushing forces, it was shown 
that centrosomal asters can position themselves within a microfabricated chamber 
solely through microtubule pushing forces 59,60, demonstrating that pushing forces 
produced by centrosomal microtubules are sufficient to move entire centrosomal 
asters. Furthermore, in vivo pushing forces from centrosomal microtubules can 
deform the nuclear envelope in prophase, suggesting they can indeed generate 
substantial forces 27,61. This very simple, but elegant, mechanism could be a very 
general mechanism by which initial centrosome separation occurs. This mechanism 
is especially compelling as it functions best when centrosomes are very close 
together, a time at which most other centrosome-separating mechanisms, like those 
dependent on anti-parallel microtubule overlap and asymmetric cortical pulling 
forces, might not function efficiently. While it will probably be difficult to find 
direct proof for a centrosomal pushing mechanism in centrosome separation in intact 
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cells, in vitro reconstitution experiments using multiple centrosomal asters could 
provide further evidence that this mechanism can indeed contribute to centrosome 
separation. 
 
Concluding remarks on prophase centrosome separation 
 There is clear evidence that multiple pathways exist that could contribute to 
prophase centrosome separation. Perhaps different cell types rely on different 
mechanisms for prophase centrosome separation. However, it is also possible that in 
many cell types, multiple pathways function simultaneously to drive centrosome 
separation in prophase. Consistent with this, inhibition of individual pathways has 
not lead to a complete block in prophase centrosome separation in most studies. 
Furthermore, as noted above, pathways relying on cortical pulling forces and on anti-
parallel microtubules between centrosomes might not function well when 
centrosomes are very close together. Therefore, it is possible that multiple pathways 
are needed for distinct phases of centrosome separation. It is likely that certain cell 
types will rely on some pathways more heavily than others, perhaps due to specific 
geometric properties of the cell or to distinct cell cycle-dependent properties.  
 
 
3 Outward force generation within the spindle 
 
3.1 Kinesin-5 motors 

While the role of kinesin-5 motors in prophase centrosome separation is still 
somewhat controversial, there is no doubt that kinesin-5 has a very important role in 
outward force generation during prometaphase. Kinesin-5 motors are required for 
bipolar spindle assembly in filamentous fungus 62, budding yeast 63, fission yeast 64, 
Drosophila 65, Xenopus egg extracts 66, mammalian cells in culture 41 and developing 
mice 67. One notable exception to this list is C.elegans, in which kinesin-5 motors do 
not appear to be essential for bipolar spindle assembly 68. Despite the clear evidence 
for an important function of kinesin-5 motors in spindle assembly, several aspects of 
their mechanism of action have remained mysterious.  
 
Kinesin-5 structure and in vitro activity 
 A breakthrough in the understanding of kinesin-5 function in bipolar spindle 
assembly came with the discovery that kinesin-5 motors are not dimers, like most 
other kinesins, but are tetrameric motors with motor domains on both sides of the 
tetrameric complex, generating a dumbbell shaped bipolar configuration 69 (Fig. 2A). 
The finding that kinesin-5 forms such a tetrameric structure led to the idea that 
kinesin-5 tetramers might crosslink two microtubules using its two sets of motor 
domains either in a parallel or anti-parallel configuration. Since kinesin-5 can walk 
towards the plus-end of both of these microtubules 66, binding of two microtubules in 
an anti-parallel configuration can result in relative sliding of these microtubules, 
with the minus-ends leading (Fig. 2B). In contrast, when the motor complex would 
crosslink parallel microtubules, kinesin-5 cannot slide these microtubules, rather the 
microtubules will become statically crosslinked. Strong support for this model came 
from studies showing that the kinesin-5 Eg5 can indeed crosslink and slide anti-
parallel microtubules apart in vitro 70,71. 

Several additional interesting aspects of kinesin-5 function have been 
uncovered using such in vitro assays. First, while kinesin-5 motors can indeed 
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crosslink both parallel and anti-parallel microtubules 71, at least the Drosophila 
kinesin-5 Klp61F appears to have a preference for the anti-parallel microtubule 
configuration 72, consistent with the fact that the microtubule sliding activity of 
kinesin-5 is specific for anti-parallel microtubules. Interestingly, this preference 
appears to be, at least in part, due to a second microtubule binding domain in the C-
terminus of Klp61F 72. Second, Eg5 does not show very processive directional 
motility as compared to, for example kinesin-1  46,73. Instead, full-length tetrameric 
Eg5 shows substantial one-dimensional diffusion along microtubules. Once Eg5 
encounters a region of anti-parallel microtubule overlap, however, diffusion is 
switched towards directional motility 74. Both of the above-mentioned findings 
indicate that the biochemical characteristics of kinesin-5 motors are ideally suited to 
slide anti-parallel microtubules apart and further substantiate the idea that this is the 
major function of kinesin-5 motors during spindle assembly. 
 
Kinesin-5 localization in the spindle  

During spindle assembly, kinesin-5 motors are thought to act on anti-parallel 
microtubules in the middle of the spindle, where most anti-parallel microtubules are 
present 75. Indeed, kinesin-5 motors in several experimental systems were shown to 
localize to this region of the spindle 52,53,70. However, in addition to the midzone of 
the spindle, a significant fraction of the kinesin-5 molecules localize all along 
spindle microtubules and at the poles 34,41,53,66,70,76. In Xenopus egg extracts, a system 
that has been widely used to study the role of kinesin-5, it is especially clear that a 
large fraction of Eg5 molecules localizes to spindle poles. This is surprising, as 1) 
Eg5 is a plus-end-directed motor and is thus expected to accumulate at the midzone, 
where most microtubule plus-ends are present and 2) Eg5 is thought to act 
selectively on anti-parallel microtubules, which are also located mainly in the 
midzone region. Lack of accumulation of Eg5 in the midzone is likely due to the fact 
that Eg5 is continuously transported towards the pole by the minus-end directed 
dynein-dynactin complex 77, possibly through a direct interaction with the dynactin 
subunit p150glued 78. In addition, a combination of continuous microtubule 
poleward flux together with the relatively slow and non-processive nature of Eg5’s 
motility, would prevent a strong accumulation of Eg5 at the spindle midzone. It 
should be noted though that the accumulation of Eg5 at spindle poles, while very 
clear in spindles in Xenopus egg extracts, is not very obvious in intact cells, where 
the localization of kinesin-5 motors is much more homogeneous throughout the 
spindle 34,52,53,76.  

It is currently unclear what the function of poleward transport of Eg5 could 
be. Perhaps Eg5 has an unrecognized function at spindle poles, or alternatively, 
poleward transport of Eg5 negatively regulates Eg5 function by removing it from the 
zone of anti-parallel microtubule overlap.  In any case, it is clear that at least a 
fraction of kinesin-5 molecules localizes to the region of anti-parallel microtubule 
overlap. Interestingly, the fraction of kinesin-5 that localizes to the spindle midzone 
remains relatively static, while the microtubules to which it binds continuously flux 
towards the spindle poles 70,79. This is consistent with a role for kinesin-5 in walking 
on two microtubules simultaneously and sliding them apart, while kinesin-5 itself 
remains stationary with respect to these microtubules.  
 
Kinesin-5 function in the spindle 
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Inhibition of kinesin-5 results in defects in bipolar spindle assembly in most 
systems analyzed 41,62-67 and this is generally though to be due to defects in outward 
sliding of anti-parallel microtubules. Outward movement (i.e. movement away from 
the spindle midzone or poleward movement) of microtubules has been directly 
visualized in Xenopus extract spindles using Fluorescent Speckle Microscopy (FSM) 
80. This type of movement, also referred to as microtubule flux (reviewed in 81), was 
found to be largely dependent on kinesin-5 activity 82, further implicating kinesin-5 
as the major outward force generator during spindle assembly.  
While a role for kinesin-5 in the assembly of a bipolar spindle is well accepted, the 
function of kinesin-5 in a fully formed bipolar spindle is less clear. In Xenopus egg 
extract spindles, inhibition of Eg5 in preformed spindles results in spindle collapse 
45, indicating kinesin-5 is continuously active in generating an outward force, even in 
a steady state. However, in mammalian cell culture cells, inhibition of kinesin-5 does 
not result in collapse of the bipolar spindle to a monopolar state 45,83-85, although one 
study found a slight shortening of the spindle to occur upon kinesin-5 inhibition 86. 
This suggests that in mammalian cells, alternative pathways exist that can either 
generate an outward force or prevent inward forces from collapsing the metaphase 
spindle. The possible mechanisms by which these forces are generated will be 
discussed in more detail in the following sections. 

Finally, in addition to an important function at the spindle midzone, kinesin-5 
may also function directly or indirectly at spindle poles. For example, dynein 
inhibition results in strong defects in the focusing of microtubule minus-ends at 
spindle poles in Xenopus egg extract spindles, likely due to defects in transport of 
NuMA to spindle poles 87-91, although additional functions of dynein at the spindle 
pole are possible. However, when kinesin-5 is inhibited in spindles lacking dynein 
activity, focusing of microtubule minus-ends is substantially improved 92. A very 
similar effect has been observed in mammalian cell-free extracts, in which aster 
formation was completely blocked by dynein inhibition, but subsequently restored 
by simultaneous inhibition of kinesin-5 87. In addition, spindle pole fragmentation 
observed after either TPX2 or TOG depletion, is dependent on kinesin-5 as well. 
These results suggest that kinesin-5 activity has a negative effect on focusing of the 
spindle pole. 

One possible explanation for this negative effect of kinesin-5 in dynein-
depleted Xenopus egg extracts is that in the absence of kinesin-5, poleward 
microtubule flux is strongly inhibited, which could indirectly lead to improved pole 
focusing by dynein-independent mechanisms. Perhaps the continuous sliding of 
microtubules prevents their steady state clustering into discrete spindle poles. A 
similar restoration of spindle pole focusing also occurs in mammalian cells after 
treatment of dynein-depleted cells with kinesin-5 inhibitors (our unpublished 
observation). However, inhibition of kinesin-5 does not prevent microtubule flux in 
mammalian cells 93, arguing against a role for poleward flux in preventing spindle 
pole focusing. Similarly, the asters assembled in mammalian cell free extracts are 
unlikely to show flux. An alternative, but speculative, explanation is that kinesin-5 
could act on parallel microtubules at spindle poles and in this way influence spindle 
pole focusing. The idea that kinesin-5 could act at spindle poles, per se, is not 
strange, as it clearly localizes to spindle poles and can crosslink parallel 
microtubules as well 45,66,71,72, the predominant form of microtubule pairs at the 
spindle poles. However, intuitively, one might expect that kinesin-5 positively, 
rather than negatively, regulates spindle pole formation, by crosslinking and 
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bundling microtubules at the spindle poles. Perhaps kinesin-5-dependent 
microtubule crosslinking at spindle poles generates more rigid microtubule bundles 
that require more force to focus into a spindle pole. Observations that support this 
notion have been made in mammalian cells, where it was found that kinetochore-
microtubule bundles generate a strain that resists spindle pole focusing 94. A third 
possibility is that (short) microtubules are present at spindle poles that lie orthogonal 
or diagonal to the pole-to-pole axis. Such microtubules may be present in any 
spindle, but in the absence of the pole-focusing activity of dynein, they may be more 
prominent. Kinesin-5 motors could slide microtubules that lie parallel to the pole-to-
pole axis along these orthogonal microtubules, thereby antagonizing pole-focusing 
activities (Fig. 2C). Clearly, more work is required to determine if kinesin-5 
functions at spindle poles, and if so, how it does so.  

 
 

 
 
Figure 2. Kinesin-5 structure and function. 
(A) Structural conformation of a monomeric, dimeric and bipolar tetrameric kinesin. Globular domain 
represents the motor domain. For simplicity, the BimC box is not depicted. (B) A kinesin-5 tetramer 
can bind two anti-parallel microtubules simultaneously. When it walks on both microtubules towards 
the plus-end, it slides them apart. (C) A spindle pole in a dynein-depleted cell is schematically shown. 
Most microtubules are positioned in an parallel fashion with their minus-ends clustered together. 
However, some microtubules may exist that lie orthogonal to these parallel microtubules. Kinesin-5 
could walk along these microtubules and at the same time bind another microtubule. This will result 
in transport of this microtubule away from the pole and result in loss of spindle pole focusing. Arrows 
next to the motor represent direction of motility of the pair of motor domains. Grey arrow in (C) 
represents movement of the microtubule. 
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In summary, the following model can be built based on the in vitro and in 
vivo data on kinesin-5: kinesin-5 molecules will bind randomly to spindle 
microtubules, either to an anti-parallel microtubule overlap region or, more 
commonly, to a single microtubule or a microtubule that lies in a bundle with other 
microtubules in a parallel configuration (as most microtubules in the two spindle 
halves are oriented in a parallel fashion with respect to their neighbors). In the latter 
scenario, kinesin-5 will diffuse along the microtubule lattice in an ATP-independent 
manner until it either releases from the microtubule, encounters a dynein-dynactin 
complex which will transport it polewards or encounters an anti-parallel microtubule 
overlap. When encountering an anti-parallel microtubule overlap, kinesin-5 will 
switch from diffusion to directed motility and start to walk along both microtubules 
towards their plus-ends. This will induce relative outward sliding of the two 
microtubules, while kinesin-5 remains static, and generates an outward force within 
the spindle that drives centrosome separation and bipolar spindle assembly. After a 
few seconds the anti-parallel microtubules and the circle of events will start from the 
beginning. 

While many aspects of this model are relatively well accepted, several 
important questions about kinesin-5 function remain. For example, what is the role 
of kinesin-5 diffusion and dynein-dependent transport in vivo? Does kinesin-5 only 
function at the spindle midzone or also at the pole? Does crosslinking of parallel 
microtubules by kinesin-5 contribute to spindle organization? Do all kinesin-5 
motors have an additional direct microtubule binding domain in their C-terminus 72 
and how can such a domain communicate with the motor domains and contribute to 
kinesin-5 function? Hopefully, a combination of high-resolution imaging of intact 
spindles together with in vitro reconstitution will provide answers to many of these 
questions in the future. 
 
3.2 Kinesin-15 motors in bipolar spindle assembly 
Kinesin-15 motors 

A second family of microtubule motors has been implicated in driving 
bipolar spindle formation. This family includes Xenopus Xklp2, sea urchin 
KRP(180), C. elegans KLP-18, mouse Kif15 and human Kif15/Hklp2 84,95-98, 
although somewhat surprisingly, no clear homolog has been identified in Drosophila. 
Originally, these motors were clustered together with human Kif12 to form the 
kinesin-12 family 99. However, subsequent in-depth analysis revealed that human 
Kif12 and Kif15/Hklp2 should not be considered a single kinesin family and it was 
proposed to separate these motors into two families, the kinesin-15 family (including 
Kif15/Hklp2) and the kinesin-16 family (including Kif12) 100. We will adhere to this 
novel classification and refer to Kif15/Hklp2 and its orthologs as kinesin-15 motors. 
 
 
Structure and localization of kinesin-15 

The first kinesin-15 motor to be identified was Xklp2 95. Xklp2 has an N-
terminal motor domain, a very long central coiled-coil and a C-terminal leucine 
zipper 95,101. The leucine zipper by itself localizes to the mitotic spindle, but not to 
purified microtubules, suggesting it requires an adaptor protein to bind microtubules 
95,101,102. TPX2 (Targeting Protein for Xklp2) was subsequently identified as the 
protein that targets the leucine zipper of Xklp2 to microtubules both in vitro and in 
vivo 101,102. TPX2 is also required to target full-length kinesin-15 to the spindle 
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84,85,101,102 and this depends on the leucine zipper of kinesin-15 84, demonstrating that 
the leucine zipper is both necessary and sufficient to target kinesin-15 to the spindle.  
The interaction between TPX2 and the leucine zipper of kinesin-15 is likely direct, 
as recombinant TPX2 was able to link recombinant kinesin-15 leucine zipper to 
microtubules 102. However, the interaction is likely to be transient, as reciprocal 
immuno-precipitations failed to reveal a stable complex 85,102. In addition to TPX2, 
the dynein-dynactin complex also appears to regulate kinesin-15 binding to the 
spindle in Xenopus egg extracts. Similar to kinesin-5, Xklp2 accumulates at spindle 
poles in Xenopus extracts and this depends on dynein-dynactin 101, but like kinesin-5 
transport, the functional significance of this poleward transport remains unclear. 
Finally, in mammalian cells, Kif15/Hklp2 was shown to bind to chromosomes 
through a direct interaction with the chromosome-associated factor Ki-67 85,96. Thus, 
kinesin-15 binds to the spindle through TPX2 and dynein and to chromosomes 
through Ki-67. 
 
Kinesin-15 cooperates with kinesin-5 to promote bipolar spindle assembly 

The first hint into the function of kinesin-15 came from dominant-negative 
mutants and inhibitory antibody studies in Xenopus egg extracts. Addition of either 
an antibody to the C-terminus of kinesin-15 or a recombinant fragment 
encompassing the C-terminus of kinesin-15 to Xenopus egg extracts potently 
blocked the formation of bipolar spindle assembly 95. However, further analysis of 
Xenopus kinesin-15 function using protein depletion, did not reveal any defects in 
bipolar spindle assembly 102,103. This showed that kinesin-15 is not essential for 
bipolar spindle assembly and suggests that the dominant negative approach used, 
either generates a kinesin-15 gain-of-function or has an additional effect as well. A 
similar study showed that injection of an antibody directed against the C-terminus of 
kinesin-15 also impaired normal centrosome separation and bipolar spindle assembly 
in sea urchin embryos 97, but it is unclear if this too, is due to a side-effect of the 
method of inhibition. In this respect, it is interesting to note that the spindle protein 
RHAMM, which also forms a complex with TPX2 104, has a motif that is highly 
similar to the TPX2-interaction site in the C-terminus of kinesin-15. It is therefore 
possible that this is a TPX2-binding motif and that the dominant negative kinesin-15 
mutants used in these studies also inhibits the interaction between RHAMM and 
TPX2.  

The first solid evidence for a role of kinesin-15 in spindle assembly came 
from C. elegans, where depletion of kinesin-15 results in the formation of monopolar 
spindles in meiosis 98,105. Surprisingly though, kinesin-15 is not needed for bipolar 
spindle assembly in the subsequent C. elegans mitosis 98. Similarly, in human cells, 
depletion of kinesin-15 also does not block bipolar spindle assembly during mitosis 
84,85,106, demonstrating that kinesin-15 is not essential for bipolar spindle assembly in 
mitosis. However, loss of kinesin-15 does strongly sensitize human cells to kinesin-5 
inhibitors 84,85. Doses of the kinesin-5 inhibitors S-Trityl-L-Cysteine (STLC 107) or 
monastrol that do not impair bipolar spindle assembly in control cells, strongly block 
spindle bipolarity in kinesin-15-depleted cells 84,85. These results suggest that 
kinesin-15 acts redundantly with kinesin-5 to promote bipolar spindle assembly. 
Interestingly, in the complete absence of kinesin-5 activity, overexpression of 
kinesin-15 can fully restore centrosome separation and bipolar spindle assembly 84. 
Together, these results suggest that kinesin-15 can produce an outward force within 
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the spindle, similar to kinesin-5, but that in normal cells, sufficient kinesin-5 activity 
is present within the spindle to mask the requirement for kinesin-15 function. 
 
Evidence that kinesin-15 motors generate a spindle length-dependent outward force 

Interestingly, in mammalian cells inhibition of kinesin-5 in metaphase does 
not result in spindle collapse 45. However, when kinesin-5 is inhibited in kinesin-15-
depleted cells, the metaphase spindle rapidly collapses to a monopolar spindle 84,85. 
This indicates that, while early in mitosis kinesin-5 is much more important than 
kinesin-15, the relative importance of kinesin-5 and kinesin-15 motors is more or 
less equal in metaphase. These results also suggest that kinesin-15 might produce 
more outward force in a fully formed spindle than early during spindle assembly. 
Consistently, in kinesin-15-depleted cells in which kinesin-5 is partially inhibited, 
initial centrosome separation occurs normally, but subsequent spindle elongation is 
severely delayed. Importantly, in these experiments loss of kinesin-15 did not affect 
final spindle length, as pre-anaphase spindles had similar lengths in control and 
kinesin-15-depleted cells, but the kinetics of spindle elongation were impaired. 
Based on these findings, we propose that kinesin-15 can generate an outward force 
within the spindle, the magnitude of which depends on spindle size. This model 
explains well why kinesin-5 is no longer needed during metaphase, as at this time 
kinesin-15 is expected to produce its maximal force. Importantly, while this model is 
speculative and it is unclear which aspect of spindle size kinesin-15 could respond to 
(for example, the size of anti-parallel microtubule overlap, the number of 
kinetochore-microtubules etc.), this model can explain all of the kinesin-15 loss-of-
function phenotypes that are observed 84,85.  
 
Mechanisms of kinesin-15 function 
 An essential aspect of kinesin-5 function is its ability to form homo-
tetramers, allowing it to crosslink anti-parallel microtubules and slide them apart. 
However, kinesin-15 motors do not appear to form tetramers, but rather form dimers 
(Unpublished observation). Therefore, they likely have adopted an alternative 
mechanism to generate an outward force within the spindle. Perhaps kinesin-15 
motors can crosslink two anti-parallel microtubules, by binding one microtubule 
directly using their motor domain and at the same time binding a second microtubule 
indirectly through an adaptor protein, like TPX2. In this way the combined action of 
kinesin-15 and TPX2 could drive anti-parallel microtubule sliding. Interestingly, 
kinesin-15 in sea urchin embryos does localize prominently to the zone of anti-
parallel microtubule overlap during prometaphase and metaphase, further suggesting 
that kinesin-15 motors function at these sites 97. Hopefully, in vitro reconstitution 
experiments will be able to directly address this intriguing possibility. Alternatively, 
kinesin-15 may be anchored at some unknown site through its C-terminus, such as a 
spindle matrix component 108, and walk along microtubules, thereby sliding them 
through the spindle. Kinesin-15 also associates with chromosomes through Ki-67, 
but it is unlikely that the chromosome-associated pool of kinesin-15 is important for 
the outward sliding of microtubules, since specific depletion of kinesin-15 from 
chromosomes by Ki-67 RNAi actually increases the fraction of bipolar spindles that 
form in the presence of kinesin-5 inhibitors. This suggests that chromosome binding 
of kinesin-15 might actually negatively regulate its activity. Furthermore, a recent 
study found that chromosomes can facilitate microtubule gliding and this depends on 
the chromokinesins Xklp1 and Xkid (Kinesin-4 and -10, respectively). When both of 
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these chromokinesins are removed, chromosomes no longer induce microtubule 
gliding, suggesting that, at least in Xenopus egg extracts, there is no pool of 
chromosome-associated kinesin-15 that can slide microtubules. 
 Taken together, it is becoming clear that kinesin-15 motors play an important 
role in promoting bipolar spindle assembly in concert with kinesin-5 motors. 
However, much remains to be learned about the mechanisms by which they function 
during spindle assembly. Kinesin-15 motors in plants have also function in the 
determination of the cleavage plane position during cell division 109, suggesting that 
kinesin-15 motors may be involved in multiple aspects of cell division. 
 
3.3 Function of chromokinesis in bipolar spindle assembly 

Chromokinesins are kinesins that associate with mitotic chromosomes (and 
in many cases with the spindle as well) and are involved in multiple aspects of cell 
division. So far, two conserved chromokinesin families have been identified, the 
kinesin-4 and kinesin-10 families (reviewed in 110) and both types of chromokinesins 
have plus-end directed motility 111,112. While bound to chromosome arms, 
chromokinesins can walk along microtubules growing from the centrosomes, which 
generates a force that pushes the chromosome arms away from spindle poles that is 
referred to as the polar ejection force. This force directs chromosome movement and 
orients chromosome arms to the metaphase plate 6,113-115. As chromokinesins walk 
towards the plus-ends on spindle microtubules, chromosomes experience a force 
directed towards the spindle equator. At the same time, the microtubule that is being 
used a track for the chromokinesin generates an outward force within the spindle. If 
such a microtubule is connected to the centrosome, the centrosome will experience 
an outward pushing force due to the action of the chromokinesin. Based on these 
arguments, one would expect that chromokinesins cooperate with kinesin-5 and 
kinesin-15 motors to promote spindle bipolarity 116. 
 Perhaps surprisingly, loss of function studies in many experimental systems 
have not provided strong support for a role of chromokinesins in spindle bipolarity. 
While many studies have revealed a role for these motors in chromosome alignment, 
bipolar spindles formed normally in the absence of either kinesin-4 motors, kinesin-
10 motors or both 6,103,113,115. Only a single studied revealed defects in spindle pole 
separation after inhibition of a chromokinesin (Klp3a, kinesin-4) 117. However, in 
addition to defects in spindle pole separation this study also found severe defects in 
spindle organization, possibly due to the additional activity of kinesin-4 motors in 
regulating microtubule dynamics 112, which could indirectly result in the decrease in 
spindle length. Another study also reported a decrease in spindle length after 
inhibition of a kinesin-10 motor, but this effect was independent of motor activity 
and chromosome binding 118. So why then are chromokinesins not essential for 
spindle bipolarity? One possibility is that they act redundantly with kinesin-5, 
similar to kinesin-15 motors. It would therefore be very interesting to test whether 
loss of chromokinesins sensitizes cells to partial inhibition of kinesin-5. 
Alternatively, the forces generated by chromokinesins might be relatively small 
compared to other forces in the spindle 119 and therefore they would not substantially 
contribute to an outward sliding force in the spindle. Taken together, while it is 
possible that chromokinesins make minor contributions to the outward force 
generation in the spindle, current data do not support an important role for 
chromokinesins in this process. 
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3.4 Function of microtubule-cortex interactions in outward force generation  
 Similar to prophase, microtubule interactions with cortical sites might be 
involved in outward force generation in prometaphase as well. Cortical pulling 
forces are known to be able to generate a substantial amount of force on 
centrosomes, as cortical force generators can position the entire spindle in the cell 
through interactions with astral microtubules 55,120. Four types of forces can be 
generated by microtubules interacting with the cortex. First, microtubules can grow 
into the cortex and generate a pushing force themselves 55,60. While this type of force 
might contribute to positioning of the spindle, it is unlikely to promote centrosome 
separation, since centrosomes need to move towards the cortex during centrosome 
separation. Second, microtubules can be captured at the cortex by the minus-end-
directed motor dynein, which could walk towards the minus-end of these 
microtubules, while remaining attached to the cortex. This will result in a pulling 
force on the microtubule and its associated centrosome towards the cortex. To allow 
for such pulling forces, microtubules either need to depolymerize, or slide along the 
cortex, to prevent them from being pulled into the cortex. While microtubule sliding 
along the cortex has been demonstrated in budding yeast (reviewed in 121), it is 
unclear if a similar mechanism occurs in higher eukaryotes as well. Third, similar to 
the second scenario, astral microtubules could be captured at the cortex by either 
non-motor microtubule-associated proteins or minus-end directed motors (again the 
prime candidate in higher eukaryotes being dynein). The cortically-attached 
microtubule then undergoes a catastrophe (an event in which a growing microtubule 
switches to a shrinking state). This catastrophe could occur as a consequence of the 
microtubule growing into the cell cortex 122 or because active microtubule 
catastrophe-inducing proteins are located at cortical sites (as is the case in yeast 123). 
If the cortical attachment site is able to remain attached to the shrinking microtubule, 
it can harness the force generated by microtubule shrinkage to pull on the 
centrosome that is associated to this microtubule. This mechanism is analogous to 
kinetochores holding on to shrinking microtubule and using the energy from 
microtubule shrinkage for their movement 57,124-126. While this type of force 
generation is similar to the dynein-dependent pulling model, it is conceptually 
distinct as the force is generated by the microtubule, rather than by the motor. While 
these two models are different, they are not necessarily mutually exclusive. A dynein 
motor bound to an astral microtubule could both generate a pulling force itself 
through ATP hydrolysis and at the same time utilize the energy from the shrinking 
microtubule to indirectly generate a pulling force. Fourth and finally, astral 
microtubules could attach to the cortex stably and experience a force due to 
movement or flow of the cortical actomyosin network 40. In this scenario, the force 
generation is independent of microtubule dynamics, microtubules only need to stay 
attached to the cortex. Again, this model is not mutually exclusive with previous 
models, microtubules can be pulled on by force-generating cortical sites, while at the 
same time these cortical sites can move themselves, producing different types of 
force simultaneously. While the abovementioned forces have all be demonstrated to 
occur, at least in some systems, their function has mostly been studied in the context 
of spindle positioning, rather than centrosome separation. It therefore remains to be 
determined which of these forces actually contributes to centrosome separation. 
 If cortical dynein is important for generation of an outward force at the 
cortex during spindle assembly, then depletion of dynein should result in impaired 
bipolar spindle assembly. Indeed, inhibition of dynein in Drosophila embryos 
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impairs spindle elongation 22. However, in other systems studies on the role of 
cortical dynein in outward force generation during spindle assembly is hampered by 
two problems. First, inhibition of dynein might already influence prophase 
centrosome separation, as described in the previous section. Thus spindle geometry 
will already be different from the start in cells lacking dynein activity, complicating 
conclusions about dynein function at later stages. Second, several studies have found 
that dynein can actually pull centrosomes together as well 34,86,92. It is very well 
possible that dynein has two distinct activities: one that pulls centrosomes apart by 
generating cortical microtubule pulling forces and the other that pulls centrosomes 
together through a function within the spindle (as is discussed in more detail in the 
following section). If dynein indeed has both activities, phenotypes observed after 
dynein inhibition may be due to a combination of multiple distinct effects and are 
therefore not very informative about any specific function of dynein. Therefore in 
the future, it will be especially important to identify the complete set of proteins 
involved in microtubule-cortex interactions, based on which new tools can be 
generated to perturb specific aspects of these interactions, as has already successfully 
been done in yeast 127. 
 A very elegant study by Rosenblatt et al. demonstrated that outward pulling 
forces can also be generated on astral microtubules in early prometaphase by 
contraction of the cortical actomyosin cortex 40. Myosin II activity results in flow of 
the cortical actin meshwork away from the center of the cell, pulling along astral 
microtubules with their associated centrosomes. Indeed, inhibition of myosin II or 
crosslinking of the cortical actomyosin network prevents this type of movement 40. 
Importantly, actomyosin-dependent centrosome separation occurs specifically after 
NEB. While this provocative study clearly demonstrates the importance of 
actomyosin contractility in mammalian cells in culture, the generality of this 
mechanism for other systems remains to be determined. 
 In conclusion, cortical pulling forces can generate a substantial amount of 
force, sufficient to position the mitotic spindle within the cell. However, whether 
these forces are widely harnessed for centrosome separation and bipolar spindle 
assembly as well, remains to be determined. Although cortical pulling forces are not 
essential for bipolar spindle assembly (as Xenopus egg extract spindles do not have 
them), they may provide an additional force that acts in concert with kinesin-5 to 
ensure maximal efficiency in bipolar spindle assembly. 
 
 
4. Microtubule motors that generate inward forces in the spindle 
 
4.1 Kinesin-14 motors counteract kinesin-5 motors during spindle assembly 

Besides motors that generate outward forces, there is also a substantial 
amount of evidence that motors exist that generate an inward force within the 
spindle, pulling centrosomes towards each other. The first motor to be identified that 
counteracts the kinesin-5-dependent outward force generation during spindle 
assembly, was kinesin-14 and this function of kinesin-14 was subsequently found to 
be conserved throughout evolution 49,128,129. In contrast to other kinesin families, 
kinesin-14 motors have a C-terminal motor domain and show minus-end, rather than 
plus-end directed motility 130. Like most kinesins, kinesin-14 motors are dimeric 
with both motor domains on one side of the dimer. They do, however, have an ATP-
independent microtubule binding domain in their N-terminal “tail” 131. Using both 
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their ATP-independent N-terminal microtubule binding site and their ATP-
dependent C-terminal motor domain, kinesin-14 motors are able to crosslink and 
slide microtubules apart 132. Robust microtubule sliding was only observed for anti-
parallel microtubule pairs and occurred with leading microtubule plus-ends, 
indicating that kinesin-14 slides microtubules in a direction that is opposite to the 
sliding induced by kinesin-5, consistent with its oppositely directed motility. 
Consistent with this, direct competition assays showed that kinesin-5 and kinesin-14 
act antagonistically in vitro in microtubule sliding assays 133,134. Together, these 
results show that kinesin-14 motors have opposite polarity to kinesin-5 motors and 
suggest that they antagonize kinesin-5-dependent microtubule sliding of anti-parallel 
microtubules both in vitro and in vivo. 

 
4.2 Dynein counteracts kinesin-5 during spindle assembly 

Dynein is also a highly conserved minus-end directed motor 23. Similar to 
kinesin-14, several studies have demonstrated that dynein activity also counteracts 
kinesin-5 during bipolar spindle assembly in both Xenopus egg extract spindles and 
mammalian cells 34,81,86. In contrast to kinesin-14, there is currently no evidence that 
dynein has a second microtubule-binding site in its tail domain. However, the force 
producing heavy chain of dynein associates with many additional proteins, including 
several additional polypeptides to form the dynein complex 23, the multi-protein 
dynactin complex 24 as well as a large set of other proteins 23. Several of these 
associated proteins, including p150glued, CLIP-170 and NuMA can bind 
microtubules and it is possible that these proteins act together with dynein to 
crosslink 
 
microtubules and slide them apart. Adynein motor complexed with a microtubule-
associated protein (MAP) could theoretically crosslink and slide both parallel and 
anti-parallel microtubules, similar to kinesin-14. However, when multiple motors 
crosslink a pair of microtubules in random orientations, productive sliding is only 
possible on anti-parallel microtubules, because on anti-parallel microtubules both 
motor-MAP orientations will slide microtubules in the same direction, while on 
parallel microtubules they will generate oppositely directed forces, blocking 
microtubule movement (Fig. 3A). Due to the extremely large size of the dynein 
complex and the complexity of its interaction partners, such anti-parallel 
microtubule sliding activity has not been tested in vitro for dynein. While obviously 
extremely challenging, such in vitro experiments will likely yield detailed insights 
into the mechanism of action of dynein as a force generator in the spindle.  

Inhibition of both dynein and kinesin-14 also results in strong defects in 
spindle pole-focusing in a variety of experimental systems 87,88,129,135,139,140. 
Furthermore, recombinant kinesin-14 motors can focus microtubules into poles in a 
minimally reconstituted system in vitro 133,141. This type of microtubule organization 
likely involves both anti-parallel microtubule interactions and orthogonal or crossed 
microtubule interactions, which together could assemble all microtubule minus-ends 
in a single point (Fig. 3B). Perhaps microtubule organization is the principle function 
of minus-end directed sliding motors. Microtubule organization involving minus-end 
sliding would occur continuously throughout the spindle, but this will not lead to a 
net inward force, as it is balanced by continuous kinesin-5-dependent outward 
sliding forces. In this scenario, an antagonism of minus-end sliders with kinesin-5 
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motors in a “whole spindle view” is simply a side-effect of their role in spindle pole 
organization, and not a goal on its own.  
 
5. Establishment of kinetochore-microtubule attachments and their role in 
bipolar spindle assembly 
 
5.1 The kinetochore-microtubule interface 
 Attachment of microtubules to chromosomes is one of the key steps during 
cell division. Microtubules position the chromosomes at the metaphase plate and 
control their segregation during anaphase. During mitosis, two types of interactions 
are observed between microtubules and chromosomes. First, microtubules interact 
with chromosome arms. Second, microtubules can interact directly with large protein 
assemblies at centromeres, called kinetochores. Kinetochore assembly is directed by 
a specialized histone H3-like protein called Cenp-A 5, which recruits, directly and 
indirectly, a large set of inner kinetochore proteins, including the Nucleosome-
Associated Complex (NAC) and the Cenp-A distal Complex (CAD) 142. These, in 
turn, recruit the outer kinetochore proteins to kinetochore, which contain most of the 
microtubule-binding proteins. In mammalian cells, close to 100 different proteins 
have already been identified that localize to kinetochores 143, but the molecular 
function of most of the individual components, especially of the inner kinetochore 
components, remains largely unknown. The kinetochore has two major functions 
during mitosis. First, it is the primary site to which microtubules attach. Second, 
kinetochores have a sensory function: anaphase onset is delayed by the spindle 
assembly checkpoint until all kinetochores are attached to microtubules, and this 
delay is triggered by signals coming from unattached kinetochores 8. 
 The kinetochore-microtubule binding interface is very complex. 
Kinetochores not only need to bind microtubules, they also need to remain attached 
to microtubules for prolonged periods of time, while microtubules undergo repeated 
cycles of growth and shrinkage. This requires the kinetochore-microtubule 
attachment to be both very strong, and at the same time very dynamic, to cope with 
the continuous changes in the microtubule end structure 144. In addition, kinetochores 
can modulate the dynamics of the microtubules they attach to 145 and the presence of 
incorrect attachments need to be continuously monitored and corrected 146,147. To 
accomplish all this, the kinetochore contains a large number of microtubule-binding 
proteins. In the following section, we will discuss the mechanism of action of the 
key microtubule-binding proteins at the kinetochore. 
 
5.2 Microtubule binding proteins at the kinetochore 
 A substantial amount of data indicates that the highly conserved NDC80 
complex constitutes the core kinetochore-microtubule binding site 124,144,148-153. The 
NDC80 complex is made up of 4 subunits, using the human nomenclature these are: 
Spc24, Spc5, Nuf2 and Hec1. Of these, at least Hec1 has clear microtubule-binding 
activity 153,154. Interestingly, additional kinetochore proteins, including the Mis12 
complex and hKNL-1 (together called the KMN network) also bind to microtubules 
and the binding of these different proteins to microtubules is cooperative 153. These 
results suggest that multiple low-affinity microtubule-binding events within the 
KMN network can act together to form a robust interaction with a microtubule. 
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Figure 3. Kinesin-14 motors can slide microtubules relative to each other. 
(A) Kinesin-14 motors have both motor domains on one side of the dimer and a non-motor 
microtubule binding domain on the other side of the dimer. As such, these motors can crosslink a pair 
of microtubules in two orientations. Both binding orientations of kinesin-14 to microtubule pairs 
result in microtubule sliding in the same direction, resulting in productive anti-parallel microtubule 
sliding. However, on parallel microtubule pairs, kinesin-14 motors in the two binding orientations 
slide the microtubules in opposite directions, effectively blocking movement of the two microtubules. 
Green arrows represent direction of motility of the motor domains of kinesin-14. Black arrows 
indicate the direction of movement of the microtubule. (B and C) Microtubule sliding activity of 
kinesin-14 results in clustering of the microtubule minus-ends together, either by sliding anti-parallel 
microtubules (B) or  sliding crossed microtubules (C). Arrows near microtubules represent the 
direction of their movement and large arrows indicated temporal transitions.  

 
 
 In addition to this “core” microtubule-attachment protein network, many 
additional microtubule-binding proteins are present at the kinetochore. Several 
microtubule motors, including the plus-end directed motor Cenp-E and the minus-
end directed motor dynein localize to the outer kinetochore and are thought to 
contribute to chromosome motility during mitosis 7,30,155-157. Several additional 
microtubule motors localize to kinetochores, which are thought to control the 
dynamics of kinetochore microtubules, including the kinesin-13 motors Kif2b and 
MCAK, as well as the kinesin-8 motor Kif18a 158-162. However, the precise role of 
these motors in the regulation of microtubule dynamics is controversial.  

In addition to these motor proteins, several non-motor microtubule-
associated proteins (MAPs) that are known to regulate microtubule dynamics bind 
kinetochores. These include CLIP-170 and CLIP-associated protein (CLASP). CLIP-
170 was originally identified as a protein that specifically binds to the plus-ends of 
growing microtubules in a process that has since been called “plus-end tracking” 
163,164. While CLIP-170 is not essential for normal growth of microtubules, it is very 
important for the switch of microtubule shrinkage to growth (called a “rescue” 165, 
which is somewhat surprising, as CLIP-170 does not bind to shrinking microtubules. 
While it is still not entirely clear what the function of CLIP-170 is at the kinetochore, 
it does appear to contribute to the formation of kinetochore-microtubule attachments, 
and perhaps acts to facilitate the initial contact between kinetochores and 
microtubules 166. CLASP is also a plus-end tracking protein and it was shown that 
CLASP is important for the incorporation of new tubulin subunits into kinetochore-
microtubules 167,168. Finally, the recently identified Ska complex also plays an 
important role in the formation of stable kinetochore-microtubule interactions 169-173. 
In vitro, the Ska complex can track shrinking microtubules, suggesting it may have 
an important role in maintaining the kinetochore-microtubule interaction as 
microtubules shrink 172, analogously to the Dam1 complex in yeast 125,126,174. 
Together, these studies have shown that, while many microtubule-binding proteins 
localize to the kinetochore, they appear to have highly specialized functions in 
regulating the kinetochore-microtubule interface. 
 
5.3 Control of bipolar spindle assembly by kinetochores 
 Kinetochores are probably not essential for the formation of a bipolar 
spindle, as bipolar spindles can form around chromatin-associated beads that (most 
likely) lack kinetochores 88. Nonetheless, it is likely that kinetochores, when present, 
do affect the forces that control spindle bipolarity. In a metaphase spindle, bi-
oriented kinetochore pairs are thought to be under tension as the distance between 
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sister-kinetochore is increased compared to unattached kinetochores. The exact 
nature of the forces that generate this inter-kinetochore tension are still controversial, 
but it is reasonable to assume that when sister-kinetochores are stably under tension, 
they generate an equal inward force on kinetochore-microtubules. As kinetochore-
microtubules are generally connected to spindle poles, such an inward force should 
result in a net force that pulls centrosomes together, and thus antagonizes kineins-5-
dependent outward forces. Consistent with this, spindles are longer in the absence of 
kinetochore-microtubule attachments 152. However, a recent study challenged this 
idea by showing that inhibiting kinetochore-microtubule attachments resulted in 
delayed centrosome separation, suggesting that kinetochores may generate a pushing 
force on centrosomes that promotes their separation 175. This pushing force was 
suggested to be generated at kinetochores by kinetochore-microtubule flux. Other 
studies have found that inhibition of microtubule growth at kinetochores results in 
spindle collapse due to continued microtubule shortening of kinetochore-microtubule 
minus-ends 167,176,177. This can be interpreted as additional evidence that microtubule 
growth at kinetochores generates a force that pushes centrosomes apart. However, it 
could also mean that kinetochore-microtubule growth (or flux) is needed only to 
relax the tension at kinetochores (as was recently suggested 178), but that the pushing 
force is generated elsewhere. Earlier studies using laser ablation of oscillating 
kinetochore pairs did not provide evidence that kinetochores are generating a 
pushing force 179. Nonetheless, the defects in centrosome separation in the absence 
of kinetochore-microtubule attachments are clear and should be further explored, as 
they will likely provide new insights into the force–balance that is present within the 
spindle. Taken together, it is clear that kinetochore-microtubule attachments are 
important to consider when modeling forces in the spindle, but their precise 
contribution to inward and outward force generation remains to be clarified. 
 
 
6. Regulation of microtubule dynamics  
 
6.1 Local and global control of microtubule dynamics in mitosis 

Microtubules are inherently dynamic structures that undergo constant 
changes between microtubule growth and shrinkage 180. However, microtubule 
growth speeds are rather low in vitro compared to what has been observed in cells 
and rescues and catastrophes are much more frequent in intact cells. Furthermore, 
dynamic instability of microtubules is not equal throughout the cell. All these 
observations strongly suggest that the dynamics of microtubules are highly 
regulated, both spatially and temporally. Indeed, a plethora of microtubule regulators 
has now been identified 181,182. Many microtubule-stabilizing proteins, like tau and 
MAP2, bind all along the lattice of microtubules in neurons, in which microtubules 
can be very stable. In addition to these “classical” microtubule-stabilizing proteins, 
the family of microtubule plus-end tracking proteins is growing fast 164. As these 
proteins localize to microtubules tips, they are ideally suited to regulate the 
dynamics of microtubules. 
 In mitosis, microtubules are much less stable that in interphase, suggesting 
that as cells enter mitosis, microtubule stabilizers are inactivated and destabilizers 
are activated 183,184. A rapid increase in microtubule dynamics is thought to be 
important for efficient capture of all chromosomes by microtubules. In addition to a 
global change in microtubule dynamics, a mechanism that locally controls 
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microtubule dynamics during mitosis has also been described. This local control of 
microtubule dynamics involves specific activation of the small GTPase Ran around 
chromosomes, by its chromatin-associated activating protein RCC1. Locally 
activated Ran can then activate a large set of microtubule-binding proteins, which 
act to locally stabilize and nucleate microtubules 185-187. In this way, chromosomes 
direct the assembly of the mitotic spindle in their own vicinity. Thus, tight regulation 
of microtubule dynamics, both temporally and spatially is likely to contribute to 
efficient spindle assembly and cell division. 
 
6.2 Regulators of microtubule dynamics control spindle bipolarity 
 As the core of the mitotic spindle is made up of microtubules, it is not 
surprising that microtubule dynamics may affect spindle bipolarity. As noted in the 
previous section, positive regulators of microtubule growth at kinetochores are 
required to prevent spindle collapse by the action of microtubule minus-end 
depolymerases 167,176,188. Surprisingly, in Drosophila depletion of the centrosome-
localized kinesin-13 motor Klp10a (a family of motors that depolymerizes 
microtubules 189,190) also results in (transient) spindle collapse 188. While monopolar 
spindle formation was also observed after RNAi-mediated depletion of the human 
kinesin-13, Kif2a, in one study 191, subsequent work showed that this effect was not 
observed using other RNAi’s that depleted Kif2a to similar low levels 84, suggesting 
that in human cells Kif2a is not essential for spindle bipolarity. Studies of another 
human kinesin-13, MCAK, did find an increase in monopolar spindle assembly after 
MCAK depletion 192, although these effects were mild and another study of MCAK 
depletion did not find clear increases in monopolar spindle assembly 193. However, 
when MCAK-depleted cells were blocked in metaphase and were treated with 
kinesin-5 inhibitors (which does not normally result in spindle collapse in metaphase 
cells 45,93), spindle collapse was observed 83,84. Finally, depletion of the kinesin-8 
family motor (also involved in microtubule depolymerization 194,195) Klp67A in 
Drosophila also blocked bipolar spindle assembly 115. These results provide strong 
evidence that over-stabilization of the mitotic microtubule array results in an 
increased tendency to form monopolar spindles. Interestingly, the opposite also 
appears to be true: when microtubule stability is decreased, cells can form bipolar 
spindles, even when kinesin-5 activity is reduced (but not eliminated) 83. Similarly, 
inactivation of the small GTPase Rac1, also promotes bipolar spindle assembly when 
kinesin-5 activity is partially reduced and this was also suggested to be due to 
decreased microtubule stability 196,197. Interestingly, the role of Rac1 in centrosome 
separation was not only observed in prometaphase cells, but also in prophase cells, 
suggesting microtubule stability may be important for centrosome separation in both 
phases. 
 How could decreased microtubule stability promote centrosome separation? 
Although there is currently no clear explanation as to why increased microtubule 
stability would negatively affect spindle bipolarity, we will speculate on several 
possible scenarios in the following section. First, it is possible that increased 
microtubule stability increases the anti-parallel microtubule overlap on which minus-
end directed motors can act to pull centrosomes together, as suggested previously 83. 
While one would expect that outward force generators would also benefit from 
increased anti-parallel overlap, it is possible that in a metaphase spindle (where 
inward and outward force are likely balanced) outward force is generated by motors 
both at anti-parallel microtubules and at other sites (cortical sites, chromosomes, 
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etc), while inward forces are exclusively generated at anti-parallel microtubules. 
Thus, proportionally more inward force would be generated at anti-parallel 
microtubules, so increasing this region will pull centrosomes together. Consistent 
with this, a recent study modeling spindle assembly, suggested that anti-parallel 
microtubules need to be dynamic to allow a productive force-balance 198. Second, it 
is possible that centrosomes connected to a large microtubule array require more 
force to move through the cell than small asters, especially if centrosomal 
microtubules reach al the way to the cortex, thereby potentially blocking the 
movement of the microtubule network. Thus, increasing microtubule stability will 
impair centrosome movement and more kinesin-5 activity is required to separate 
centrosomes. While this can explain defects in initial centrosome separation when 
microtubule stability is increased, it does not explain why fully formed spindles 
collapse more readily when microtubules are overstabilized. Finally, microtubule-
cortex interactions are thought to require microtubule depolymerization to produce a 
pulling force on mitotic asters, as described in the previous section. Perhaps 
increasing microtubule stability prevents efficient cortical pulling forces, which 
could explain both defects in centrosome separation and bipolar spindle 
maintenance. None of these explanations are mutually exclusive and we suspect that 
altered microtubule dynamics are likely to affect spindle bipolarity in multiple ways
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Abstract 
 

CLIP-170 is a microtubule “plus-end tracking” protein involved in several 
microtubule-dependent processes in interphase. At the onset of mitosis, CLIP-170 
localizes to kinetochores, but at metaphase it is no longer detectable at kinetochores. 
Although RNAi experiments have suggested an essential role for CLIP-170 during 
mitosis, the molecular function of CLIP-170 in mitosis has not yet been revealed. 
Here, we used a combination of high resolution microscopy and RNAi-mediated 
depletion to study the function of CLIP-170 in mitosis. We found that CLIP-170 
dynamically localizes to the outer-most part of unattached kinetochores and to the 
ends of growing microtubules. In addition, we provide evidence that a pool of CLIP-
170 is transported along kinetochore-microtubules by the dynein/dynactin complex. 
Interference with CLIP-170 expression results in defective chromosome congression 
and diminished kinetochore-microtubule attachments, but does not detectibly affect 
microtubule dynamics or kinetochore-microtubule stability. Taken together, our 
results indicate that CLIP-170 facilitates the formation of kinetochore-microtubule 
attachments, possibly through direct capture of microtubules at the kinetochore. 
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Chapter 1 Introduction 
 

Microtubules are important for a large variety of cellular functions, including 
intracellular transport, motility and cell division. During mitosis, microtubules must 
attach paired sister chromatids to opposite poles of the spindle, which is essential to 
ensure proper distribution of the sister chromatids over the daughter cells. Fast and 
accurate attachments are possible because of the highly dynamic nature of 
microtubules. This is based on the inherent ability of microtubules to undergo 
changes between periods of growth and shrinkage, termed dynamic instability 199. 
Although dynamic instability is seen throughout the cell cycle, there is a striking 
increase in microtubule dynamics at the onset of mitosis 184.  
 The dynamics of interphase microtubules are regulated by a group of proteins 
that binds specifically to the plus ends of growing microtubules, collectively called 
“plus end tracking proteins”, or +TIPs 200. CLIP-170 is the founding member of the 
+TIPs 163. It has an N-terminal microtubule-binding domain, a long central coiled-
coil domain, required for homodimerization, and a C-terminus with two zinc-finger 
domains. In both budding and fission yeast the CLIP-170 homologs, Bik1 and Tip1 
respectively, also localize to the microtubule plus ends 201,202. However, in contrast 
to CLIP-170, Bik1 and Tip1 are transported to the plus end along the microtubule 
fiber by motor proteins, rather than binding to microtubule plus ends directly 163,203. 
CLIP-170 was shown to act as a positive regulator of microtubule growth in both 
yeast and humans 165,201,204. In addition, CLIP-170 is involved in linking 
microtubules to the cortex through IQGAP1 and Cdc42 205. Recently, it was also 
shown that CLIP-170 is involved in the recruitment of the dynein/dynactin complex 
to the microtubule plus ends 206. Together, these reports show that CLIP-170 is an 
important component of several different microtubule-dependent processes. 

Although significant advances have been made in understanding the role of 
CLIP-170 in interphase, little is known about the role of CLIP-170 during mitosis. 
At the onset of mitosis, CLIP-170 localizes to kinetochores, large protein structures 
that assemble at the centromeres during mitosis 207. During later stages of mitosis, 
when chromosomes are fully aligned at the metaphase plate, CLIP-170 is no longer 
detected at these sites. However, the exact timing and mechanism responsible for 
displacement of CLIP-170 are unknown. In budding yeast, Bik1 was initially 
reported to bind kinetochores through its C-terminus, independently of microtubules 
202. However, a recent report suggested that Bik1 does not localize to unattached 
kinetochores 208. Nonetheless, cells with a deletion in the C-terminal domain of Bik1 
show defects in chromosome segregation, possibly because of impaired microtubule-
binding to kinetochores 202. This chromosome segregation defect was only observed 
in polyploid yeast strains, suggesting a minor role for Bik1 in this process. In 
mammalian cells, inhibition of CLIP-170 function using a dominant negative 
approach results in a slight increase of mitotic cells and a relative increase in 
prometaphase cells 207. A more recent report showed that knock-down of CLIP-170 
proteins levels through RNA interference (RNAi) results in a near complete block of 
cells in mitosis 209, suggesting that CLIP-170 has an important role in mitotic 
progression. Here, we have addressed the molecular function of CLIP-170 in mitosis 
and the mechanisms that control its localization. 
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Results 
 
CLIP-170 is displaced from kinetochores after microtubule attachment 

CLIP-170 localizes to kinetochores at the onset of prometaphase (Fig. 1A, 
upper panel), but is absent from kinetochores at metaphase, at which time CLIP-170 
staining is observed at the mitotic spindle (Fig 1A, lower panel), consistent with 
previous findings 207. As kinetochore-association correlates with spindle checkpoint 
status, it is possible that CLIP-170 kinetochore localization is controlled by the 
spindle checkpoint. To test this hypothesis, the checkpoint was directly inactivated 
by RNAi-mediated depletion of the checkpoint protein Mad2 210. In Mad2-depleted 
metaphase cells, CLIP-170 was mostly gone from kinetochores (data not shown). 
However, when Mad2-depleted cells were treated with nocodazole, strong CLIP-170 
staining at kinetochores was observed (Fig. 1B, lower panel). This shows that 
spindle checkpoint inactivation per se does not result in CLIP-170 displacement 
from kinetochores. Together, these results suggest that CLIP-170 kinetochore 
localization is determined by the presence or absence of microtubules rather than the 
status of the spindle checkpoint. 

Possibly, CLIP-170 is displaced from the kinetochore after initial 
microtubule attachment. Alternatively, CLIP-170 could be displaced when sister 
kinetochores are under tension as a result of opposing forces of microtubules. To 
discriminate between the two possibilities, cells were treated with drugs that allow 
attachment to kinetochores, but inhibit the generation of tension. First, cells were 
treated with monastrol to investigate CLIP-170 localization in cells with a 
monopolar spindle. In monastrol-treated cells CLIP-170 could clearly be seen on 
some kinetochores, but was not present on others (Fig. 1C), similar to CLIP-170 
localization in cells overexpressing an N-terminal deletion mutant of CLIP-
associated protein 1 (CLASP1) 167. Some kinetochores could be observed with 
attached microtubules that lacked CLIP-170 staining, while other, unattached, sister 
kinetochores showed bright CLIP-170 staining. (Fig. 1C). In addition, kinetochore 
pairs could often be seen of which one kinetochore showed CLIP-170 staining, 

 
 
Figure 1. CLIP-170 localizes to unattached kinetochores and growing microtubule plus ends.  
U2OS cells were fixed with triton/FA fixation and stained with the indicated antibodies. A) In early 
prometaphase, a punctuate CLIP-170 staining is observed that localizes adjacent to centromeres, as 
visualized with CREST (upper panel). In late prometaphase/metaphase, CLIP-170 staining could no 
longer be detected on most kinetochores (lower panel and inlay). B) U2OS cells were transfected with 
ps-Mad2 to inactivate the spindle checkpoint. Cells were subsequently treated with nocodazole to 
prevent microtubule-kinetochore attachments, in combination with the proteasome inhibitor MG132 
to prevent mitotic exit. CLIP-170 is present at kinetochores of cells with an inactivated spindle 
checkpoint. C) In monastrol-treated cells, CLIP-170 is no longer present at a subset of kinetochores. 
Single kinetochores can be seen that have a microtubule attachment and do not show CLIP-170 
staining (right inlay), while other kinetochores that lack attachment show bright CLIP-170 staining 
(left inlay). D) In taxol-treated cells, most kinetochores lack CLIP-170, but some kinetochores that 
appear unattached still show CLIP-170 staining. E) U2OS cells were transfected with ps-Survivin and 
treated as in (B). CLIP-170 was absent from most kinetochores in Survivin-depleted cells (upper 
panel), but CLIP-170 was present at kinetochores when Survivin-depleted cells were treated with 
nocodazole (lower panel). F) U2OS cells were transfected with CLIP-170-GFP and ps-CLIP-170. 
Confocal images were acquired every 3.4 seconds. Far right image shows an overlay of three time 
points. 3.4s is blue, 6.8s is green and 10.2s is red. Directed movement can be observed (inlay). 
Arrows indicate chromosomes. Bars indicate 5 µm. 
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whereas the adjacent sister kinetochore did not (data not shown). Microtubule 
attachment can occur at a single kinetochore. In contrast tension always occurs at 
both sister kinetochores at the same time. Thus, the fact that CLIP-170 is displaced 
from one sister kinetochore, but not the other, suggests that CLIP-170 is displaced 
from the kinetochore by attachment rather than tension. 

In a second approach, cells were treated with the microtubule-stabilizing 
drug taxol. Taxol treatment resulted in displacement of CLIP-170 from most 
kinetochores (Fig. 1D), consistent with the notion that CLIP-170 is displaced by 
attachment rather than tension. Finally, we investigated kinetochore association of 
CLIP-170 in cells with normal bipolar spindles using Survivin siRNA. Previously, 
we have shown that Survivin-depleted cells cannot establish tension over 
kinetochore pairs 210. In Survivin-depleted cells, CLIP-170 was displaced from 
kinetochores (Fig. 1E, upper panel), confirming that attachment suffices for CLIP-
170 displacement. Survivin-depleted cells, treated with nocodazole, showed strong 
CLIP-170 staining at kinetochores (Fig. 1E, lower panel), indicating that CLIP-170 
can be recruited to kinetochores in these cells. Taken together, these results 
demonstrate that CLIP-170 is displaced from kinetochores after microtubule 
attachment. 
 
CLIP-170 localizes to microtubule plus ends during mitosis 

To further investigate the localization of CLIP-170 in mitosis, we used 
fluorescence time-lapse confocal microscopy to visualize a GFP-CLIP-170 fusion 
protein in living cells. In interphase, GFP-CLIP-170 moved through the cell in 
comet-like structures at plus ends of growing microtubules (data not shown), 
consistent with previous observations 163. However, we were unable to detect these 
comet-like structures in mitotic cells transfected with GFP-CLIP-170. To enhance 
the possible microtubule-associated signal of GFP-CLIP-170, cells expressing a 
siRNA-resistant form of GFP-CLIP-170 were depleted of endogenous CLIP-170 by 
siRNA. Under these conditions dashes of GFP-CLIP-170, emanating from both 
poles, could be observed moving through the mitotic cell in all directions (Fig. 1F 
and supplemental movie 1). To confirm that these moving dashes indeed represented 
the ends of growing microtubules, rather than kinetochores, the speed of the moving 
dots was calculated. Dashes of GFP moved at a speed of 12.5 ± 4.3 μm/min (n=5) 
(Fig. 1E). This corresponds well with published data of microtubule growth in 
mammalian cells during mitosis 211. As a control we visualized growing 
microtubules using EB1-GFP,  which moved at a comparable, albeit slightly higher 
speed (16.3 ± 4.8 μm/min (n=5)), possibly due to the anti-pausing effect of EB1.  
Thus, we conclude that CLIP-170 localizes to growing microtubule plus ends during 
mitosis. To our knowledge, this is the first time dynamic plus end localization of 
CLIP-170 is shown in mitosis in mammalian cells.  
 
Chapter 2 CLIP-170 dynamically localizes to the outer part of the kinetochore 

CLIP-170 localizes to kinetochores during mitosis 207, but the localization of 
CLIP-170, relative to other kinetochore proteins, has not yet been determined. To 
study this, nocodazole-treated cells were stained with CREST and Mad1 as markers 
for the centromere and the outer kinetochore, respectively 212. CLIP-170 staining 
was observed substantially further outward from the inner centromere than Mad1 
(Fig. 2A), suggesting that CLIP-170 localizes to the most outer part of the 
kinetochore. In addition, CLIP-170 kinetochore localization was compared with that 
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of the dynactin subunit p150glued. CLIP-170 and p150glued staining mostly 
overlapped at the kinetochore (Fig. 2B), suggesting that CLIP-170 localizes at the 
same position at the kinetochore as p150glued.  
CLIP-170 can interact with the dynein-associated protein Lis1 and p150glued both 
in vitro and in vivo 206 and disruption of the dynein/dynactin complex displaces 
CLIP-170 from the kinetochore 213. It is therefore likely that CLIP-170 is targeted to 
the kinetochore by the dynein/dynactin complex. However, it is unknown if 
dynein/dynactin also requires CLIP-170 for kinetochore localization. To test this, 
CLIP-170 was depleted with siRNA. In mock transfected cells, CLIP-170 and 
p150glued co-localize at kinetochores (Fig. 2C). After CLIP-170 depletion, CLIP-
170 was no longer detectable at kinetochores (Fig. 2C, lower panel). However, 
p150glued was still recruited (Fig. 2C lower panel). Similarly, dynein intermediate 
chain localized to kinetochores after CLIP-170 depletion (data not shown). We 
therefore conclude that targeting of the dynein/dynactin complex to the kinetochore 
is not dependent on CLIP-170. 

Next, the dynamic behaviour of CLIP-170 at the kinetochore was assayed by 
measuring the fluorescent recovery after photo bleaching (FRAP) of GFP-CLIP-170. 
Nocodazole was added to cells 1 hour prior to the experiment to ensure that all 
kinetochores were unattached. After photo bleaching of the GFP signal at 
kinetochores, CLIP-170 recovered to half of the fluorescence (t½) in 20.1 ± 3.3 
seconds (n=5; Fig. 2D). Maximum fluorescence recovery was 83 ± 14% at 2 minutes 
after bleaching. We were unable to image cells longer, because it proved difficult to 
follow kinetochores for more than two minutes, due to kinetochore drift in the Z-axis 
of the cell. These results show that CLIP-170 association with the kinetochore is 
highly dynamic, suggesting that CLIP-170 is not a structural component of the 
kinetochore, but rather a dynamic protein that transiently associates with the outer 
part of the kinetochore. 

Both full length GFP-CLIP-170 and GFP-CLIP-170 lacking the N-terminal 
MBD (ΔN) (Fig. 2D) localize to the kinetochore, but GFP-CLIP-170 lacking the C-
terminal domain (ΔC) does not 207. This suggests that the C-terminal domain targets 
CLIP-170 to the kinetochore, while the N-terminal domain does not bind to the 
kinetochore. To examine this in more detail, we determined the dynamics of GFP-
CLIP-170-ΔN at the kinetochore by FRAP analysis. Surprisingly, we found that 
GFP-CLIP-170-ΔN showed a significantly slower (p=0.02) recovery than full length 
GFP-CLIP-170 (t½ = 25.0 ± 4.4s, n=7). In addition, the total fluorescence recovery of 
GFP-CLIP-170-ΔN was only 60% ± 15% of the original fluorescence at 2 minutes 
after photobleaching. The increase in halftime of fluorescent recovery and the lower 
maximum recovery indicate that GFP-CLIP-170-ΔN binds with a higher affinity to 
kinetochores than full length GFP-CLIP-170. These results suggest that the N-
terminal domain of CLIP-170 influences the dynamic association of the protein with 
kinetochores. 

It was recently shown that the C-terminal domain of CLIP-170 can associate 
with its own MBD in an intramolecular interaction. This self-association inhibits 
binding of the MBD to microtubules 206. Thus, the C-terminus can bind either 
kinetochores or its N-terminus. We therefore hypothesized that when CLIP-170 is 
bound to the kinetochore with its C-terminus, the free MBD of CLIP-170 could self-
associate with the kinetochore-bound C-terminal domain, thereby disrupting the 
interaction between the C-terminal domain of CLIP-170 with the kinetochore and 
thus displacing the molecule from  
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Figure 2. CLIP-170 dynamically localizes to the outer part of the kinetochore.  
U2OS cells were treated with nocodazole for 3 hours (A-B, E). Cells were fixed with triton/FA (A-C) 
or with methanol/acetone (F). A-B) Cells were stained for CLIP-170 and Mad1 (A) or p150glued (B) 
combined with CREST. C) Mock-transfected (upper panel) or CLIP-170 siRNA-transfected cells 
(lower panel) were stained for CLIP-170 and p150glued and DNA was stained with DAPI. D) U2OS 
cells were transfected with either GFP-CLIP-170 or with GFP-CLIP-170-ΔN (See E). After 
bleaching, images were acquired every 8 seconds. Graph represents averages of either 5 (GFP-CLIP-
170) or 7 (GFP-CLIP-170-ΔN) experiments. E) Schematic representation of the different CLIP-170-
deletion mutants used in this study. F) Cells were transfected with GFP-CLIP-170-MBD and stained 
for endogenous CLIP-170 and CREST antibodies. Bars indicate 5 µm. 

 
 
the kinetochore. In this model the MBD of CLIP-170 stimulates the release of CLIP-
170 from the kinetochore. To test if the MBD can interfere with the interaction 
between CLIP-170 and the kinetochore, we overexpressed the MBD of CLIP-170 
and investigated the localization of endogenous CLIP-170. In untransfected cells, 
endogenous CLIP-170 can be readily detected at kinetochores of nocodazole treated 
cells (Fig. 2F, arrow). However, in cells transfected with GFP-CLIP-170-MBD, the 
amount of endogenous CLIP-170 at kinetochores was strongly reduced, although 
GFP-CLIP-170-MBD itself did not localize to kinetochores (Fig. 2F). These results 
show that the MBD of CLIP-170 can interfere with the interaction of CLIP-170 with 
the kinetochore. 
 
CLIP-170 localizes to microtubule plus ends and along spindle microtubules 

CLIP-170 localizes to the mitotic spindle at late prometaphase and metaphase 
207 and here we showed that CLIP-170 dynamically localizes to microtubule plus 
ends during mitosis (Fig. 1A, lower panel). It is therefore possible that spindle 
staining consists of a large amount of microtubule plus ends that are labeled with 
CLIP-170. However, when single Z-planes of deconvolved confocal images of late 
prometaphase or metaphase cells were analyzed, CLIP-170 could be detected along 
the lattice of kinetochore-microtubules (Fig. 3A, arrows). To further investigate if a 
fraction of CLIP-170 localizes along the microtubule lattice, metaphase cells were 
given a cold shock for 10 minutes at 4°C to depolymerise all unattached 
microtubules. Although CLIP-170 staining in the spindle area was diminished after 
coldshock, likely due to loss of CLIP-170 plus end staining, some CLIP-170 staining 
remained. This pool of CLIP-170 co-localized with microtubules of the spindle and 
could be seen along kinetochore-microtubules (Fig. 3B, arrows). Although we 
cannot completely exclude the possibility that the dot-like staining pattern along 
kinetochore-microtubule bundles in fact represents the plus ends of different 
microtubules in a single kinetochore-microtubule bundle, these results indicate that 
CLIP-170 can localize along kinetochore-microtubules. 
 
CLIP-170 can localize to spindle microtubules independently of its MBD 

Direct binding of CLIP-170 to microtubules plus ends is dependent on the 
MBD of CLIP-170 214. We were therefore interested to see if CLIP-170 localization 
along the microtubule lattice was dependent on the MBD. To test this, deletion 
mutants of GFP-CLIP-170 were used, lacking either the N-terminal MBD (ΔN), the 
C-terminal domain (ΔC) or both the N-terminal and the C-terminal domain (ΔNΔC) 
(See Fig. 2E). When interphase cells were examined that express full length GFP-
CLIP-170 or GFP-CLIP- 
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Figure 3. CLIP-170 localizes along spindle microtubules through its C-terminal domain.  
Cells were fixed with triton/FA (A,B and D, lower two panels) or with methanol/acetone, which 
completely preserves microtubule plus ends (D, upper two panels). A) Single Z-plane of a 
prometaphase cell stained for CLIP-170, α-tubulin and CREST. Arrows indicate kinetochore-
microtubules decorated with CLIP-170. B) Cells were incubated at 4ºC for ten minutes before 
fixation to depolymerise all non-kinetochore microtubules. CLIP-170 staining was still observed on 
the spindle and along kinetochore-microtubules in cold-treated cells (arrows). C-D) Cells were 
transfected with indicated constructs and stained with α-GFP antibody. Representative examples of 
interphase (C) and mitotic (D) cells are shown. Inlay in D shows GFP-CLIP-170-ΔN along a single 
microtubule. Bars indicate 5 µm. 

 
 
170-ΔC, clear comet-like staining was observed at the ends of microtubules (Fig. 
3C). In contrast, neither GFP-CLIP-170-ΔN nor GFP-CLIP-170-ΔNΔC localized to 
microtubule plus ends in fixed interphase cells (Fig. 3C), confirming that the N-
terminal domain is essential for microtubule plus end binding in interphase. When 
mitotic cells were examined, GFP-CLIP-170-ΔC was detected in a punctuate pattern 
throughout the spindle (Fig. 3D, upper panel). While no significant microtubule 
association of GFP-CLIP-170-ΔN was detected in interphase cells, GFP-CLIP-170-
ΔN was detected along microtubules in mitotic cells in both U2OS and HeLa cells 
(Fig. 3D, middle panel and data not shown). The spindle localization of the CLIP-
170-ΔN-GFP mutant was dependent on the C-terminal domain, since the GFP-CLIP-
170-ΔNΔC mutant failed to localize to the spindle (Fig. 3D, lower panel). This also 
suggests that GFP-CLIP-170-ΔN does not localize to the spindle through 
heterodimerization with endogenous CLIP-170, since the dimerization domain is 
located in the coiled-coil which is present in both GFP-CLIP-170-ΔN and the GFP-
CLIP-170-ΔNΔC. The spindle localization was also not due to aspecific binding of 
GFP to the spindle, since an HA-tagged CLIP-170-ΔN mutant also localized along 
spindle microtubules (data not shown).  
 

CLIP-170-ΔN spindle localization is dependent on the dynein/dynactin complex 
 Since CLIP-170 targeting to the kinetochore is dependent on the 
dynein/dynactin complex 213 and dynein localizes to the mitotic spindle at late 
prometaphase and metaphase 215, it is possible that GFP-CLIP-170-ΔN is targeted to 
the spindle through the dynein/dynactin complex. Indeed, GFP-CLIP-170-ΔN co-
localized with dynein at kinetochores and at the spindle (Fig. 4A). In prometaphase 
cells, often only a subset of kinetochores were positive for dynein, but kinetochores 
positive for dynein always showed GFP-CLIP-170-ΔN staining as well (Fig. 4A). In 
contrast, GFP-CLIP-170-ΔC did not show significant overlap with dynein at 
kinetochores or the spindle (data not shown). These data support the idea that a 
fraction of CLIP-170 is bound to the spindle through association with the 
dynein/dynactin complex. 
 To further test if CLIP-170 is indeed targeted to the spindle through the 
dynein/dynactin complex, we overexpressed the dynactin subunit p50/dynamitin, 
which disrupts the dynein/dynactin complex 33. When HA-CLIP-170-ΔN and H2B-
GFP were co-transfected with high levels of p50/dynamitin, we found that HA-
CLIP-170-ΔN spindle localization was substantially reduced (Fig. 4B lower panel), 
when compared to cells transfected with HA-CLIP-170-ΔN and H2B-GFP alone 
(Fig. 4B upper panel). This  

43



Chapter 2 
 

  

 

 
 
 
Figure 4. GFP-CLIP-170-ΔN is targeted to the spindle by the dynein/dynactin complex.  
A) Cells were transfected with GFP-CLIP-170-ΔN and stained with the indicated antibodies. A single 
Z-plane is shown. GFP-CLIP-170-ΔN and dynein co-localize at the spindle and at kinetochores. B) 
Cells were transfected with HA-CLIP-170-ΔN and H2B-GFP alone (upper panel) or in combination 
with high levels of p50/dynamitin (lower panel). Cells transfected with p50/dynamitin show strongly 
decreased HA-CLIP-170-ΔN staining on the spindle. Bars indicate 5 µm. 

 
 
strongly suggests that HA-CLIP-170-ΔN binds to the spindle indirectly, through the 
dynein/dynactin complex.  
 
CLIP-170 is required for efficient kinetochore-microtubule formation 
 Since we found that CLIP-170 localizes to the outer most part of unattached 
kinetochores through its C-terminus and can also bind microtubules with its N-
terminus, we hypothesized that CLIP-170 can act as an initial linker between 
incoming microtubules and the kinetochore and thus plays an important role in 
microtubule capture at kinetochores. To test this, HeLa cells stably expressing H2B-
YFP were treated with CLIP-170 siRNA. Four days after transfection, CLIP-170 
proteins level had decreased substantially (Fig. 5A). In control cells, we found that in 
>90% of cells the chromosomes were aligned within 30 minutes after DNA 
condensation and cells proceeded to anaphase within 60 minutes (Fig. 5B). In 
contrast, in CLIP-170-depleted cells, in <25% of cells chromosomes were aligned 
within 60 minutes. To determine in which percentage of cells we filmed CLIP-170 
had been extensively repressed, we scored the knockdown of CLIP- 
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Figure 5.  CLIP-170 is required for proper kinetochore-microtubule attachments and 
chromosome alignment. 
A) CLIP-170 protein levels of mock-transfected cells and CLIP-170 siRNA-transfected cells. (B-D) 
Selected images of fluorescence time-lapse movie of HeLa cells stably expressing H2B-YFP.  B) 
Mock-transfected cell. C-D) CLIP-170 siRNA transfected cells. Arrows indicate misaligned 
chromosomes. E-F) Confocal image of a fixed U2OS cell treated with CLIP-170 siRNA. E) Arrow 
points at a kinetochore that is unattached. F) Misaligned chromosomes are unattached as indicated by 
high Mad1 levels at kinetochores of unaligned chromosomes (arrows). G) The number of misaligned 
chromosomes in CLIP-170-depleted cells was compared to that in Cenp-E-depleted cells. 

 
 
170 in a parallel experiment on fixed samples. 68% of cells had an extensive 
knockdown, 26% a partial knockdown and 6% had no obvious knockdown. A 
representative CLIP-170-depleted cell is shown in figure 5C. 62 minutes after DNA 
condensation, many chromosomes still remained misaligned (Fig. 5C, 1:02). Some 
misaligned chromosomes eventually aligned at the metaphase plate, but up to 7 
hours after mitotic entry multiple misaligned chromosomes were observed (Fig. 5C, 
7:40). The cell shown in figure 5C remained in mitosis for the full duration of the 
movie. However, we found that some CLIP-170-depleted cells (<50%) eventually 
aligned all chromosomes and proceeded to anaphase. These results were reproduced 
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with a second independent siRNA, confirming the specificity of the RNAi (data not 
shown). Together, these results demonstrate that CLIP-170 is required for normal 
chromosome alignment in human cell lines. 
 Next, we focused on the dynamics of the misaligned chromosomes. To 
investigate the defect in chromosome alignment of CLIP-170-depleted cells in more 
detail, we analyzed cells in which most chromosomes had aligned at the metaphase 
plate and single misaligned chromosomes could be followed. Figure 5D and 
supplemental movie 2 show a HeLa cell in which most but not all chromosomes 
were aligned. The misaligned chromosome (indicated by an arrow in Fig. 5D) did 
not move for over 4 hours. Since the chromosome is completely immobile for a 
prolonged period of time, it is likely that it is  unattached to microtubules. In 
addition, we often found that polar chromosomes would suddenly move rapidly 
towards the metaphase plate, indicating that they obtained an attachment (data not 
shown) Together, these data suggest that CLIP-170-depleted cells are impaired in the 
establishment of microtubule-kinetochore interactions. 
 To examine the misaligned chromosomes in more detail, U2OS cells were 
analyzed by confocal microscopy. In CLIP-170 siRNA treated cells, chromosomes 
could often be observed near spindle poles (see Fig. 5F). Although it was difficult to 
determine if the poleward-facing kinetochore was attached to the nearest spindle 
pole, the kinetochore facing away from the pole was clearly unattached (Fig. 5E, 
arrow). Consistent with this, sister kinetochores of bi-oriented chromosomes were 
aligned along the pole-to-pole axis (gray bar), while the sister kinetochores of the 
unaligned chromosome were not (white bar). In addition, CLIP-170-depleted cells 
were stained for the kinetochore protein Mad1, which localizes to unattached 
kinetochores. High levels of Mad1 were seen on misaligned chromosomes (Fig. 5F), 
further confirming that misaligned chromosomes did not have proper attachments. 
Finally, to directly show that CLIP-170 is required for efficient formation of 
kinetochore-microtubules, HeLa cells were given a coldshock for 10 minutes at 4°C 
216. In most control cells (>80%), a robust spindle in which most chromosomes 
appeared to be attached to microtubules was observed. In contrast, CLIP-170-
depleted cells showed spindles with a substantially reduced number of kinetochore-
microtubules (Fig. 5G). Thus, CLIP-170-depleted cells are unable to form proper 
kinetochore-microtubules, even though they arrested in mitosis for a prolonged 
period of time.  

To determine the relative importance of CLIP-170 in the formation of 
kinetochore microtubules, we directly compared chromosome alignment in CLIP-
170-depleted cells with Cenp-E-depleted cells, which was shown to result in a 
decrease in the number of kinetochore-microtubules 217. We used a previously 
described Cenp-E siRNA that efficiently reduces Cenp-E levels 218 (supplemental 
figure S1). Our results confirm that depletion of Cenp-E causes alignment defects. 
Interestingly, we found that depletion of CLIP-170 caused a more severe defect in 
chromosome alignment (Fig. 5H). Taken together, these results further demonstrate 
that CLIP-170 has an important role in the formation of kinetochore-microtubules. 

To further investigate the role of CLIP-170 in chromosome congression and 
microtubule attachments at kinetochores, U2OS cells were treated with nocodazole 
to depolymerise all microtubules. Subsequently, cells were released from the 
nocodazole block and stained for Mad1 and CREST at regular intervals. In 67 ±10% 
of control cells most chromosomes had completely aligned their chromosomes at 30 
minutes post-release (Fig. 6A). Indeed, Mad1 was mostly absent from kinetochores 
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in these cells (Fig. 6B). However, only 13 ±9% of CLIP-170 siRNA treated cells had 
aligned all chromosomes 30 minutes after release. Strikingly, 50 ±19% of CLIP-170-
depleted cells showed no alignment at all at that time (Fig. 6A). In addition, these 
cells had high Mad1 levels on kinetochores (Fig. 6B). This was not due to a 
previously failed mitosis, since we only scored cells with bipolar spindles and 2 
centrosomes. This shows that loss of CLIP-170 not only results in the inability to 
align polar chromosomes, but leads to a global chromosome congression defect. In 
addition, these results suggest that the defect in alignment is due to a problem in 
efficiently forming attachments. At later timepoints (t=60, 120 and 240 minutes), 
most CLIP-170-depleted cells were able to form a metaphase plate, although often 1 
or more chromosomes remained misaligned (74 ± 15%, 60 ± 3% and 40 ±10%, 
respectively) (Fig. 6A). Taken together, these results demonstrate that CLIP-170 is 
required for efficient formation of kinetochore-microtubule attachments and 
chromosome congression. 
 CLIP-170 regulates microtubule stability in interphase cells by promoting 
microtubule rescue 165. Thus, the observed defect in the formation of kinetochore-
microtubules could be due to a global defect in microtubule stability, leading to a 
reduced capture at kinetochores. To exclude this possibility, U2OS cells were 
released from a nocodazole block and fixed 5 minutes after release, at which time 
robust microtubule asters were visible (data not shown). Microtubules were stained 
after pre-permeabilization, which removes cytoplasmic tubulin subunits. The total 
amount of microtubule polymer was calculated by quantifying the tubulin 
fluorescence in the spindle. We found that control cells had an identical amount of 
microtubule polymer as CLIP-170-depleted cells (Fig. 6C). This suggests that the 
defect in chromosome congression in CLIP-170-depleted cells observed after 
nocodazole release, was not due to an impaired microtubule nucleation or stability. 
 To determine if more subtle defects in microtubule dynamics occur after 
depletion of CLIP-170, we quantified the number of growing microtubules in the 
spindle. For this, cells were stained for EB1, which binds selectively to growing 
microtubules 219. When the total fluorescence of spindle-associated EB1 of control 
cells was compared to that of CLIP-170-depleted, we found no differences (Fig. 6D 
and supplemental fig. S2). As a control, cells were treated with an ultra-low doses of 
nocodazole, either 25 nM or 100 nM. Although this did not visibly effect the spindle 
(data not shown), a clear reduction in EB1 staining could be observed, confirming 
the sensitivity of this assay. 

 An alternative explanation for our data is that kinetochore-
microtubules are unstable in CLIP-170-depleted cells, resulting in loss of formed 
kinetochore- microtubules. To test this, we measured the stability of kinetochore-
microtubules using photoactivatable α-tubulin 220. A bar shaped region was activated 
across the spindle of metaphase cells and loss of spindle fluorescence was measured 
over time (Fig. 6E and for an example see supplemental movie 3). Only CLIP-170 
siRNA treated cells that showed misaligned chromosomes were imaged. The 
observed loss of fluorescence was biphasic. The initial loss corresponds to diffusion 
of activated cytoplasmic α-tubulin and turnover of the highly dynamic non-
kinetochore microtubules, while the second phase corresponds to the turnover of 
kinetochore microtubules 220. Thus, the slope of the second phase fluorescence decay 
represents the kinetochore-microtubule turnover. We found that the  
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Figure 6. Defects in the formation of kinetochore-microtubule attachments are not due to 
defects in either global or kinetochore-microtubule stability.  
(A-E) U2OS cells. A) Cells were released from a nocodazole block and harvested 30, 60, 120 or 240 
minutes later. The number of misaligned chromosomes per cell were scored (average of 3 
independent experiments). B) Cells were treated as in A and were stained for Mad1. The number of 
Mad1 positive kinetochores per cells were scored (4 independent experiments). C) Cells were treated 
as in A and were fixed 5 minutes after release and stained for α-tubulin. The total amount of tubulin 
polymer was quantified. D) Cells were stained for EB1 and the total spindle fluorescence of EB1 was 
quantified. E) Cells were transfected with photoactivatable α-tubulin and H2B-RFP. A bar was 
activated across the spindle and the fluorescence decay was measured over time. Only CLIP-170-
depleted cells were measured that showed misaligned chromosomes. 

 
 
turnover of kinetochore-microtubules is identical in control cells versus CLIP-170-
depleted cells (Fig. 6E). These results suggest that the chromosome congression 
defect was not due to loss of existing kinetochore-microtubules. 
 Taken together, these data suggest that CLIP-170 is involved in the formation 
of kinetochore-microtubule attachments, independently of the regulation of 
microtubule stability or the maintenance of kinetochore-microtubules and are 
consistent with a role for CLIP-170 in direct microtubule capture at kinetochores. 
 
 
Discussion 
 
CLIP-170 localization and dynamics during mitosis 

Here we show that CLIP-170 localizes to microtubule plus ends in mitosis in 
an MBD-dependent fashion, while it can also interact with the mitotic spindle 
independently of the MBD. However, CLIP-170 can localize to the spindle 
independently of its MBD as well (Fig. 3D). This latter localization is dependent on 
the dynein/dynactin complex, as disruption of this complex displaces a CLIP-170 
mutant lacking the MBD from the spindle. Interestingly, CLIP-170 associates with 
kinetochores in a dynein/dynactin-dependent manner 213 and dynein was shown to be 
displaced from the kinetochore, like CLIP-170 (Fig. 2B-C), after microtubule 
attachment 221. It is therefore possible that a pool of kinetochore-bound CLIP-170 is 
transported by the dynein/dynactin complex onto kinetochore-microtubule bundles 
and towards the spindle pole after attachment. Dynein/dynactin-dependent transport 
of CLIP-170 appears to occur only in mitosis, since in interphase cells the 
dynein/dynactin-binding domain of CLIP-170 does not localize to microtubules. 
Possibly, cell cycle regulated, post-translational modifications influence the 
interaction of CLIP-170 with the dynein/dynactin complex along microtubules. This 
could occur by negatively regulating the interaction of CLIP-170 with microtubules 
during mitosis, thereby increasing its association with dynein/dynactin. It is 
important to note that we found that CLIP-170 localizes to microtubule plus ends in 
mitosis, but it is possible that its affinity for microtubules is decreased compared to 
interphase cells. 

In addition, we found that CLIP-170 has a relatively high turnover at the 
kinetochore. The rapid turnover of CLIP-170 at kinetochores would allow 
kinetochores that have lost an attachment to rapidly re-accumulate CLIP-170 and re-
capture a microtubule. Surprisingly, we found that a CLIP-170 mutant lacking the 
MBD has a higher affinity for the kinetochore. In addition, overexpression of the 
MBD displaces endogenous CLIP-170 from kinetochores. This suggests that the 
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MBD of CLIP-170 can fold back onto its C-terminus, thereby displacing the 
molecule from the kinetochore. Moreover, distinct pools of CLIP-170 appear to exist 
at the kinetochore, as a fraction of CLIP-170 lacking the MBD does not recover after 
photobleaching. Indeed, CLIP-170 can either interact with Lis1 or p150glued, both 
of which are present at kinetochores. However, the interaction of CLIP-170 with 
p150glued is substantially stronger than with Lis1 in vitro 206. Therefore, the 
intramolecular interaction of CLIP-170 might be strong enough to compete with the 
interaction between CLIP-170 and Lis1, but not with the interaction of CLIP-170 
and p150glued.  
 
CLIP-170 is involved in the formation of kinetochore-microtubules 

Detailed live analysis of cells depleted of CLIP-170 showed that CLIP-170 is 
needed for normal chromosome alignment. In addition, fixed cell imaging revealed 
that many chromosomes did not obtain correct microtubule attachments. Since 
CLIP-170 binds to both the very outer part of kinetochores and to microtubules, 
localizes to unattached kinetochores only and is known to link microtubules to 
subcellular structures 205,214, the most likely explanation for our results is that CLIP-
170 is involved in the initial interaction between kinetochores and microtubules (Fig. 
6B).  

We did not find any differences in overall microtubule stability after 
depletion of CLIP-170, in contrast to what has been reported in interphase cells 165. 
Thus it seems that the microtubule stabilizing effect of CLIP-170 is specifically 
inhibited during mitosis or that other microtubule-associated proteins compensate for 
the loss of CLIP-170. Second, it is known that CLIP-170 can crosslink and organize 
microtubules both upon overexpression and also in vivo, in the microtubule 
manchette of the mouse testis 222,223. It is therefore possible that CLIP-170 has a 
second role in the formation of kinetochore-microtubules by organizing or 
crosslinking microtubules. Interestingly, we found evidence that CLIP-170 is 
transported onto kinetochore-microtubules by the dynein/dynactin complex, where it 
would be ideally localized to guide growing microtubules towards the kinetochore. 
This hypothesis will require further investigation. 
 It should be noted that we also found an increase in multipolar spindles in 
CLIP-170-depleted cells (unpublished observation), but these cells were consistently 
excluded from our quantifications. 
  
Redundancy in CLIP-170 function 

Here, we found that CLIP-170 is important for chromosome alignment and 
for the formation of kinetochore-microtubule attachments in two different human 
cell lines. However, we found that most chromosomes eventually aligned, 
suggesting that redundant pathways exist for the formation of kinetochore-
microtubules. Interestingly, fibroblasts from CLIP-170 knockout mice have only 
minor defects in chromosome alignment 222. Although it is possible that this is due to 
species-specific differences, these results also suggest that redundant pathways exist 
for kinetochore-microtubule interaction. One such pathway might involve the motor 
protein Cenp-E. Loss of Cenp-E results in very similar defects in chromosomes 
alignment as loss of CLIP-170 217 (Fig. 5H). However, chromosome alignment 
defects after loss of CLIP-170 are not due to loss of Cenp-E at the kinetochore, since 
Cenp-E localizes normally at kinetochores that lack CLIP-170 224. It will therefore 
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be interesting to investigate whether CLIP-170 indeed has partially redundant 
functions with Cenp-E or other kinetochore proteins. 
Materials and Methods 

Expression constructs and RNAi 
Expression constructs of CLIP-170 are based on rat brain CLIP-170 

(Accession CAB92974). Constructs GFP-CLIP-170 and GFP-CLIP-170 deletion 
mutants 165, pS-Mad2, pS-Survivin, photoactivatable α-tubulin 220  and Histone H2B-
GFP 210, have all been described previously. p50/dynamitin-GFP was a kind gift of 
Dr. J Neefjes. dsRNA oligonucleotide sequences used for CLIP-170 RNAi were: 1. 
GCACAGCTCTGAAGACACC and 2. CTGCAATGACGACGAAACC. Ps-
CLIP-170 was based on sequence 1. 

Antibodies 
CREST anti-serum was from Cortex Biochem and was used 1:1000. CLIP-

170 antibody #2360 has been described previously 213. Anti-GFP antibody (a gift 
from Dr. J. Neefjes) was used 1:500. Mad1 antibody (a gift from Dr. Musacchio) 225 
was used 1:10. α-tubulin antibody (Sigma) was used 1:750. The p150glued, EB1 
antibodies (Transduction Laboratories) and anti-dynein intermediate chain (Sigma) 
were used 1:200. Secondary antibodies for immunofluorescence were Alexa-488, 
Alexa-568 and Alexa-647 (Molecular probes). The secondary anti-body for western 
blot was peroxidase-conjugated goat-α rabbit (Dako) 

Cell culture and transfection 
U2OS and HeLa cells were cultured in DMEM (Gibco) with 6% FCS, 100 

U/ml penicillin and 100 μg/ml streptomycin. DNA constructs were transfected using 
standard calcium-phosphate transfection protocol. dsRNA was used at a final 
concentration of 100nM and was transfected with Dharmafect1 according to 
manufacturer’s guidelines (Dharmacon). Where indicated, cells were treated with 
1µM nocodazole, 1 μM of taxol or 200 µM of monastrol (Sigma). 

Confocal microscopy 
Before staining, cells were pre-permeabilized with 0.1% triton in PEM buffer 

(20 mM PIPES, pH 6.8, 0.2% triton X-100, 1 mM MgCl2, 10 mM EGTA) for 60 
seconds and subsequently fixed in 3.7% formaldehyde in PEM for 5 minutes 
(triton/FA fixation) or cells were fixed in -20ºC methanol/acetone 1:1 for 30 seconds 
(methanol/acetone fixation). Coverslips were blocked in PBS with 3% BSA for 1 
hour. All primary antibodies were incubated at room temperature overnight and 
secondary antibodies were incubated for 1 hour at room temperature. Coverslips 
were mounted using Vectashield mounting fluid with DAPI (H-1200, Vectorlabs). 
Confocal images were acquired on a Leica TCS SP2 AOBS (Leica Microsystems) 
with a HCX Plan Apo 63x lambda-blue NA 1.4 objective. If indicated, images were 
deconvolved with Huygens Essential version 2.6.0p0, Scientific Volume Imaging 
(SVI). Brightness and contrast were adjusted with Photoshop 6.0 (Adobe). Images 
are maximum intensity projections of all Z-planes, unless stated otherwise. Live 
confocal microscopy was performed in a heated culture chamber at 37°C incubated 
with 5% CO2. 
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Time-lapse microscopy 
Time-lapse microscopy was performed as described previously 210 and 

images were processed using MetaMorph software (Universal Imaging).  
 
Fluorescence recovery after photobleaching 

Fluorescence intensities were measured with Metamorph. Fluorescence 
recovery was corrected for Z-axis drift and bleaching due to imaging by 
simultaneous measurement of two non-bleached kinetochores. Fitting of data was 
done with Sigmaplot. Half recovery times (t1/2) were calculated according to t1/2 = 
ln(2)/k and maximum recovery was calculated by averaging the final two data 
points.  
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Abstract 
 

During mitosis kinetochores need to attach to microtubules emanating from 
spindle poles. Several protein complexes have been shown to mediate the 
kinetochore-microtubule interaction. However, with the continuously growing 
number of newly identified kinetochore proteins, it is unclear if all major 
components of the kinetochore-microtubule interface have been identified. We 
therefore performed a high-throughput RNAi screen to identify additional factors 
involved in kinetochore-microtubule attachment and identified RAMA1 as a novel 
regulator of this process. Depletion of RAMA1 results in severe chromosome 
alignment defects and a checkpoint-dependent mitotic arrest and we show that this is 
due to reduced kinetochore-microtubule attachments. RAMA1 localizes to the 
spindle and to outer kinetochores throughout all phases of mitosis and is recruited to 
kinetochores by the core kinetochore-microtubule attachment factor Hec1. 
Interestingly, unlike Hec1, the association of RAMA1 with kinetochores is highly 
dynamic, suggesting that it is not a structural component of the kinetochore. 
Consistent with this, all other kinetochore proteins tested do not require RAMA1 for 
their kinetochore localization. Taken together, these results identify RAMA1 as a 
novel kinetochore protein and suggest that RAMA1 may have a direct role in 
mediating kinetochore-microtubule interactions. 
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Introduction 
 

During mitotic entry, the relatively stable interphase microtubule array 
breaks down and is replaced by a highly dynamic mitotic spindle. Spindle 
microtubules nucleated at the centrosomes go through repeated cycles of growth and 
shrinkage until they are captured by a kinetochore in a process termed “search-and-
capture” 226. In addition, microtubules are nucleated in the vicinity of chromatin and 
at kinetochores and these microtubules are integrated with centrosomally derived 
microtubules to rapidly form stable kinetochore-microtubule bundles 227. In human 
cells, each kinetochore can interact with ~25 microtubules in an “end-on” fashion, in 
which the plus-ends of the microtubules are embedded in the outer plate of the 
kinetochore 212,228,229. Initially, kinetochores are thought to interact with the lattice of 
microtubules and this promotes dynein-dependent transport to the spindle pole (or 
Kar3-dependent in yeast) 30,208,230,231. These lateral microtubule interactions are then 
converted to end-on microtubule attachments through an ill-defined mechanism.  
 Many proteins have been implicated in the initial interaction with 
microtubules, as well as in the stable end-on attachment. In the current view, the 
NDC80 complex plays a central role in stable kinetochore-microtubule attachment 
148,149,153,154,232. The NDC80 complex is a four-subunit complex (Spc24, Spc25, Nuf2 
and Hec1 in humans) of which the Hec1 and Nuf2 subunits possess microtubule 
binding activity 150,153,233. Interestingly, although individual Hec1 molecules have 
relatively low microtubule binding affinity, this affinity is strongly increased when 
Hec1 is in complex with other NDC80 subunits, KNL-1 and the Mis12 kinetochore 
complex 153.  
In addition to the NDC80 complex, several other proteins that localize to 
kinetochores have microtubule binding activity, including both motor and non-motor  
microtubule associated proteins (MAPs) and many of these have been shown to be 
involved in chromosome alignment and kinetochore-microtubule attachment 212,229. 
These proteins can roughly be divided into three subgroups. First, several 
microtubule binding proteins are recruited specifically to unattached kinetochores, 
including dynein and the microtubule plus-end tracking protein CLIP-170, and based 
on their transient recruitment to kinetochores, these proteins have been implicated in 
the initial interaction of kinetochores with microtubules 30,166,234,235. A second group 
of proteins appears to binds to kinetochores only when they are attached to 
microtubules. This group includes the plus-end tracking proteins APC and EB1 234-

237, the Ska1-Ska2 complex 170 and the yeast Dam1 complex 238, although a clear 
human counterpart of the latter complex has not yet been identified. This group of 
proteins is likely involved in the maintenance of the dynamic kinetochore-
microtubule interaction. Finally, several microtubule binding proteins have been 
shown to localize to kinetochores throughout mitosis, including the microtubule 
plus-end tracking proteins CLASP1/2 167 and the microtubule motor Cenp-E 156. 
While CLASPs have a major role in regulating kinetochore-microtubule dynamics 
167,168, Cenp-E has been suggested to be a microtubule capture factor 217, as well as a 
motor driving chromosome congression 7. 
It is clear from these studies that kinetochore-microtubule interactions are very 
complex, likely involving many different regulators that act during different phases 
of the kinetochore-microtubule interaction. Furthermore, the list of proteins that 
localizes to kinetochores is continuously expanding, suggesting that major 
attachment factors might still remain undiscovered. We therefore set out to identify 
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additional proteins required for kinetochore-microtubule attachment. Using a RNAi 
library targeting 180 microtubule-associated proteins, we identified RAMA1 as a 
novel regulator of kinetochore-microtubule attachment. RAMA1 localizes to 
kinetochores and the spindle throughout mitosis and loss of RAMA1 results in clear 
defects in kinetochore-microtubule attachments. Interestingly, we find that RAMA1 
is recruited to kinetochores by the NDC80 complex, suggesting that this complex not 
only plays an important role in kinetochore-microtubule attachments through direct 
binding of microtubules, but also acts indirectly by recruiting additional attachment 
factors to the kinetochore. 
 
 
 
Results 
 
Identification of RAMA1 as a novel regulator of mitosis 

To search for novel proteins that could link kinetochores to spindle 
microtubules, we generated an siRNA library targeting 180 proteins that were 
previously shown to associate with the mitotic spindle 4 (Table S1). Each protein 
was targeted by a pool consisting of 4 siRNAs that were chemically modified to 
reduce the chance of off-target effects 239. In addition, we have previously 
established a high-throughput platform to screen for proteins required for mitosis 
(M.E. Tanenbaum and R.H. Medema, unpublished) and we used this approach to 
systematically test these 180 proteins for an essential role in mitosis. Using this 
setup, we identified 8 proteins for which the knockdown resulted in a mitotic index 
above 15% in HeLa cells (Fig. 1A). The strongest accumulation of mitotic cells was 
observed after knockdown of an uncharacterized protein called C13Orf3/RAMA1 
(hereafter referred to as RAMA1) and we therefore decided to investigate this 
protein further.  

To ensure that the observed effects were not due to off-target effects, the 4 
siRNAs targeting RAMA1 were tested individually. Indeed, all 4 independent 
siRNAs resulted in a potent accumulation of mitotic cells (Fig. 1B), demonstrating 
that RAMA1 is indeed required for proper mitotic progression. In addition, depletion 
of RAMA1 also resulted in a significant increase in the mitotic index in a second cell 
line (U2OS) (Fig. 1C), indicating that the role of RAMA1 in mitosis is not cell type 
specific. As a final proof that RAMA1 is required for mitosis, we performed RNAi 
rescue experiments. For this, RAMA1 was cloned from a U2OS cDNA library and 
N-terminally tagged with GFP. Furthermore, two silent point mutations were 
introduced in the cDNA to render the cDNA resistant to siRNA-mediated depletion. 
Control cells and cells depleted of RAMA1 were then transfected with either GFP or 
GFP-RAMA1 and the percentage of cells that entered anaphase was determined as a 
measure for mitotic progression. In control cells, 28 ± 5% of mitotic cells were in 
anaphase/telophase and this was reduced to only 3 ± 1% in RAMA1-depleted cells, 
consistent with a potent block in mitotic progression after loss of RAMA1. However, 
when RAMA1-depleted cells were transfected with GFP-RAMA1 the percentage of 
cells that had entered anaphase/telophase was substantially increased, demonstrating 
that the observed mitotic defects were indeed due to loss of RAMA1 (14 ± 3%) (Fig. 
1D). Taken together, these results show that RAMA1 is essential for mitotic 
progression. 
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Figure 1. Identification of RAMA1 as a novel regulator of mitotic progression. 
(A) HeLa cells were transfected with pooled siRNAs targeting 180 spindle-associated proteins using 
reverse transfection (See supplemental table S1) and the mitotic index was determined 56h after 
transfection, as described in the material and methods section. Panel (A) shows the 18 proteins that 
displayed an increased mitotic index compared to control. (B) All four individual siRNAs targeting 
RAMA1 give rise to a significant increase in the mitotic index (3 independent experiments). (C) 
RAMA1 depletion also results in an increased mitotic index in U2OS cells (3 independent 
experiments). (D) Loss of RAMA1 blocks entry into anaphase and this is restored by co-expression of 
a siRNA-resistant version of GFP-RAMA1 (3 independent experiments). Error bars represent 
standard deviations. 

 
 
RAMA1 is a novel kinetochore and spindle protein 
Next, we expressed GFP-RAMA1 in asynchronous growing cells, to determine its 
localization throughout the cell cycle. In interphase, RAMA1 was observed diffusely 
in the cytoplasm, but also specifically at the centrosome (Fig. 2A, Interphase). In 
prophase, when separated centrosomes had initiated the assembly of microtubule 
asters, RAMA1 co-localized with the two forming microtubule asters (Fig. 2A, 
Prophase). Strikingly, after nuclear envelope breakdown (NEB) RAMA1 was not 
only observed on the spindle, but also accumulated strongly at foci on the 
chromosomes (Fig. 2A, Prometaphase). These foci were observed throughout 
prometaphase and metaphase (Fig. 2A,  
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Figure 2. RAMA1 localizes 
to kinetochores and to the 
mitotic spindle throughout 
mitosis. 
 (A) GFP-RAMA1 localizes 
to centrosomes in interphase 
and to the spindle poles in 
mitosis. In addition, GFP-
RAMA1 is observed in 
distinct foci that co-localize 
with chromosomes from 
NEB to telophase. (B) GFP-
RAMA1 localizes adjacent 
to CREST signals at 
chromosomes, indicating 
that it is a kinetochore 
protein. All images were 
acquired using confocal 
microscopy. Scale bars 
indicate 5 µm. 
 

 
 
RAMA1 is recruited to kinetochores by the NDC80 complex  

Prometaphase and Metaphase), and were also present in anaphase at similar 
levels (Fig. 2A, Anaphase). However, in late telophase, when chromosomes started 
to decondense and the nuclear envelope reformed, the dot-like staining on 
chromosomes disappeared (Fig. 2A, Telophase). This type of staining is highly 
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reminiscent of kinetochore localization, and indeed, RAMA1 foci were always 
observed in close proximity of CREST staining, a marker for centromeres (Fig. 2B). 
Interestingly, RAMA1 staining did not overlap with CREST, but localized 
substantially more outward (Fig. 2B), suggesting that it is a component of the outer 
kinetochore. We therefore conclude that RAMA1 is a constitutive component of the 
kinetochore and spindle. We also attempted to detect endogenous RAMA1 at 
kinetochores, but unfortunately our antibodies were unable to reliably detect the 
endogenous protein.To confirm that RAMA1 is an outer kinetochore component, 
cells expressing GFP-RAMA1 were co-stained for CREST and Hec1, a known outer 
kinetochore component. Indeed, GFP-RAMA1 largely overlapped with Hec1 
staining (Fig. 3A), confirming that RAMA1, like Hec1 is a component of the outer 
kinetochore. Furthermore, like Hec1, RAMA1 recruitment to kinetochores did not 
depend on microtubule attachment, since RAMA1 could clearly be observed at 
kinetochores in cells treated with nocodazole (Fig. 3B, lower panel).  

Next, we tested whether Hec1 was required to recruit RAMA1 to 
kinetochores. Hec1 was depleted as described previously 34, which resulted in a very 
strong defect in chromosome alignment (Fig. 3C). Strikingly, RAMA1 was 
completely lost from kinetochores after depletion of Hec1, but still localized to the 
spindle (Fig. 3C and D). Similarly, knockdown of Nuf2, another component of the 
NDC80 complex, also prevented RAMA1 recruitment to kinetochores (Fig. 3C and 
D). We also attempted to co-immunoprecipitate RAMA1 with components of the 
NDC80 complex. However, we were unable to detect an interaction, suggesting that 
the interaction is either indirect or very unstable (as described below). Taken 
together, these results show that RAMA1 is an outer kinetochore component whose 
recruitment to kinetochores depends on the NDC80 complex. 
 
RAMA1 is a highly dynamic component of the outer kinetochore 
 The outer most components of the kinetochore, like CLIP-170 and CLASP, 
interact with kinetochores very dynamically 166,240, while structural components of 
the kinetochore are expected to bind to kinetochores much more stably. Indeed, the 
NDC80 complex was shown to have an extremely low turnover at kinetochores 241. 
We therefore measured the turnover of RAMA1 at kinetochores by recording 
fluorescence recovery after photobleaching (FRAP). Surprisingly, RAMA1 
recovered very rapidly on metaphase kinetochores after photobleaching with a half 
life of ~15 seconds (Fig. 3E and F). These results indicate that RAMA1 is not a 
structural component of the kinetochore. Furthermore, the very dynamic association 
of RAMA1 with kinetochores, in contrast to the stable association of Hec1 and 
Nuf2, suggests that these proteins do not form a stable complex. Rather, the NDC80 
complex might form a scaffold onto which RAMA1 is recruited, directly or 
indirectly. 
 
RAMA1 is not required for recruitment of other attachment factors to 
kinetochores 
Since RAMA1 is a kinetochore protein and the kinetochore is structured in a highly 
hierarchical fashion, we also tested whether depletion of RAMA1 results in loss of 
other kinetochore components, which, in turn, could result in the observed defects in 
mitotic progression. Transfection of HeLa cells with RAMA1 siRNA resulted in a 
strong reduction of RAMA1 mRNA levels (Fig. 4A), demonstrating the  
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Figure 3. RAMA1 is a dynamic component of the outer kinetochore and requires the NDC80 
complex for kinetochore localization. 
(A) Cells stably expressing GFP-RAMA1 were treated with MG132 for 1 hour and stained for Hec1 
and CREST. RAMA1 co-localizes with Hec1 at kinetochores, but localizes more outward than 
CREST. (B) GFP-RAMA1 localizes to kinetochores independently of microtubules. Cells were 
treated with nocodazole overnight to depolymerize all microtubules and fixed and stained for CREST. 
(C and D) Cells were transfected with Hec1 or Nuf2 siRNA, fixed 48 hours after transfection and 
stained for CREST. Quantification of GFP-RAMA1 levels at kinetochores was performed by 
comparing GFP intensities at the spindle with the intensity adjacent to CREST dots. Fluorescent 
intensities were determined using Metamorph software (n=14 kinetochores in 4 cells). (E-F) Single 
kinetochores in U2OS cells stably expressing GFP-RAMA1 were bleached and post-bleaching 
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images were acquired every 5 seconds to follow fluorescence recovery (arrow indicates bleached 
kinetochore). (F) Fluorescence intensity quantifications and background subtraction were performed 
using Metamorph software. Graph represents average of 14 kinetochores in 2 independent 
experiments. Error bars represent either standard deviation (D) or standard error (F). Images were 
acquired using the DeltaVision (A) or confocal microscope (B-F). Scale bars indicate 5 µm. 

 
 
of knockdown. Similarly, GFP-RAMA1 was sufficiently depleted by RAMA1 
siRNA (Figure S1). Since the levels of many proteins vary at kinetochores 
depending on the number of microtubules bound to it, we treated cells with 
nocodazole to allow for a better comparison. First, we found that Cenp-E was 
recruited normally to kinetochores of RAMA1-depleted cells as compared to control 
cells (Fig. 4B and C). Similarly, we did not observe a significant difference in 
kinetochore localization of CLIP-170 after RAMA1 RNAi (Fig. 4D and E). 
Furthermore, although Hec1 was required to localize RAMA1 to kinetochores, loss 
of RAMA1 did not significantly reduce the levels of Hec1 at kinetochores (Fig. 4F 
and G), indicating that Hec1 is upstream of RAMA1 in kinetochore assembly. 
Finally, we found that Cenp-A, the dynactin subunit p150glued and the spindle 
checkpoint protein BubR1 were all recruited to kinetochores normally in RAMA1-
depleted cells (data not shown). Although we cannot exclude that other kinetochore 
components are mis-localized, these results strongly suggest that general kinetochore 
structure and several well known attachment factors do not require RAMA1 for their 
kinetochore localization. Together with the highly dynamic binding of RAMA1 to 
kinetochores, these results suggest that RAMA1 does not have a structural role at 
kinetochores. 
 
RAMA1 is required for chromosome alignment 

Loss of RAMA1 results in a very strong accumulation of cells in mitosis and 
a concomitant decrease in the fraction of anaphase cells (See Fig. 1). To better 
understand the role of RAMA1 in mitosis, we analyzed the loss of function 
phenotype in more detail. A significant fraction of RAMA1-depleted cells (68%) 
showed severe chromosome alignment defects (>5 misaligned chromosomes), even 
after 1 hour treatment with the proteasome inhibitor MG132 to block progression to 
anaphase, while an additional 18% displayed a metaphase plate with 1-5 misaligned 
chromosomes (Fig. 5A and B). In contrast, in cells transfected with GAPDH siRNA, 
we did not observe any cells that had severe alignment defects and only 4% of cells 
had a metaphase plate with 1-5 misaligned chromosomes after 1 hour MG132 
treatment (Fig. 5A and B).  

To analyze the dynamics of chromosome alignment in more detail, we 
followed RAMA1-depleted and GAPDH-depleted HeLa cells stably expressing 
YFP-H2B by time- lapse analysis (Fig.5C). In GAPDH-transfected cells >90% of 
cells had formed a metaphase plate within 30 minutes after NEB and cells entered 
anaphase 18 ± 4 minutes after full chromosome alignment (Fig. 5D). In contrast, 
RAMA1-depleted cells showed a strong delay before reaching full alignment, with 
45% of cells never reaching anaphase for the duration of the film (10 hours) (Fig. 5C 
and D). Furthermore, the time from full alignment to anaphase onset was 
significantly delayed and we often observed cells that reached metaphase alignment 
in which chromosomes fell out of the metaphase plate (Fig. 5D). The delay in 
mitosis observed in RAMA1-depleted cells was dependent on the spindle  
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Figure 4. Assembly of the outer kinetochore is not dependent on RAMA1 
(A-F) HeLa cells were transfected with either GAPDH siRNA of RAMA1 siRNA by reverse 
transfection. After 24 hours cells were treated with nocodazole overnight. In all experiments one 
RAMA1-depleted sample was not treated with nocodazole to ensure RAMA1 knockdown had 
occurred efficiently (as determined by the strong accumulation of cells in mitosis). (A) Cells were 
lysed and total RNA was extracted for RT-PCR as described in the materials and methods.(B-G) 
Cells were stained for CLIP-170 (B and C), Cenp-E (D and E) or Hec1 (F and G) and co-stained for 
either Cenp-A (B) or CREST (D and F) as an internal control. All images were acquired and analyzed 
using the DeltaVision microscope. Relative fluorescence intensities were calculated by comparing the 
ratios of Cenp-A/CREST with CLIP-170, Cenp-E or Hec1 after background correction. 50 
kinetochores were analyzed per condition and error bars represent standard deviations. Scale bars 
indicate 5 µm. 
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checkpoint, since co-depletion of the essential checkpoint component BubR1 
completely overcame the mitotic delay (Fig. 5E). Together these results show that 
loss of RAMA1 inhibits efficient chromosome alignment and, in addition, suggest 
that chromosomes that have aligned at the metaphase plate have reduced 
kinetochore-microtubule attachments and therefore often fall out of the plate. 
Furthermore, the results show that these defects induce a checkpoint-dependent 
delay in mitosis. 

 
Loss of RAMA1 results in defects in kinetochore-microtubule attachment and 
tension 

The results of the time-lapse analysis suggest that RAMA1-depleted cells 
have reduced kinetochore-microtubule attachments. To test this directly, we 
quantified the amount of cold-stable microtubules in RAMA1-depleted cells, as 
kinetochore microtubules are more stable at 4°C compared to unattached 
microtubules {Rieder, 1981 #143}. Indeed, RAMA1-depleted cells showed a 
significant reduction in the amount of cold-stable microtubules, although this effect 
was less severe as cells depleted for Hec1 (Figure 6A and B). To determine the 
defects in attachment in more detail, we stained cells for p150glued or CLIP-170, 
both markers for unattached kinetochores 166,221. In control cells, p150glued- and 
CLIP-170-positive kinetochores were observed in all prometaphase cells as 
expected, while they were mostly absent from metaphase cells (Fig. 6C, D and data 
not shown). Misaligned chromosomes in RAMA1-depleted cells displayed very high 
p150glued and CLIP-170 staining at kinetochores, demonstrating that they were 
indeed unattached (Fig. 6C, D and data not shown). These results confirm that the 
chromosomes that failed to align at the metaphase plate lack kinetochore-
microtubule attachments. We next investigated chromosomes within the metaphase 
plate, since the results of the time-lapse analysis suggested that kinetochores of fully 
aligned chromosomes in RAMA1-depleted cells contain reduced kinetochore-
microtubule attachments. Indeed, while only 6% of controls cells that appeared to be 
in metaphase showed >2 kinetochores that were positive for p150glued, this was the 
case in 38% of RAMA1-depleted cells (Fig. 6C and D). Taken together, these results 
show that chromosome alignment defects in RAMA1-depleted cells are due to lack 
of stable microtubule attachments and show, consistent with time-lapse analysis, that 
the fraction of cells that is able to align all chromosomes at the metaphase plate 
delays in a metaphase-like state due to a few unattached kinetochores. 

Since RAMA1-depleted cells show increased numbers of unattached 
kinetochores, not only on misaligned chromosomes, but also on kinetochores of 
chromosomes that had aligned at the metaphase plate, we assessed whether these 
attachment defects also resulted in decreased inter-kinetochore tension. To determine 
the tension per kinetochore pair, we measured the distance between sister-
kinetochores (as 
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Figure 5. RAMA1 is required for 
chromosome alignment. 
were Figure 4. Assembly of the outer 
kinetochore is not dependent on RAMA1 
(A and B) HeLa cells were transfected with 
either GAPDH siRNA or RAMA1 siRNA and 
fixed 36h after transfection. Spindles and 
DNA 

were stained and the number of cells with no misaligned chromosomes (“no misalignments”), 1-5 
misaligned chromosomes (“mild misalignment”) and >5 misaligned chromosomes (“severe 
misalignment”) was scored (B) (3 independent experiments). (C-E) HeLa cells stably expressing 
YFP-H2B were transfected as above, but were subsequently analyzed by time-lapse microscopy. 
Images were acquired every 5 minutes. Time in (D) is indicated in minutes. (E) Time from NEB to 
metaphase and from metaphase to anaphase was determined. Cells were followed for 600 minutes, X 
indicates entry into anaphase. Light blue and red indicate time in which misaligned chromosomes 
were observed and dark blue and red bars indicate time in which a metaphase plate was observed. 
Chromosomes in RAMA1-depleted cells were often observed to reach a metaphase plate, and 
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subsequently fall out of the plate (indicated by a light red bar following a dark red bar). (F) Average 
time from NEB to anaphase was determined after transfection with indicated siRNAs. ~30 cells were 
analyzed per condition. Images in (A) were acquired using confocal microscopy. Error bars represent 
standard deviations. Scale bars indicate 5 µm. 
 

 
 
determined by Hec1 staining) in cells blocked in mitosis for 1 hour with the 
proteasome inhibitor MG132 (Fig. 6E). In control cells, the average inter-
kinetochore distance was 1.21 µm ± 0.18 (n=382 kinetochore pairs in 10 cells), 
while in RAMA1-depleted cells that inter-kinetochore distance was significantly 
reduced to 1.10 µm ± 0.18 (p<0.001) (n=456 kinetochore pairs in 10 cells). 
Importantly, for these experiments only cells were chosen that showed full 
chromosome alignment. Consistent with the p150glued staining, the decrease in 
average inter-kinetochore distance in RAMA1-depleted cells was largely due to a 
relatively small amount of kinetochore pairs in each cell that were under very low 
tension. While in control cells 2.3% of kinetochore pairs per cell displayed an inter-
kinetochore tension of less than 0.86 µm (2x the standard deviation below average), 
this was the case for on average 11.6% of kinetochore pairs in each RAMA1-
depleted cell (Fig. 6F). Taken together, these data show that RAMA1 is necessary 
for the formation of stable kinetochore-microtubule attachments and the generation 
of inter-kinetochore tension. 

 
 
 

Discussion 
 

Using a systematic high-throughput siRNA screen, we have identified 
RAMA1 as a novel regulator of chromosome alignment. We show that RAMA1 
localizes to kinetochores and to the spindle and we find that loss of RAMA1 results 
in severe chromosome alignment defects. Kinetochores of unaligned chromosomes 
are unattached, suggesting that defects in chromosome alignment are due to reduced 
kinetochore-microtubule attachment. Indeed, even chromosomes that were able to 
congress to the metaphase plate showed decreased kinetochore-microtubule 
attachments, reduced inter-kinetochore tension and these chromosomes were often 
observed to fall out of the metaphase plate. Furthermore, we find that RAMA1 is a 
highly dynamic component of the kinetochore and we show that several other key 
attachment factors still localize to kinetochores in the absence of RAMA1, 
suggesting that the observed phenotypes are not simply a consequence of mis-
localization of other essential kinetochore components. Taken together, these results 
show that RAMA1 is a novel regulator of kinetochore-microtubule attachments. 
Depletion of RAMA1 results in severe chromosome alignment defects. Nonetheless, 
we did find cells that had fully aligned their chromosomes to the metaphase plate in 
both live and fixed cell populations. It is possible that these cells only had a partial 
knockdown for RAMA1, or alternatively, parallel attachment pathways could 
compensate for loss of RAMA1 in these cells. However, many of these cells were 
also delayed in the metaphase- 
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Figure 6. Alignment defects in RAMA1-depleted cells are due to impaired kinetochore-
microtubule attachments 
(A) Analysis of cold-stable microtubules. HeLa cells were transfected with GAPDH siRNA, RAMA1 
siRNA or Hec1 siRNA. After 48 hours, cells were incubated at 4°C for 15 minutes and subsequently 
fixed and stained for α-tubulin and CREST. (B) The average α-tubulin signal was quantified and 
normalized against CREST signal after background correction (n=8 cells per condition). (C) HeLa 
cells were transfected with siRNA targeting GAPDH or RAMA1 and fixed 36 hours after 
transfection. Cells were stained for p150glued to visualize unattached kinetochores (C and D) 
(Arrowheads point at unattached kinetochores). (D) The number of p150glued-positive kinetochores 
per mitotic cell was quantified. (E) Cells were treated as in (C), but were treated with MG132 for 1 
hour and stained for CREST and Hec1. Images were acquired and processed using the DeltaVision 
microscope and the distance between sister kinetochores was determined by measuring the distance 
between the center of the Hec1 dots. Control cells were used to determine the average inter-
kinetochore distance and standard deviation. A cut-off of 2x the standard deviation below the average 
was chosen and the percentage of kinetochore pairs per cell that displayed inter-kinetochore tension 
that was under this cut-off was determined (E). Error bars represent standard deviations. Scale bars 
indicate 5 µm. 
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to-anaphase transition and careful examination revealed that these metaphase-like 
cells contained an increased frequency of unattached kinetochores and reduced inter-
kinetochore tension, explaining why anaphase onset was delayed. These results show 
that loss of RAMA1 reduces the number of stable kinetochore- microtubule 
attachments, which, depending on the severity of the effect, results in misaligned 
chromosomes and a delay in a metaphase-like state. 

GFP-RAMA1 was not only observed at kinetochores, but also on the mitotic 
spindle, indicating that RAMA1 has an affinity for microtubules, either directly or 
indirectly through binding to a microtubule-associated protein. This suggests that 
RAMA1 could act as a linker protein to physically tether kinetochores to 
microtubules, similar to what has been proposed for CLIP-170, Cenp-E and Hec1 
148,150,153,155,166,233-235. It will be important to determine in the future if RAMA1 binds 
microtubules directly or indirectly. If the latter is true, it is possible that RAMA1 
links kinetochores to microtubules through proteins associated with the tips of 
kinetochore-microtubules. Several proteins have been suggested to localize 
specifically to the microtubule-kinetochore interface, including EB1, APC, the 
Ska1/Ska2 complex and in yeast the Dam1 complex. It will be interesting to 
determine if RAMA1 could act as the kinetochore anchor for any of these proteins. 

Although several proteins have been implicated in the regulation of 
kinetochore-microtubule attachment, loss of only very few outer kinetochore 
proteins results in complete loss of attachments. The NDC80 complex has a well 
established role in the formation of stable kinetochore-microtubule attachments from 
yeast to mammals and loss of the NDC80 complex from kinetochores results in an 
almost complete loss of kinetochore-microtubule attachments in mammalian cells 
149,152. However, our data shows that loss of the NDC80 complex also displaces 
RAMA1 from kinetochores. Similarly, Cenp-E no longer localizes to kinetochores 
after depletion of the NDC80 component Nuf2 242. It is therefore possible that the 
severity of the NDC80 loss of function phenotype could be explained by the fact that 
multiple attachment pathways are eliminated simultaneously, while loss of RAMA1, 
CLIP-170 or Cenp-E does not perturb the localization of the other kinetochore 
attachment factors. Future work will hopefully resolve the contribution of each 
individual component to the formation and maintenance of stable kinetochore-
microtubule attachments and the generation of tension across kinetochore pairs. 
 
  
 
Materials and Methods 

Cell culture, transfection and drug treatments 
U2OS and HeLa cells were cultured in DMEM (Gibco) with 6% FCS, 100 

U/ml penicillin and 100 μg/ml streptomycin. siRNA was transfected using reverse 
transfection with Hiperfect (Qiagen) according to manufacturers guidelines. Gene 
names and siRNA sequences of the siRNA library are listed in supplemental table 
S1. Additional siRNAs used in this study were: RAMA1 
AAUCCAGGCUCAAUGAUAA, Hec1 and Nuf2 OTP SMART pool (Dharmacon) 
and BubR1 AGATCCTGGCTAACTGTTC, DNA transfections were performed 
using Fugene 6 (Roche) according to manufacturers guidelines. For FRAP 
experiments, U2OS cell lines created stably expressing GFP-RAMA1 using zeocin 
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(Invitrogen) selection. STLC and MG132 (Sigma) were dissolved in DMSO and 
were both used at 5µM final concentration.  
 
Cloning of GFP-RAMA1  

RAMA1 was amplified from a U2OS-derived cDNA library by PCR using 
Takara LA polymerase (Takara Bio) with the following primers: forward 
CAGACCCTATCCGGAGCTTCTGCGGGGAAG and reverse 
TCAGTTTTCTTTGTTGCTGACATCTC and cloned into the pGEM-T vector. 
RAMA1 was then digested with SacII-Not1 and cloned into a modified version of 
pcDNA4-TO vector (Invitrogen), which includes an N-terminal biotinylation-tag and 
a GFP (pTON-bEGFP). The plasmid was then fully sequenced and silent mutations 
were inserted by site-directed mutagenesis.  

Immunofluorescence 
Cells were grown on 10 mm glass coverslips and fixed with 3.7% 

formaldehyde with 1% triton X-100, washed once with PBS and post-fixed with cold 
methanol. The following antibodies were used: α-tubulin antibody (Sigma) (1:7500), 
anti-pHistone H3 (Upstate) (1:1000), Hec1 (Genetex) (1:500), CLIP-170 antibody 
#2360 (1:1000) 213, p150glued (BD) (1:500), Cenp-E (a gift from G. Kops) (1:500), 
CREST anti-serum (Cortex Biochem) (1:1000) and anti-GFP (custom made) (1:500). 
Primary antibodies were incubated overnight at room temperature and secondary 
antibodies (Alexa 488, 561 and 647, Molecular Probes) were incubated for 1h at 
room temperature. DAPI was added to all samples before mounting in Vectashield 
mounting fluid (Vectorlabs). Images were acquired either on a Zeiss LSM510 
META confocal microscope (Carl Zeiss) with a Plan Apochromat 63x NA 1.4 
objective with 1 µm intervals between Z-planes or on a DeltaVision RT system 
(Applied Precision) with a 60X/1.42NA PlanApoN objective (Olympus) using 
SoftWorx software. Images acquired on the DeltaVision are maximum projections of 
deconvolved images, unless stated otherwise. Statistic analysis of the 
interkinetochore distance was performed using SPSS software version 11. 
 
Automated analysis of mitotic index 

Cells were grown in 96-well plates (Viewplate-96, Perkin Elmer) in 100µl of 
culture medium. Cells were fixed by addition of 50µl of a 10% formaldehyde 
solution to the medium to prevent loss of mitotic cells. Cells were then washed with 
PBS and post-fixed with cold methanol. Wells were stained with anti-pHistoneH3 
antibody and DAPI. Image acquisition was performed using a Cellomics ArrayScan 
VTI (Thermo Scientific) using a 10x 0.50 NA objective and 5 images were acquired 
per well, which contained around 1000-2000 cells in total. Image analysis was 
performed using Cellomics ArrayScan HCS Reader (Thermo Scienctific). In short, 
cells were identified based on DAPI staining and they were scored as “mitotic” if the 
pHistone H3 staining reached a pre-set threshold. All images and automated image 
quantifications were visually checked.  

Time-lapse microscopy 
HeLa cells stably expressing YFP-H2B were plated on 4/8-well glass-bottom 

dishes (Labtek). Slides were imaged on a Zeiss Axiovert 200M microscope equipped 
with a Plan-Neofluar 63x/1.25 Oil in a permanently heated chamber in Leibovitz 
L15 CO2-independent medium. Images were acquired every 5 minutes using a 
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Photometrics Coolsnap HQ charged-coupled device (CCD) camera (Scientific, 
Tucson, AZ) and an YFP filter cube (Chroma Technology Corp.). Z-stacks were 
acquired with 2 µm interval between Z-stacks. Images were processed using 
Metamorph software (Universal Imaging, Downington, PA). 
 
FRAP 

U2OS stably expressing GFP-RAMA1 were grown in 8-well glass bottom 
dishes (Labtek). FRAP analysis was performed on a ZEISS LSM510 META 
confocal microscope. 2 images were acquired before bleaching and these were 
averaged to give the starting fluorescence. Bleaching was preformed by scanning an 
area of 3 by 3 pixels with 100% laser power of the 488 nm laser with 50 iterations 
and images were acquired every 10s after bleaching. Fluorescence intensities of the 
bleached area were measured over time using Metamorph software and total cell 
fluorescence was also measured to correct for bleaching.  
  
RT-PCR 
 HeLa cells lysates were prepared 24h after siRNA transfection and whole 
cell RNA was purified using the Qiagen RNA easy kit according to manufacturers 
guidelines. cDNA was synthesized using Superscript II (Invitrogen). 1 µg cDNA 
was used per reaction and products were amplified in 25 cycles. Real-time PCR 
primer pairs were designed with Tm of close to 60°C to generate 200–300 bp 
amplicons mostly spanning introns. Primers used were RAMA1 forward 
CAGATCCCTCTTCACCTACGA and reverse TCAACGTTTAAAGGGGGACA 
and β-actin forward GGCATCCTCACCCTGAAGTA and reverse  
GGGGTGTTGAAGGTCTCAAA 
 
Western blot 

HeLa cells were transfected with siRNA targeting either GAPDH or 
RAMA1. After 8 hours cells were transfected with GFP-RAMA. 24 hours cells were 
harvested and lysed using Laemmli buffer (120 mM Tris (pH 6.8), 4% SDS, 20% 
glycerol). Equal amounts of protein were seperated on a polyacrylamide gel and 
subsequently transferred to nitrocellulose membranes. Membranes were probed with 
the following primary antibodies: anti-GFP (custom made) 1:1000 and anti-actin 
(Santa Cruz) 1: 2500. HRP-coupled secondary antibodies (DAKO) were used in a 
1:2500 dilution. The immunopositive bands were visualized using ECL western 
blotting reagent (GE Healthcare).   
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Abstract 
 

During mitosis all chromosomes must attach to microtubules of the mitotic 
spindle to ensure correct chromosome segregation. Microtubule attachment occurs at 
specialized structures at the centromeric region of chromosomes, called 
kinetochores. These kinetochores can generate microtubule attachments through 
capture of centrosome-derived microtubules, but in addition, they can generate 
microtubules themselves, which are subsequently integrated with centrosome-
derived microtubules to form the mitotic spindle. Here, we have performed a large 
scale RNAi screen and identify cyclin G-associated kinase (GAK) as a novel 
regulator of microtubule generation at kinetochores/chromatin. This function of 
GAK requires its C-terminal J-domain, which is essential for clathrin recycling from 
endocytic vesicles. Consistently, cells lacking GAK show strongly reduced levels of 
clathrin on the mitotic spindle, and reduction of clathrin levels also inhibits 
microtubule generation at kinetochores/chromosomes. Finally, we present evidence 
that association of clathrin with the spindle is promoted by a signal coming from the 
chromosomes. These results identify a role for GAK and clathrin in microtubule 
outgrowth from kinetochores/chromosomes and suggest that GAK acts through 
clathrin to control microtubule outgrowth around chromosomes. 
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Introduction 
 

As cells enter mitosis, centrosomes mature through the recruitment of large 
amounts of γ-tubulin, the major microtubule nucleating factor, and many other 
associated proteins 243. This increase in γ-tubulin at centrosomes likely results in 
increased microtubule nucleation at centrosomes. In addition to microtubule 
nucleation at centrosomes, it is now becoming clear that multiple additional sites for 
microtubule nucleation exist within the mitotic cell. First, several recent studies have 
shown that microtubule nucleation occurs at pre-existing microtubules in the spindle 
by the augmin complex, which recruits γ-tubulin to spindle microtubules 244. Second, 
chromosomes and kinetochores are also potent sites for microtubule nucleation 
through the activity of the small GTPase Ran 187. Ran is locally activated around 
chromosomes by its activating protein RCC1 that binds to chromatin. Ran, in turn, 
activates a plethora of spindle assembly factors (SAFs) by removing the inhibitory 
effect of importins on these SAFs 187. In this way, Ran likely promotes microtubule 
nucleation and stabilization specifically in the vicinity of the chromatin. These 
chromosome-derived microtubules are then integrated with centrosome-derived 
microtubules to form the bipolar spindle 227,245. 
Clathrin is a large trimeric protein that has an essential role in endocytosis. Trimers 
of clathrin assemble in large multimeric structures at the plasma membrane to 
facilitate the budding of membranes during endocytosis 246. After membranes have 
fully budded, clathrin needs to be removed from vesicles to allow for a new round of 
vesicle budding. This recycling of clathrin is mediated by the chaperone protein 
Hsc70 together with auxilin in neuronal and auxilin-2/cyclin G-associated kinase 
(GAK) in non-neuronal cells 247,248. Recycling of clathrin is essential for 
endocytosis, as mouse fibroblasts lacking GAK have severely impaired endocytosis 
249. In addition to its essential role in endocytosis, clathrin also localizes to the 
spindle 250,251 and knockdown of clathrin results in defects in chromosome 
alignment, indicating that clathrin plays an important role in some aspect of spindle 
function. However, currently the role of clathrin in the spindle has remained elusive. 

Here, we set out to identify novel regulators of spindle assembly using a 
high-throughput siRNA approach and identify GAK as an important protein for 
correct spindle assembly and chromosome alignment. Our results show that GAK is 
required for microtubule growth from chromosomes. Importantly, the mitotic 
function of GAK could be rescued by expression of full length GAK, but not by a 
mutant which is unable to recycle clathrin in interphase. Consistent with this, 
depletion of GAK completely prevents clathrin recruitment to the spindle and we 
show that loss of clathrin also results in defective microtubule outgrowth from 
chromosomes. Taken together, these results suggest that GAK is needed for 
chromosome-derived microtubule formation through regulation of clathrin function. 
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Results 
 

To identify novel kinases important for spindle assembly, we used a high-
throughput RNAi screening approach. In this setup, each human kinase was 
individually depleted with a pool of 3 siRNA’s. To accomplish this we made use of a 
library of 2148 siRNA’s targeting 716 genes, comprising all human kinases. siRNA-
mediated depletion was performed  in asynchronously growing Hela cells and 60h 
after siRNA transfection, the mitotic index was determined using visual inspection. 
Wells that had a mitotic index of more than ~10% were scored as a hit. As expected, 
depletion of Plk1 resulted in a very high mitotic index (data not shown). In addition 
more than 10% of all of the other pools of siRNA’s in our library induced a mitotic 
index of greater than 10%. This high percentage made us suspect that we were 
picking up a large proportion of off-targets, and therefore we performed a secondary 
screen in which the 3 individual siRNA’s targeting each gene that scored positive in 
the primary screen were tested separately. In this secondary screen we strictly 
focused on genes that had not previously been implicated in mitosis. We identified 
35 genes for which at least 2 out of 3 siRNA’s produced a mitotic arrest. Due to the 
unexpected high rate of suspected off-target hits, we wanted to obtain more stringent 
validation of our hits and therefore performed a tertiary screen using 4 additional 
independent siRNA’s that were chemically modified to reduce the chance of off-
target effects. From this tertiary screen we identified only a single kinase, cyclin G-
associated kinase (GAK), for which at least 3 out of 4 siRNA’s resulted in an 
increased mitotic index (data not shown). This indicates that off-target effects were 
very frequent in our primary and secondary screen. However, since we were able to 
reproduce a mitotic arrest with 6 out of 7 oligo’s targeting GAK, we decided to study 
the role of GAK in spindle assembly in more detail. 
To confirm that GAK was required for normal mitotic progression, we depleted 
GAK using the 6 different siRNA’s that resulted in a mitotic arrest. Cells depleted of 
GAK were then fixed and chromosome alignment was analyzed. Strikingly, all 6 
siRNA’s resulted in a substantial increase in the fraction of cells that showed 
misaligned chromosomes (Fig. 1A), confirming that GAK is required for normal 
mitotic progression. SiRNA’s #2 and #3 reproducibly gave the strongest effects on 
chromosome alignment, therefore these siRNA’s were used in further 
experimentation. Importantly, both siRNA’s potently reduced GAK protein levels 
(Fig.1B). To quantify the severity of the chromosome alignment defects in GAK-
depleted cells, the number of misaligned chromosomes per cells was scored. While 
control cells showed only 0.3 ± 0.1 misaligned chromosomes per cell, this was 
increased to 3.3 ± 0.7 in cells transfected with GAK siRNA #3 (Fig. 1C). Thus, 
GAK is not required for the majority of chromosomes to align to the metaphase 
plate, but in the absence of GAK chromosome alignment is less efficient. To further 
confirm a role for GAK in mitosis, we also depleted GAK in U2OS cells. Depletion 
of GAK in U2OS cells resulted in an even more prominent increase in the 
percentage of cells with misaligned chromosomes, from 17 ± 6% to 73 ± 15%  (Fig. 
1D), indicating that the role of GAK in chromosomes alignment is not cell type 
specific. The inability of chromosomes to efficiently align to the metaphase plate 
could be a consequence of a lack of kinetochore-microtubule attachment, or 
alternatively, could be due to incorrect (i.e. syntelic) attachments 147. To test whether 
the misaligned chromosomes in GAK-depleted cells were attached to microtubules, 
the localization of  
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Figure 1. GAK is required for efficient chromosome alignment 
(A) Hela cells were transfected with 6 different siRNA’s targeting GAK or with a siRNA targeting 
GAPDH as a control. 24h after transfection cells were re-transfected and 48h after the first 
transfection cells were fixed, DNA was stained with DAPI and the percentage of mitotic cells with 
misaligned chromosomes was scored in each condition. (B) Hela cells were transfected as in (A) with 
indicated siRNA’s and 48h after the first transfection cells were lysed and GAK protein levels were 
determined by western blot.  (C and D) Hela (C) or U2OS cells (D) were treated as in (A) and the 
average number of misaligned chromosomes was determined (C) or the percentage of mitotic cells 
with misaligned chromosomes was scored (D). (E) Hela cells were treated as in (A), but 48h after 
transfection cells were fixed and stained for CLIP-170 and p150glued to visualize unattached 
kinetochores and DAPI was used to stain the DNA. All graphs are averages of 3 independent 
experiments with 50 cells scored per condition per experiment. Error bars represent standard 
deviations. Scale bar in (E) indicates 5µm.  
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CLIP-170 and p150glued at kinetochores was analyzed, two markers for unattached 
kinetochores 166,173. Strikingly, almost all cells with misaligned chromosomes 
(>80%) showed strong CLIP-170 and p150glued staining at kinetochores of 
misaligned chromosomes, but not at kinetochores of aligned chromosomes (Fig. 1E). 
This indicates misaligned chromosomes in GAK-depleted cells have either failed to 
attach to microtubules are are unable to maintain microtubule attachments, but that 
alignment defects are unlikely due to a failure to release incorrectly attached 
microtubules. These data suggest that GAK is required for efficient chromosome 
alignment by facilitating initial kinetochore-microtubule attachment or maintenance 
of established attachments. 

 
 

 
 
Figure 2. GAK is required for correct spindle assembly. 
(A) U2OS cells were transfected with indicated siRNA’s. 24h after transfection cells were re-
transfected and 48h after the first transfection cells were fixed so that spindles and DNA could be 
visualized by anti-α-tubulin staining and DAPI, respectively. (B) Cells were treated as in (A) and the 
spindle length was measured using the α-tubulin staining. Graph in (B) shows averages of 3 
independent experiments with 25 cells scored per condition per experiment. Error bars represent 
standard deviations. Scale bar in (A) indicates 5µm. 

 
 
Attachment defects could be a consequence of a direct role for GAK in 

microtubule capture or stabilization at kinetochores, similar to what has been 
proposed for kinetochore-associated proteins like the Ska complex, CLIP-170, Cenp-
E and the KMN network 229. Alternatively, defects in kinetochore-microtubule 
attachment could be a secondary effect of defects in spindle microtubule 
organization or dynamics. To test this, spindles were analyzed in GAK-depleted 
cells. In control cells robust spindles were observed, in which most microtubules 
grew from spindle poles towards the chromosomes (Fig. 2A). In contrast, in GAK-
depleted cells, microtubule staining in the spindle was substantially reduced, 
especially in the vicinity of chromosomes (Fig. 2A). Furthermore, the pole-to-pole 
distance of the spindles was also reduced by approximately 25% in the absence of 
GAK (Fig. 2B). The reduction in pole-to-pole distance was not a secondary effect of 
the defect in kinetochore-microtubule attachment, as loss of Hec1, which prevents 
stable kinetochore-microtubule attachments 252, did not reduce pole-to-pole distance 
(Fig. 2B). Consistent with this, the defects in kinetochore-microtubule attachment 
observed after knockdown of GAK were likely not a consequence of gross defects in 
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kinetochore assembly, as the outer kinetochore components p150glued, Cenp-E and 
Cenp-F all accumulated normally at kinetochores in the absence of GAK 
(Supplemental fig. S1) Together, these results suggest that GAK has a primary role 
in bipolar spindle assembly and that defects in spindle assembly in the absence of 
GAK result in inefficient chromosome alignment.  

Microtubules are selectively stabilized in the vicinity of chromosomes due to 
action of the small GTPase Ran, which locally activates microtubule stabilizing and 
nucleating factors around the chromosomes 187. The activity of Ran results in biased 
growth of microtubules towards the DNA, which in turn leads to a relatively high 
amount of tubulin polymer near chromosomes. The observation that GAK-depleted 
cells show reduced microtubule polymer near chromosomes suggest that selective 
microtubule stabilization in the vicinity of chromosomes is impaired. To test this 
directly, nocodazole washout experiments were performed 253, in which all 
microtubules were first depolymerized by the addition of nocodazole and after 
removal of nocodazole microtubule re-growth at both centrosomes and 
chromosomes was analyzed. In control cells, robust microtubule growth could be 
observed both at centrosomes and around chromosomes/kinetochores within 3 
minutes after nocodazole removal (Fig. 3A-C). In contrast, in GAK-depleted cells 
microtubule outgrowth around chromosomes/kinetochores after nocodazole washout 
was strongly diminished (Fig. 3A-C). Even 10 minutes after removal of nocodazole 
only very minor amounts of tubulin were observed in the vicinity of chromosomes 
(Fig. 3A, bottom panels) and spindle assembly was severely delayed. However, 
microtubule growth from centrosomes appeared normal (Fig. 3A-B), demonstrating 
that GAK is specifically required for microtubule outgrowth around chromosomes. 
These results explain why GAK-depleted spindles have reduced microtubule density 
in the vicinity of chromosomes and suggest that GAK is important for Ran-
dependent microtubule nucleation/stabilization.  
To better understand how GAK might control microtubule outgrowth from 
chromosomes, we attempted to localize GAK during mitosis, but did not observe any 
specific localization to microtubules or chromosomes (data not shown). This 
suggests that either the role of GAK in spindle assembly is indirect, or that the 
epitope recognized by our antibody is masked by association of GAK with the 
spindle. Either way, since we observed that GAK is needed for chromosome-
dependent microtubule growth, we wondered if GAK could control the 
establishment or maintenance of the Ran signaling gradient that is known to play a 
role in chromosome-dependent microtubule nucleation. To test this, control cells and 
cells depleted of GAK were stained for the Ran target protein HURP. HURP binds 
to microtubules specifically in the vicinity of chromosomes, because its microtubule 
binding affinity is controlled by the chromatin-derived Ran signal 254,255. Indeed, in 
control cells, HURP clearly bound to DNA-proximal microtubules (Fig. 3D). 
However, in GAK-depleted cells HURP still localized to microtubules specifically 
near chromosomes (Fig. 3D), suggesting that the Ran signaling gradient is still 
functioning in the absence of GAK. Similarly, the Ran targets HSET and TPX2 also 
localized normally to the spindle in the absence of GAK (Supplemental fig. S2). 
Therefore, GAK is most likely not an upstream regulator of Ran. Taken together, 
these results show that GAK is essential for microtubule outgrowth from the 
chromosomes and suggest that it acts downstream of Ran signaling. 
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 Figure 3. GAK is required for the generation of chromatin-derived microtubules 
(A-C) U2OS cells were transfected with indicated siRNA’s. 24h after transfection cells were re-
transfected and 48h after the first transfection cells were treated with nocodazole for 6h, washed four 
times with medium to remove nocodazole and fixed after 3 minutes (A, upper panels and B-C) or 
after 10 minutes (A, lower panels) and stained for α-tubulin and γ-tubulin. DAPI was used to 
visualize the DNA. (A) shows representative images, (B and C) show quantifications. (D) Cells were 
transfected as in (A-C), but were fixed after 48h without nocodazole treatment. Cells were then 
stained for HURP and α-tubulin and DNA was stained with DAPI. HURP localizes specifically to 
DNA-proximal microtubules both in control cells and in GAK-depleted cells. Graphs in (B and C) 
show averages of 3 independent experiments with 25 cells scored per condition per experiment. Error 
bars represent standard deviations. Scale bars in (A and D) indicate 5µm. 
 

 
 

In interphase, GAK promotes the uncoating of clathrin from endocytic 
vesicles through recruitment of the chaperone protein Hsc70 247,256. For this activity, 
GAK requires its C-terminal J-domain, but its kinase domain is dispensable 247,256. 
Interestingly, like GAK, clathrin is required for efficient chromosome alignment 251, 
suggesting that GAK might regulate chromosome alignment via clathrin. Therefore, 
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we performed a series of RNAi rescue experiments, to test whether the function of 
GAK during mitosis is related to its function in the uncoating of clathrin coated 
vesicles. In control Hela cells, almost 80% of mitotic cells were in metaphase, while 
the remaining ~20% of cells were in prometaphase (Fig 4A). In contrast, when GAK 
was depleted, many cells showed a tight metaphase plate with a few chromosomes 
that were distal to the metaphase plate, in the vicinity of spindle poles. This type of 
configuration was easily distinguishable from normal prometaphase cells and was 
observed in control cells only at very low frequency (<5% of cells). A strong 
increase in cells with polar chromosomes was observed in GAK-depleted cells and 
this could be rescued by expression of a siRNA-insensitive form of GAK (Fig. 4A). 
Similarly, a kinase dead version of GAK was able to fully restore chromosome 
alignment in absence of GAK, indicating that the kinase activity of GAK is not 
required for proper chromosome alignment. However, when the J-domain was 
removed from GAK, it could no longer restore normal chromosome alignment in 
GAK-depleted cells (Fig. 4A), suggesting that the major function of GAK is to 
recycle clathrin from endocytic vesicles at the onset of mitosis to allow it to function 
at the spindle.  

To determine whether GAK is required for clathrin function during mitosis, 
we examined clathrin localization in mitotic cells. During mitosis, clathrin was 
shown to localize to the spindle 250,251. Unfortunately, due to high variability in 
clathrin staining on the spindle, we were unable to quantify this staining and 
therefore we generated a stable cell line expressing GFP-clathrin Light Chain (CLC), 
which robustly localized to spindles (Fig. 4B). Strikingly, GFP-CLC did not fully 
overlap with α-tubulin staining, but concentrated on microtubules specifically in the 
vicinity of chromosomes (Fig. 4B), suggesting that, like HURP, clathrin binding to 
spindle microtubules is regulated by Ran signaling. When cells were depleted of 
GAK, GFP-CLC was no longer observed along spindle microtubules (Fig. 4B and 
C), confirming that GAK is indeed essential for clathrin localization during mitosis.  

If GAK indeed acts by modulating clathrin function, knockdown of clathrin 
is also expected to result in a decrease in microtubule outgrowth from chromosomes. 
To test this, nocodazole washout experiments were performed as described above in 
either control cells or cells treated with clathrin heavy chain (CHC) siRNA. Indeed, 
knockdown of clathrin reduced the amount of microtubules growing out from 
chromosomes, but not from centrosomes in this assay, further suggesting that GAK 
acts through clathrin to promote spindle assembly (Fig. 4D-F). Finally, to test 
whether GAK and clathrin act in the same pathway, GAK and CHC were co-
depleted from cells and nocodazole washout experiments were again performed. 
Cells depleted of both GAK and CHC did not show an increased defect in 
microtubule outgrowth from chromosomes when compared to depletion of GAK 
alone (Fig. 4G). These results indicated that GAK and clathrin act in a common 
pathway and further suggest that GAK controls spindle assembly through clathrin. 
 
 
Discussion 
 
 Here we identify GAK as a novel factor essential for efficient spindle 
assembly and chromosome alignment. GAK has a well-studied role in recycling 
clathrin from clathrin-coated vesicles in interphase and we now show that GAK is 
also required for efficient spindle assembly. We show that GAK recruits clathrin to 
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the spindle and that both GAK and clathrin promote outgrowth of microtubules from 
chromosomes. In addition, we find that the alignment defect of GAK-depleted cells 
can only be reverted by variants of GAK that are able to recycle clathrin from 
endosomes. Moreover, we show that GAK and clathrin are both essential for 
chromosome-dependent microtubule outgrowth, providing a mechanistic explanation 
for their contribution to chromosome alignment. Taken together, our results suggest 
that the primary function of GAK is to recycle clathrin from vesicles, thereby 
enabling clathrin to target to the spindle and promote chromosome-dependent 
microtubule outgrowth. 
These results are consistent with a very recent report which also showed 
chromosome alignment defects and inhibition of clathrin recruitment to the spindle 
after GAK depletion 257. However, Shimizu and co-workers found that centrosomes 
are often fragmented in cells depleted of GAK, a phenotype that was not observed in 
our study. One possible explanation for this difference was the use of different cell 
lines. Shimizu et al. used Hela cells in their study and we have observed that in some 
clones of Hela cells centrosomes fragment after prolonged mitotic arrest 
(Unpublished observation), while this is not the case in U2OS cells.  

Clathrin is an essential component of the endocytic pathway. It is recruited to 
membranes during endocytosis and forms basket-like structures around vesicles as 
they bud from the plasma membrane. Once vesicles have budded from the 
membrane, clathrin is removed from vesicles by GAK and Hsc70 to allow for it to 
be re-used 247. Here, we show that in GAK-depleted cells clathrin no longer localizes 
to the spindle, suggesting that GAK-dependent recycling of clathrin is also required 
to allow clathrin to function in mitosis. The notion that GAK promotes spindle 
recruitment of clathrin primarily through its role in clathrin recycling at vesicles in 
interphase, is also supported by the fact that the J-domain of GAK, which is essential 
for clathrin recycling, is also essential for the mitotic function of GAK. Nonetheless, 
we cannot completely exclude that besides its role in clathrin recruitment to the 
spindle, GAK might also have an additional functions in spindle assembly. In 
addition, loss of GAK perturbs endocytosis during interphase. It is possible that 
cellular dysfunction due to the block in endocytosis somehow contributes to the 
spindle defects as well. We feel this is unlikely to fully explain the spindle defects in 
GAK-depleted cells, because the interphase and mitotic of clathrin can, at least in 
part, be uncoupled 258. This indicates that spindle defects observed in the absence of 
clathrin can not be completely attributed to defects in endocytosis. 
 Although it was shown several years ago that clathrin is required for efficient 
chromosome alignment 251, its molecular function within the spindle has remained 
elusive. Here, we show that loss of clathrin results in reduced microtubule outgrowth 
from the chromosomes, suggesting that clathrin might be important downstream of 
Ran to promote microtubule nucleation or stabilization in the vicinity of the 
chromatin. This idea is supported by the fact that GFP-CLC localizes more 
prominently to spindle microtubules near the DNA than at the spindle poles. A very 
similar localization has been described for the Ran target HURP 255,259, suggesting 
that clathrin might be a Ran target as well. Surprisingly, this specific localization of 
clathrin has not been reported previously for endogenous clathrin and we have 
unfortunately not been able to reliably detect endogenous clathrin in this study. 
However, it is interesting to note that endogenous clathrin was reported to localize 
specifically to kinetochore-microtubules, but not to astral microtubules which are far 
away from the chromosomes 251, supporting the hypothesis that clathrin associated 
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Figure 4. GAK mediates clathrin recruitment to the spindle. 
(A) Hela cells were transfected with indicated myc-tagged plasmids and 24h later, cells were 
transfected with GAK siRNA where indicated. 48h after siRNA transfection cells were fixed and 
stained for myc. DAPI was used to visualize the DNA. Chromosome alignment was then analyzed in 
mitotic cells expressing the indicated plasmids. (B and C) U2OS cells stably expressing GFP-CLC 
were transfected with indicated siRNA’s. 24h after transfection cells were re-transfected and 48h after 
the first transfection cells were fixed and stained for α-tubulin and GFP. DAPI was used to visualize 
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the DNA. (A) shows representative cells and (B) shows quantifications. (D-G) U2OS cells were 
transfected with indicated siRNA’s. 24h after transfection cells were re-transfected and 60h after the 
first transfection cells were treated with nocodazole for 6h, washed four times to remove nocodazole, 
fixed after 3 minutes and stained for α-tubulin and γ-tubulin. DAPI was used to visualize the DNA. 
The amount of microtubules around centrosomes (visualized by γ-tubulin staining) (D) or 
chromosomes (visualized by DAPI staining) (E) was then analyzed. Images in (F) show a control cell 
(upper panel) and a CHC-depleted cell with a strong phenotype (lower panel). Graphs in (B-E and G) 
show averages of 3 independent experiments with 25 cells scored per condition per experiment in (C-
E and G) and 50 cells per condition in (C). Error bars represent standard deviations. Scale bars in (A 
and F) indicate 5µm. 

 
 
with the spindle is regulated by a signal emanating from the chromosomes.  It will 
therefore be important to test whether clathrin binding to the spindle is indeed 
dependent on Ran signaling. Future work will hopefully answer this question, 
perhaps using a system in which Ran-dependent spindle assembly can be studied 
more easily, like cell free Xenopus egg extracts. 
 As there is no evidence that either GAK or clathrin has direct microtubule 
binding affinity, it is not evident how these proteins might promote microtubule 
outgrowth from chromosomes. Since we favor a model in which GAK acts mainly 
through clathrin, the question becomes; how does clathrin promote microtubule 
outgrowth? One possibility is that clathrin acts as a scaffold for microtubule 
stabilizing proteins near the DNA. If clathrin localization were dependent on Ran 
signaling, this model would predict that Ran could act by generating a clathrin 
gradient around chromosomes, which in turn would promote microtubule nucleation 
or stabilization through recruitment of microtubule binding proteins. Hopefully, 
future work will identify novel binding partners of clathrin in spindle assembly to 
further elucidate its role in chromosome-dependent microtubule growth. 
 
 
 
Materials and Methods 

Cell culture, transfection and drug treatments 
U2OS and Hela cells were cultured in DMEM (Gibco) with 6% FCS, 100 

U/ml penicillin and 100 μg/ml streptomycin. Nocodazole (Sigma) was used at 250 
ng/ml. 
 
siRNA and plasmid transfections 

The siRNA library that was used for the primary screen was purchased from 
Ambion. The siRNA library consisting of 4 siRNA’s per gene that was used as a 
final validation was purchased from Dharmacon. These siRNA’s were the “on-target 
plus” siRNA’s that are chemically modified to reduce off-target effects 239. siRNA 
was transfected using reverse transfection with Hiperfect (Qiagen) according to 
manufacturers guidelines. Cells were retransfected after 24h to improve knockdown 
efficiency in all experiments, except those described in fig. 4A, as the combination 
of plasmid transfection and two siRNA transfection was too toxic for cells. siRNA 
sequences used here are: GAK#2 GCGACACGGUUCUGAAGAU and GAK#3 
GGACGCGUGUGACAUUCAA. Clathrin and GAPDH were depleted using an 
OTP SMARTpool (Dharmacom) and the Hec1 siRNA 
AAGTTCAAAAGCTGGATGATCTT has been described previously 34. DNA 
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transfections were performed using Fugene 6 (Roche) according to manufacturers 
guidelines. All GAK plasmids were based on rat GAK and have been described 
previously 256. 

Immunofluorescence 
Cells were grown on 10mm glass coverslips and fixed with 3.7% 

formaldehyde with 1% triton X-100 and post-fixed with cold methanol. α-tubulin 
antibody (Sigma) was used 1:7500, anti-GFP (custom made) was used 1:500, anti-γ-
tubulin (Sigma) was used 1:500, HURP (custom made 255) was used 1:500, anti-myc 
(Covance) and p150glued (BD Bioscience) were used 1:500, anti-CLIP-170 
antibody (custom made 213) was used 1:1000, anti-TPX2 and anti-HSET (Santa 
Cruz) were used 1:500, anti-Cenp-F (abcam) was used 1:400 and anti-Cenp-E (Gift 
of Don Cleveland) was used 1:500. Primary antibodies were incubated overnight at 
room temperature and secondary antibodies (Alexa 488 and 561, Molecular Probes) 
were incubated for 1h at room temperature at a dilution of 1:1000. DAPI was added 
before mounting using Vectashield (Vectorlabs). Images acquisition and analysis 
were performed on a Zeiss LSM510 META confocal microscope (Carl Zeiss) as 
described previously 84. Brightness and contrast were adjusted with Photoshop 6.0 
(Adobe). Images are maximum intensity projections of all Z-planes. 
 
Western blotting 

Hela cells were transfected with different siRNA’s targeting GAK or with a 
siRNA targeting GAPDH as a control. 24h after transfection cells were re-
transfected and 48h after the first transfection cells were lysed and total GAK levels 
were analyzed by western blot using an anti-GAK antibody (MBL international) at 
1:1000 dilution. Total actin levels were determined using an anti-actin antibody 
(Tebu bio, dilution 1:2500) as a loading control. 
 
 
 
Acknowledgements 
 

We thank Erich Nigg for the anti-HURP antibody and Don Cleveland for 
anti-Cenp-E antibody. We also thank the other members of our research groups for 
helpful discussions and suggestions and thank Livio Kleij for support with 
microscopy. We would also like to thank the Biomedicum Helsinki Molecular 
Imaging Unit supported by Academy of FInland and EU FP6 Program (ENFIN). 
This work was supported by the Division for Earth and Life Sciences (ALW) and the 
Netherlands Genomic Initiative (NGI), both with financial aid of the Netherlands 
Organization for Scientific Research (NWO). 
 
 
Supplementary data is available online:  
http://www.springerlink.com/content/vmg2736228237r33/supplementals/ 
  

83



 

  



 

 
 
 

Chapter 5 
 
 

Dynein, Lis1 and CLIP-170 counteract Eg5-
dependent centrosome separation during bipolar 

spindle assembly 
 
 

Marvin E. Tanenbaum, Libor Macůrek, Niels Galjart and René H. 
Medema 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
EMBO J. Dec 17;27(24):3235-45 (2008). 



Chapter 5 
 

  

Abstract 
 

Bipolar spindle assembly critically depends on the microtubule plus-end-
directed motor Eg5 that binds anti-parallel microtubules and slides them in opposite 
directions. As such, Eg5 can produce the necessary outward force within the spindle 
that drives centrosome separation and inhibition of this anti-parallel sliding activity 
results in formation of monopolar spindles. Here we show that upon depletion of the 
minus-end-directed motor dynein, or the dynein-binding protein Lis1, bipolar 
spindles can form in human with substantially less Eg5 activity, suggesting that 
dynein and Lis1 produce an inward force that counteracts the Eg5-dependent 
outward force. Interestingly, we also observe restoration of spindle bipolarity upon 
depletion of the microtubule plus-end-tracking protein CLIP-170. This function of 
CLIP-170 in spindle bipolarity seems to be mediated through its interaction with 
dynein, as loss of CLIP-115, a highly homologous protein that lacks the 
dynein/dynactin interaction domain, does not restore spindle bipolarity. Together, 
these results suggest that complexes of dynein, Lis1 and CLIP-170 crosslink and 
slide microtubules within the spindle, thereby producing an inward force that pulls 
centrosomes together.  
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Introduction 
 

During mitosis paired sister chromatids must attach to opposite poles of a 
bipolar spindle to ensure proper segregation to the two daughter cells. However, 
despite the importance of spindle bipolarity for correct chromosome segregation, the 
mechanisms that control bipolar spindle assembly are still largely unclear. At the 
onset of mitosis, the duplicated centrosomes migrate around the nucleus, so that the 
DNA is positioned between the two centrosomes at the time of nuclear envelope 
breakdown (NEB). Studies in worms and flies have implicated the microtubule 
minus-end-directed motor dynein in the initial separation of the centrosomes 19,20,22, 
but it is unclear if this also applies to mammalian cells. It has been well established 
that the plus-end-directed microtubule motor Eg5 (kinesin-5) is important for 
centrosome separation after NEB 41,63,65,66,260, probably by sliding anti-parallel 
microtubules apart 71. In addition, the kinesin-13 family members Kif2a and Kif2b 
have also been shown to be required for spindle bipolarity, but rather than sliding 
microtubules apart, they appear to modulate kinetochore-microtubule dynamics, 
thereby preventing spindle collapse 161,191. Interestingly, neither Eg5 nor Kif2a 
activity is absolutely essential for bipolar spindle formation, since bipolar spindles 
can form after simultaneous inhibition of the minus-end-directed kinesin 
NCD/HSET and Eg5 in both drosophila and mammalian cells 49,129 or after double 
depletion of Kif2a and the microtubule depolymerase MCAK in mammalian cells 
191. These results suggest that a correct balance of forces is more important for 
bipolar spindle assembly than the function of any individual protein. 
 The minus-end-directed motor complex dynein/dynactin has several 
important functions during mitosis, including the poleward transport of spindle 
checkpoint components, spindle pole focusing and fast poleward movement of 
chromosomes 30,90,245,261,262. Furthermore, experiments done in Xenopus egg extracts 
have shown that the dynein/dynactin complex functionally antagonizes Eg5 during 
spindle assembly 92. However, the molecular mechanism of this antagonism is 
unknown. Furthermore, it is unclear if such an antagonism exists in intact cells as 
well, since in Drosophila embryos or S2 cells, dynein does not antagonize Eg5 115, 
but rather dynein appears to co-operate with Eg5 to promote centrosome separation 
22.  
 CLIP-170 is an evolutionary conserved microtubule-binding protein and 
belongs to a large family of proteins that specifically binds to the plus-ends of 
growing microtubules 263,264. The N-terminus of CLIP-170, which is highly 
homologous to the N-terminus of CLIP-115, contains two microtubule binding 
domains called CAP-Gly domains. In interphase, CLIP-115 and CLIP-170 control 
microtubule dynamics by promoting the transition of microtubule shrinkage to 
growth (called a “rescue”) and it was shown that the CAP-Gly-containing N-
terminus of CLIP-115 and CLIP-170 was necessary and sufficient for this function 
165. The C-terminus of CLIP-170 contains two zinc-finger domains that interact with 
the dynein/dynactin complex components, p150glued and Lis1 206,213,224 and it is 
thought that CLIP-170 can act as a physical linker between the microtubule plus-end 
and the dynein/dynactin complex due to its ability to bind microtubules and the 
dynein/dynactin complex simultaneously 165,206.  Indeed, it was shown that CLIP-170 
targets p150glued to the microtubule plus-end 165,206,265. Similarly, the yeast CLIP-
170 homolog (Bik1) was shown to target dynein to microtubules through its C-
terminal domain 266. CLIP-115, on the other hand, lacks the C-terminal zinc fingers 
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and can therefore not interact with p150glued and Lis1. In fact, it is thought that 
CLIP-115 acts as negative regulator of the CLIP-170-dynein/dynactin complex 
through two distinct activities. Firstly, CLIP-115 competes with CLIP-170 for 
microtubule plus-end binding, thereby limiting the amount of dynactin that is 
recruited to the microtubule plus-ends 267. Secondly, the microtubule binding domain 
of CLIP-115 competes with p150glued and Lis1 for binding to the zinc fingers in the 
C-terminus of CLIP-170 206. Thus, CLIP-115 co-operates with CLIP-170 to promote 
microtubule rescue, but antagonizes CLIP-170 in its control of the dynein/dynactin 
complex.  
  
 
 
Results  
 
Dynein antagonizes Eg5 during bipolar spindle assembly 

To investigate the function of dynein in spindle bipolarity in intact human 
cells, dynein was depleted using a siRNA targeting the dynein heavy chain (DHC) in 
human osteosarcoma cells (U2OS) (For all siRNA information, see supplemental 
table 1). DHC knockdown resulted in a severe dispersal of the Golgi apparatus in 
interphase (Supplemental fig. S1A) and a prominent mitotic arrest (data not shown). 
Spindle poles were less focused in DHC-depleted cells as compared to control cells 
(Supplemental fig. S1B), consistent with previous observations 234,245,268. 
Furthermore, knockdown of DHC also resulted in loss of the dynein intermediate 
chain (DIC) (Supplemental fig. S1C), similar to previous observations 269, further 
validating the efficiency of the siRNA.  

To analyze a possible antagonism between dynein and Eg5, DHC-depleted 
cells were treated with the Eg5 inhibitor S-trityl-L-cysteine (STLC) 107 (for IC50 
values of the inhibitors used in this study see supplemental table S2) for 18h at a 
final concentration of 2µM and the number of bipolar spindles with separated 
centrosomes was quantified. In untransfected cells or cells transfected with 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) siRNA as a control, the 
percentage of STLC-treated mitotic cells with bipolar spindles was 5 ± 1% and 4 ± 
1%, respectively. In contrast, in DHC-depleted cells treated with STLC 37 ± 9% of 
spindles were bipolar with separated centrosomes (Fig. 1A-B) (3 independent 
experiments). Like in U2OS cells, DHC depletion in HeLa cells also resulted in a 
strong restoration of spindle bipolarity in STLC-treated cells (1 ± 1% vs. 54 ± 10% 
bipolar spindles in GAPDH-depleted cells vs. DHC-depleted cells, respectively) 
(Supplemental fig. S2A). These results were not due to aspecific effects of STLC, 
since similar results were obtained with another Eg5 inhibitor, monastrol 48 
(Supplemental fig. S2B) (4 independent experiments). In addition, DHC depletion 
was also able to restore spindle bipolarity after Eg5 RNAi (Supplemental fig. S3), 
demonstrating that dynein and Eg5 indeed act antagonistically during spindle 
assembly. Finally, to exclude that the effects of DHC siRNA were due to off-target 
effects, a second independent DHC siRNA was tested. Also using this siRNA a large 
increase in the percentage of bipolar spindle was observed after STLC treatment 
(Supplemental fig. S2C). Surprisingly, depletion of HSET did not restore spindle 
bipolarity in STLC treated Hela or U2OS cells (Supplemental figure S4 and data not 
shown), even through HSET protein levels were very strongly reduced 
(Supplemental fig. S4). Taken together, these results show for the first time that in 
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intact mammalian cells Eg5 and dynein act antagonistically during spindle assembly 
and suggest that dynein produces an inward force within the mitotic spindle that 
counteracts the outward force produced by Eg5. 
 
Lis1 antagonizes Eg5 during bipolar spindle assembly 

Lis1 is a highly conserved protein that associates with the dynein/dynactin 
complex and was shown to stimulate the ATPase activity of dynein 270. Furthermore, 
Lis1 was suggested to link CLIP-170 to the dynein complex 206,213,224. We therefore 
tested if Lis1, like dynein, antagonizes Eg5 during bipolar spindle assembly. Similar 
to DHC depletion, depletion of Lis1 resulted in dispersal of the Golgi apparatus and 
an increase in the mitotic index (3% vs 8% mitotic cells) (Supplemental fig. S5). 
Lis1-depleted cells treated with 2 μM STLC for 18h showed a significant increase in 
the percentage of bipolar spindles, from 4 ± 1% in control cells to 19 ± 12% in Lis1 
RNAi cells (Fig. 1C) (3 independent experiments). These results further substantiate 
the fact that the dynein complex and Eg5 act antagonistically and indicate that Lis1 
is required for this function of dynein. 
 
Dynein depletion can partially overcome the mitotic arrest after Eg5 inhibition 

Inhibition of Eg5 results in monopolar spindle formation and as a result cells 
fail to progress to anaphase. Indeed, while 41 ± 7% of mitotic cells transfected with 
GAPDH siRNA were in anaphase or telophase at the time of fixation (Fig. 1D), the 
vast majority of monastrol treated cells arrested in prometaphase, with only 1 ± 1% 
of cells in anaphase/telophase. In contrast to GAPDH-depleted cells, only 11 ± 3% 
of DHC-depleted mitotic cells were in anaphase or telophase (Fig. 1D), likely due to 
a combination of defects in chromosome alignment and spindle checkpoint 
inactivation 234,261. Thus, inhibition of either dynein or Eg5 alone results in a strong 
mitotic arrest. Our observation that simultaneous inhibition of dynein and Eg5 
partially restores bipolar spindle assembly (Fig. 1A-B) would predict that 
simultaneous inhibition might also increase the fraction of cells in 
anaphase/telophase. Indeed, we found that 6 ± 2% of mitotic DHC-depleted cells 
treated with monastrol were in anaphase or telophase (Fig. 1D) (3 independent 
experiments), in contrast to only 1% in control-transfected cells treated with 
monastrol. These results suggest that bipolar spindles formed in the absence of both 
dynein and Eg5 activity are capable of aligning chromosomes on the metaphase plate 
and entering anaphase. However, since a large fraction of DHC-depleted cells 
treated with monastrol still arrest before anaphase, it is likely that dynein has 
additional functions during spindle assembly, consistent with previous reports 89,261. 
 
Residual Eg5 activity drives bipolar spindle assembly in dynein-depleted cells 
treated with STLC 

How do spindles become bipolar in dynein- or Lis1-depleted cells that lack 
Eg5 activity? Even if a minus-end-directed force is absent, it is likely that a plus-
end-directed force is still required to separate the centrosomes. One possibility is that 
inhibition of Eg5 is not complete upon treatment with indicated Eg5 inhibitors and 
that residual Eg5 activity is sufficient to drive centrosome separation when the 
opposing inward force is severely diminished. Indeed, increasing the concentration 
of STLC to 5µM strongly decreased  the  percentage  of  bipolar  spindles  in  DHC-
depleted  cells  from  56 ± 12%            
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Figure 1. Dynein and Lis1 antagonize Eg5 during bipolar spindle assembly.  
U2OS (A-D, F) or Hela (G) cells were transfected by reverse transfection with indicated siRNA and 
48h after transfection 2μM STLC (A-C) or 200μM monastrol (D and F) was added for 18h. Cells 
were then fixed and spindles (α-tubulin), centrosomes (γ-tubulin) and DNA (DAPI) were stained. 
Either the percentage of mitotic cells with bipolar spindles was determined (B and C), or the 
percentage of mitotic cells in anaphase/telophase (D). (E) Hela cells were treated as in (G), but 48h 
after transfection cells were treated with indicated concentrations of STLC for 18h and the percentage 
of mitotic cells with bipolar spindles was determined. (H) Hela cells were transfected as in (G), but 
72h after transfection cells were treated with 20µM STLC and MG132 for 30 minutes before fixation. 
All scale bars indicate 5µm 

 
 
bipolar spindles at 2μM STLC to 19 ± 7% at 5 μM (3 independent experiments) 
(Fig. 1E). However, increasing the concentration of STLC to 40µM did not further 
reduce the percentage of cells with a bipolar spindle (Fig. 1E). Similar results were 
obtained in U2OS cells (Supplemental fig. S6A). To ensure that the reduction of the 
fraction of cells that form a bipolar spindle at 5µM STLC is not due to aspecific 
effects of a high dose of this drug, 2µM STLC treatment was also combined with 
Eg5 siRNA to further reduce Eg5 activity. Indeed, the percentage of bipolar spindles 
was reduced from 65 ±7% in DHC/GAPDH-depleted cells treated with 2µM STLC 
to 35 ± 2% in DHC/Eg5-depleted cells (Supplemental fig. S6B) Thus, assembly of 
bipolar spindles in DHC-depleted cells treated with 2µM STLC is largely dependent 
on residual Eg5 activity. Based on these data, we conclude that reduction of a 
dynein-dependent inward force decreases the amount of Eg5 activity required to 
push centrosomes apart.  

Interestingly, even at the highest concentration of STLC many of the DHC-
depleted cells that failed to separate centrosomes contained kinetochore 
microtubules facing away from the centrosomes (Supplemental fig. S7), similar to 
what has been shown for monopolar spindles after NuMA inhibition 271. In a few 
cells, these kinetochore-microtubules had become sufficiently long so that the 
spindle appeared bipolar even though centrosomes remained unseparated (Fig. 1F). 
Such monoastral bipolar spindles were never observed in GAPDH-depleted cells. 
This suggests that two types of bipolar spindles can form when dynein and Eg5 are 
inhibited simultaneously; centrosomal and acentrosomal bipolar spindles. 
 
Depletion of dynein does not alter Eg5 localization within the spindle 

Eg5 is a plus-end-directed motor, but surprisingly in spindles Eg5 was shown 
to localize mainly in the vicinity of the spindle poles, near the microtubule minus-
ends in Xenopus extracts 66. Interestingly, Eg5 binds to the p150glued subunit of 
dynactin 79,272 and the localization of Eg5 to the microtubule minus-ends in Xenopus 
egg extracts is dependent on dynein activity 70,79. Furthermore, disruption of the 
dynein complex reduces the amount of Eg5 that binds to the spindle in Xenopus 
extracts 70. We therefore wondered whether the rescue of spindle bipolarity in DHC-
depleted cells treated with STLC was due to mislocalization of Eg5. Consistent with 
previous data, we found strong Eg5 staining near spindle poles (Fig. 1G, upper 
panel), however when Eg5 staining was compared to α-tubulin staining, both 
stainings completely overlapped and no preference for the spindles poles could be 
observed (Fig. 1G). Importantly, the staining for Eg5 was specific, since staining 
completely disappeared upon Eg5 RNAi (Supplemental fig. S8). Furthermore, Eg5 
staining on the spindle was not reduced, nor was the localization detectably altered 
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after DHC RNAi (Fig. 2A, lower panel), suggesting that in mammalian cells dynein 
does not have a major role in regulating steady-state Eg5 localization.  
 
Dynein promotes spindle collapse when Eg5 is inhibited after centrosome 
separation 

To test whether dynein is producing a minus-end-directed force that can pull 
centrosomes together within an established bipolar spindle, cells were treated with 
the proteasome inhibitor MG132 to block them in mitosis and simultaneously with a 
very high dose of STLC (20µM) for 30 minutes to fully inhibit Eg5. Cells were then 
fixed and the percentage of monopolar spindles was determined. In control cells, 55 
± 10% of mitotic cells contained a monopolar spindle after this treatment. 
Interestingly, this means that 45% of spindles do not collapse upon full Eg5 
inhibition, which is consistent with the fact that Eg5 is not essential to maintain 
spindle bipolarity during metaphase (our unpublished observation).  Strikingly, only 
9 ± 7% of DHC-depleted cells contained a monopolar spindle after the same 
treatment (Fig. 1H). Monopolar spindles observed in control cells are not due to cells 
entering mitosis during this brief STLC treatment, since at this concentration of 
STLC both control cells and DHC-depleted cells form almost exclusively monopolar 
spindles (100% and 81%, respectively) and only very few monopolar spindles are 
observed in the DHC-depleted population. Thus, we conclude that full inhibition of 
Eg5 during mitosis results in spindle collapse in ~half of the cells and that this is 
completely dependent on dynein. 
 
Dynein does not antagonize Eg5-dependent centrosome separation during 
prophase 

In Drosophila cells Eg5 is not involved in centrosome separation until after 
nuclear envelope breakdown (NEB) 52, although there is evidence suggesting that in 
mammalian cells Eg5 might contribute to centrosome separation already during 
prophase 43. Therefore, we first examined the role of Eg5 during centrosome 
separation in prophase. For this, we determined the distance between centrosomes in 
late prophase cells. In untreated control cells, the average distance between 
centrosomes was 11.7 ± 2.3 μm, while treatment with 2μM STLC decreased this 
distance to 4.6 ± 0.9 μm (Fig. 2A-B and see supplemental fig. S9) (3 independent 
experiments). Increasing the dose of STLC to 20 μM lead to an even stronger 
decrease in the inter-centrosomal distance to only 3.1 ± 0.5 μm (Fig. 2B). Next, 
centrosome separation was followed using time-lapse microscopy of cells expressing 
YFP-α-tubulin. In the majority of control cells (82%, n=50), centrosomes could 
clearly be seen moving apart along the nucleus before NEB (Fig. 2C, upper panel). 
In contrast, in only 14% of STLC-treated cells (n=49) centrosome separation was 
detected in prophase and most cells entered mitosis with unseparated centrosomes 
(Fig. 2C, lower panel). These results show that in mammalian cells, in contrast to 
Drosophila cells, Eg5 is required for centrosome separation during prophase.  
Next, we wondered whether inhibition of dynein would affect centrosome separation 
during prophase. Although centrosomes often detached from the nuclear envelope in 
DHC-depleted cells (unpublished observation), centrosomes still separated in these 
cells, but the average inter-centrosomal distance was slightly decreased (11.6 ± 1.6 
μm vs 8.5 ±2.3 μm, for GAPDH- and DHC-depleted cells, respectively) (Fig. 2D 
and supplemental fig. S9, 4 independent experiments). To determine if DHC 
depletion could restore centrosome separation in STLC-treated cells, either GAPDH-  
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Figure 2. Dynein does not antagonize Eg5-dependent centrosome separation during prophase. 
(A-B) U2OS cells were treated with indicated concentrations of STLC for 4 hours, fixed and 
microtubules (α-tubulin), centrosomes (γ-tubulin) and DNA (DAPI) were stained. Inter-centrosomal 
distances were calculated using Zeiss LSM 510 confocal software (B). (C) U2OS cells stably 
expressing YFP-α-tubulin were either untreated or treated with 2μM STLC and analyzed by time-
lapse microscopy. Images were acquired every 3 minutes. (D) Cells were transfected with either 
GAPDH or DHC siRNA and were treated and analyzed as in (B). Scale bars indicate 5μm. 
or DHC-depleted cells were treated with 2 μM STLC for 4  hours  and the average 
inter-centrosomal distance in 
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Figure 3. CLIP-170 antagonizes Eg5 during bipolar spindle assembly. 
(A-E) U2OS cells were transfected with indicated siRNA’s and 36h after the first transfection, cells 
were re-transfected. 200μM monastrol was added 56h after the first round of transfection and 18h 
later cells were lysed and processed for western blot analysis (A) or cells were fixed and stained for 
α-tubulin, γ-tubulin and DNA (B-E and H). The percentage of mitotic cells that formed a bipolar 
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spindle was quantified based on the spindle and centrosome staining (C and H). Spindle and DNA 
staining was used to quantify the percentage of anaphase/telophase cells (D). (E) Representative 
image of monastrol-treated, CLIP-170-depleted cell in anaphase. (F-G) U2OS cells stably expressing 
YFP-α-tubulin were transfected as in (A-E). 72h after transfection cells were treated with 2µM STLC 
and filmed. Images were acquired every 5 minutes. Spindles were scored as “bipolarizing” if the 
spindle was monopolar 20 minutes after mitotic entry and subsequently became bipolar. (H) Cells 
were treated as in (A-E), but were treated with varying concentrations of STLC 56h after transfection. 
Scale bars indicate 5μm. 

 
 
late prophase cells was calculated. Surprisingly, while the average inter-centrosomal 
distance in GAPDH-depleted cells treated with STLC was 4.1 ± 2.3 μm, this 
distance was reduced to only 1.3 ± 0.8 μm in DHC-depleted cells treated with STLC. 
In addition, in 15% of control cells centrosomes were completely unseparated in late 
prophase, while this was the case in 62% of DHC-depleted cells (Supplemental fig. 
S9). Thus, it appears that during prophase dynein does not antagonize Eg5, but rather 
dynein might co-operate with Eg5 to promote initial centrosome separation, 
consistent with a role for dynein in centrosome separation in prophase in Drosophila 
and C. elegans embryos as well 19,22. 
 
CLIP-170 antagonizes Eg5 during bipolar spindle assembly 

Eg5 can slide microtubules apart by forming a homo-tetramer and walking 
towards the plus-end of two anti-parallel microtubules simultaneously 71. However, 
dynein is unlikely to form a similar homo-tetrameric configuration. Therefore, other 
proteins should connect minus-end-directed movement of dynein on one microtubule 
to neighboring microtubules to produce a minus-end-directed force within the 
spindle. One possible candidate is CLIP-170, since CLIP-170 can bind the 
dynein/dynactin complex on the spindle and through a distinct domain can interact 
with spindle microtubules 166,273. Therefore, we tested whether CLIP-170 was 
required for the minus-end-directed force production within the spindle. Indeed, 
while only 4 ± 1% of mock-depleted and 3 ± 2% of GAPDH-depleted monastrol-
treated mitotic cells contained bipolar spindles (Fig. 3A-C), knockdown of CLIP-170 
with two independent siRNA’s resulted in a substantial increase in the percentage of 
bipolar spindles after monastrol treatment (46 ± 21% and 31 ± 6% for siRNA’s #1 
and #2, respectively) (Fig. 3B and C) (5 independent experiments). Similar results 
were obtained after treatment with 2µM STLC (data not shown). These results 
demonstrate that CLIP-170, like dynein and Lis1, antagonizes Eg5 during bipolar 
spindle assembly.  

To determine if the mitotic arrest after Eg5 inhibition could be overcome by 
depletion of CLIP-170, the percentage of anaphase/telophase cells was determined in 
GAPDH- and CLIP-170-depleted cells treated with or without STLC. In untreated 
GAPDH-depleted cells, 35 ± 7% of mitotic cells were in anaphase or telophase at the 
time of fixation, while in CLIP-170-depleted cells only 18 ± 4% of mitotic cells 
showed an anaphase/telophase configuration, consistent with a role for CLIP-170 in 
chromosome alignment 166,234,235. However, whereas only 1 ± 1% of GAPDH-
depleted cells treated with monastrol were in anaphase or telophase, 8 ± 1% of 
CLIP-170-depleted cells had entered anaphase/telophase (Fig. 3D-E) (4 independent 
experiments). Thus, depletion of CLIP-170 increases the amount of cells that can 
enter anaphase after Eg5 inhibition, consistent with an increase in the percentage of 
cells that form a bipolar spindle and can therefore align their chromosomes to the 
metaphase plate. 
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Figure 4. CLIP-170 and CLIP-115 have opposite effects on spindle bipolarity. 
(A) U2OS cells stably expressing YFP-α-tubulin were transfected with GAPDH or Hec1 siRNA. 48h 
after transfection, cells were treated with 2μM STLC and immediately analyzed using time lapse 
microscopy and the percentage of cells that formed a bipolar spindle was determined. (B) Cells were 
transfected with either GAPDH siRNA or CLIP-170 siRNA, retransfected after 36h and 72h after the 
first round of transfection cells were fixed and stained for γ-tubulin, dynein intermediate chain and 
DNA. (C) Schematic representation of the domain structure of CLIP-115 and CLIP-170. In red, the 
CAP_Gly domains are shown and in green the dynein/dynactin binding domain. (D-E) Cells were 
transfected as in (B), but 56h after the first transfection, cells were treated with 1.5μM STLC and 18h 
later, cells were fixed and stained for α-tubulin, γ-tubulin and DNA (D) or cells were harvested and 
lysed for western blot analysis using an antibody that recognizes the N-terminus of CLIP-115 and 
CLIP-170 (E). Scale bars indicate 5μm. 

 
 

To further investigate the mechanism by which bipolar spindles are formed 
in cells lacking both CLIP-170 and Eg5 activity, time-lapse microscopy was used. 
Cells transfected with GAPDH siRNA and treated with STLC formed a bipolar 
spindle in only 26 ± 7% (n=93) of all cases (3 independent experiments), whereas 
the remaining 74% of cells formed a monopolar spindle. It should be noted that the 
percentage of bipolar spindles as quantified in live cells is slightly higher than the 
percentage in fixed samples. This is because cells that form a monopolar spindle will 
arrest in mitosis and accumulate over time relative to cells that formed a bipolar 
spindle and are thus overrepresented in fixed samples. Nonetheless, consistent with 
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analysis of fixed cells, CLIP-170 depletion led to a large increase in the percentage 
of cells that formed a bipolar spindle after STLC treatment (84 ± 13%) (n=77) (3 
independent experiments). CLIP-170 depletion also resulted in a slightly increased 
inter-centrosomal distance in prophase (3.1 ± 2.0 μm vs 4.4 ± 1.1 μm), but this 
increase was not responsible for the increase in the percentage of cells that formed a 
bipolar spindle, since individual CLIP-170-depleted cells with an equal inter-
centrosomal distance as GAPDH-depleted cells still formed bipolar spindles at much 
higher frequencies (Supplemental fig. S10). Importantly, in all live cell imaging 
experiments spindles were scored as bipolar if they were bipolar at the moment the 
film ended or when the cell exited mitosis. Often, CLIP-170-depleted cells initially 
formed a monopolar spindle, in which centrosomes would subsequently separate to 
form a bipolar spindle (a representative cell is shown in Fig. 3F). In total, 53% of 
CLIP-170-depleted cells that initially formed a monopolar spindle (as measured 20 
minutes after nuclear envelope breakdown) had formed a bipolar spindle at the time 
the film ended or the cell exited mitosis, while this was only observed in 2% 
GAPDH-depleted cells (Fig. 3G). CLIP-170-depleted cells that changed from a 
monopolar to a bipolar spindle would switch suddenly from a monopolar spindle to a 
bipolar spindle with a normal size. No cells were observed that maintained partially 
separated spindle poles. These results suggest that monopolar spindles and bipolar 
spindles with normal lengths are the only two stable spindle configurations and that 
the absence of CLIP-170 increases the likelihood that cells switch to the bipolar 
state. A similar model of spindle bistability was previously proposed in Drosophila 
S2 cells 137. Furthermore, increasing the concentration of STLC almost completely 
blocked bipolar spindle formation in CLIP-170-depleted cells (Fig. 3H), similar to 
results obtained after dynein and Eg5 double inhibition. Thus, we conclude that, like 
dynein, loss of CLIP-170 reduces the amount of Eg5 activity required to separate 
centrosomes. 
 
Spindle bipolarity is not restored by defects in kinetochore-microtubule 
attachments 

Loss of CLIP-170 results in defects in kinetochore-microtubule attachments 
166,234,235. Therefore, we tested whether loss of kinetochore-microtubules by itself 
was sufficient to restore spindle bipolarity after Eg5 inhibition. Cells were depleted 
of the kinetochore protein Hec1 by RNAi (Supplemental fig. S11), which results in a 
very severe kinetochore-microtubule attachment defect 252. Consistent with previous 
findings 191, loss of Hec1 was unable to rescue spindle bipolarity after Eg5 inhibition 
(Fig. 4A) (2 independent experiments), indicating that the effect of loss of CLIP-170 
on spindle bipolarity is unlikely due to defects in kinetochore-microtubule 
attachments. Furthermore, the rescue of spindle bipolarity in STLC-treated cells after 
depletion of CLIP-170 is unlikely to be due to defects in dynein recruitment to the 
spindle or kinetochores, since no differences were observed in the amount of dynein 
on the spindle or kinetochores after CLIP-170 depletion, nor was the localization to 
the minus-ends of the spindle microtubules affected (Fig. 4B and supplemental fig. 
S12). In addition, the fraction of DHC-depleted cells that contained monopolar 
spindles almost always (>90%) contained kinetochore-microtubules facing away 
from the pole (for an example, see fig. 1F and supplemental fig. S7), while in CLIP-
170-depleted cells that contained monopolar spindles, such kinetochore microtubules 
were never observed (data not shown). Finally, in contrast to DHC-depleted cells, 
the Golgi was positioned normally in CLIP-170-depleted cells (data not shown). 
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Together, these results indicate that other functions of dynein are unaffected by 
CLIP-170 depletion and that therefore CLIP-170 is probably not a general regulator 
of dynein function, but rather specifically cooperates with dynein to produce a 
minus-end-directed force within the spindle. 

 
 

 
 
 
Figure 5. Model of Dynein, Lis1 and CLIP-170 function in bipolar spindle assembly.  
Dynein binds along the lattice of spindle microtubules together with Lis1 near the zone of anti-
parallel microtubule overlap. When a growing microtubule plus-end, decorated with CLIP-170, 
passes the dynein complex, CLIP-170 can interact with the dynein complex, possibly through its 
interaction with Lis1. Minus-end-directed movement of dynein now pulls the two centrosomes 
together (Left). In contrast, when a CLIP-115 decorated microtubule plus-end passes the dynein 
complex, it does not interact with Lis1 and no minus-end-directed force is produced (middle). When 
Eg5 is inhibited, a complex of dynein, Lis1 and CLIP-170 pulls centrosomes together, resulting in 
monopolar spindle formation (Right). 

 
 
CLIP-115 and CLIP-170 have opposite effects on spindle bipolarity 

CLIP-170 binds to microtubules through its N-terminal microtubule binding 
domain 223 and can bind the dynein/dynactin complex subunits Lis1 and p150glued 
through its C-terminus (Fig. 4C) 206,213,224. Thus, if CLIP-170 antagonizes Eg5 
through its interaction with the dynein/dynactin complex, it is expected that the C-
terminal domain of CLIP-170 is essential. To test this hypothesis, we attempted to 
perform RNAi rescue experiments with either wildtype CLIP-170 or a mutant of 
CLIP-170 lacking the C-terminal domain. Unfortunately, expression of both 
wildtype and the C-terminal deletion mutant resulted in formation of monopolar 
spindles even in control cells (unpublished observation), making interpretation of 
these experiments very difficult. Therefore, we undertook an alternative approach 
and examined the role of the highly homologous protein CLIP-115 in spindle 
bipolarity. CLIP-115 has an N-terminal domain that is very similar to the N-terminus 
of CLIP-170, but completely lacks the dynein/dynactin interaction domain in the C-
terminus. If CLIP-170 antagonizes Eg5 through its direct control of microtubule 
dynamics, it is expected that CLIP-115 will have a similar function and that 
simultaneous depletion of CLIP-115 and CLIP-170 will have a much more dramatic 
effect in restoring spindle bipolarity than CLIP-170 depletion alone. However, if 
dynein/dynactin binding is required for CLIP-170 to antagonize Eg5, then CLIP-115 
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will not have the same function, and might even be expected to have an opposite 
effect, either by competing with CLIP-170 for binding to the microtubule plus-end 
or by competing with p150glued or Lis1 for binding to the C-terminus of CLIP-170 
206,267. CLIP-115 and CLIP-170 were therefore depleted either in combination with 
GAPDH or in combination with each other and cells were treated with 1.5μM STLC 
for 18h (a slightly lower dose was used here, so both an increase and decrease in the 
number of bipolar spindles could be observed). In control GAPDH-depleted cells 9 ± 
5% of cells formed a bipolar spindle and this was increased to 37 ± 11% in cells 
depleted of CLIP-170 and GAPDH (Fig. 4D). In contrast, depletion GAPDH and 
CLIP-115 reproducibly decreased the percentage of bipolar spindles compared to 
control cells to only 5 ± 4% of cells (4 independent experiments). Furthermore, cells 
doubly-depleted of CLIP-170 and CLIP-115 formed substantially fewer bipolar 
spindles than cells depleted of GAPDH and CLIP-170 (18 ± 9%, Fig. 4D, 4 
independent experiments) and this was not due to decreased knockdown of CLIP-
170 (Fig. 4E). Taken together, these results show that depletion of CLIP-115 has an 
opposite effect on spindle bipolarity as compared to CLIP-170 and strongly suggests 
that the C-terminal dynein/dynactin binding domain of CLIP-170 is required for 
CLIP-170 to antagonize Eg5. 
 
 
 
Discussion 
 

Here, we show for the first time in intact mammalian cells that dynein 
antagonizes Eg5 during bipolar spindle assembly. Our results suggest that dynein 
produces a minus-end-directed force within the spindle, which pulls centrosomes 
together when the Eg5-dependent outward pushing force is reduced. Furthermore, 
we show that cells in which dynein and Eg5 are simultaneously inhibited often enter 
anaphase and segregate their chromosomes, suggesting that fully functional bipolar 
spindles are formed in these cells. Finally, depletion of CLIP-170, like dynein, 
restores bipolar spindle assembly after Eg5 inhibition and this function of CLIP-170 
is likely dependent on CLIP-170’s interaction with the dynein/dynactin complex, 
since depletion of CLIP-115, which has a similar function as CLIP-170 at the 
microtubule plus-end, but lacks the dynein/dynactin interaction domain, does not 
restore spindle bipolarity after Eg5 inhibition.  
How does dynein depletion rescue spindle bipolarity after Eg5 inhibition? One 
possibility is that dynein acts directly through Eg5, since the dynein/dynactin 
complex directly interacts with Eg5 79,272 and was recently shown to transport Eg5 
away from the area of anti-parallel microtubule overlap (where Eg5 is likely to be 
active). Consistent with this, bipolar spindle formation after double inhibition of 
dynein and Eg5 still depends on residual Eg5 activity. However, it is unlikely that 
dynein negatively regulates spindle bipolarity solely through control of Eg5 
localization in mammalian cells, since 1) Eg5 localization and levels are not 
detectably altered within the spindle in mammalian cells after dynein RNAi and 2) 
full inhibition of Eg5 during mitosis by either 40µM STLC or a combination of 
STLC and Eg5 RNAi leads to spindle collapse and this can be rescued by 
simultaneous inhibition of dynein, indicating that dynein functions in spindle 
bipolarity in the absence of Eg5 activity. It is therefore likely that dynein opposes 
Eg5 by sliding microtubules in opposite directions, thereby pulling centrosomes 
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together. In this model Eg5 pushes centrosomes apart, but is continuously 
counteracted by an inward force of dynein. However, in normal cells the Eg5-
dependent force is larger than the dynein-dependent force, thus allowing 
centrosomes to separate. When Eg5 activity is reduced, the balance is tipped the 
other way and dynein will pull centrosomes together, resulting in monopolar 
spindles. However, when dynein activity is simultaneously reduced, the balance is 
restored and centrosomes separate normally. It should be noted, though, that even at 
the highest concentration of STLC some bipolar spindles formed in dynein-depleted 
cells, suggesting that perhaps other microtubule motors do contribute to centrosome 
separation in these cells. 

The function of dynein in antagonizing Eg5 does not appear to be active 
before NEB. In fact, centrosomes separate even less during prophase in cells in 
which both dynein and Eg5 are inhibited compared to Eg5 alone. This suggests that 
dynein might actually cooperate with Eg5 to pull centrosomes apart before NEB, 
although we cannot exclude that the defect in prophase centrosome separation after 
DHC RNAi is an indirect effect of the defect in centrosome-nuclear attachment in 
DHC-depleted cells. In any case, it is striking that dynein/Eg5 doubly-inhibited cells 
are completely unable to separate their centrosomes in prophase, but still form 
bipolar spindles at very high frequencies. The decreased centrosome separation in 
prophase might therefore even lead to an underestimation of the restoration of 
spindle bipolarity in STLC-treated cells upon dynein depletion.  

There are two possible explanations for a role of CLIP-170 in spindle 
bipolarity. First, CLIP-170 could act to load dynein onto spindle microtubules, as 
has been shown in yeast 266 alternatively, CLIP-170 could physically link dynein to 
surrounding microtubules, thereby coupling dynein-dependent movement on one 
microtubule to neighboring microtubules, resulting in the generation of a minus-end-
directed force (Fig. 5). We favor the latter explanation, because 1) dynein 
localization is not detectably altered in CLIP-170-depleted cells and 2) other 
functions of dynein are not perturbed after CLIP-170 depletion. In this model, a 
complex of dynein/dynactin and CLIP-170 would crosslink anti-parallel 
microtubules in which one microtubule, bound to CLIP-170, would act as a dynein 
cargo and the other as the track over which dynein can walk. This type of 
interactions could occur in the middle of the spindle, where most microtubules have 
an anti-parallel configuration. However, at steady-state dynein localizes mostly to 
spindle poles, which is inconsistent with this model. Perhaps dynein is loaded onto 
microtubules at the zone of microtubule overlap, where it interacts with CLIP-170 at 
a nearby microtubule plus-end and then walks towards the spindle pole, thereby 
producing a brief microtubule minus-end-directed force. Continuous loading at the 
spindle midzone and streaming towards the pole would produce a continuous minus-
end-directed force, but at the same time would lead to a relative accumulation of 
dynein at the spindle pole. It is important to note that the dynein complex contains 
many proteins that can directly bind microtubules and it is very well possible that 
multiple proteins within the dynein complex co-operate to link dynein to 
surrounding microtubules, but our results suggest that at least one of these proteins, 
CLIP-170, could play an important role in this crosslinking. 

Finally, we show that Lis1 also antagonizes Eg5 during bipolar spindle 
assembly. Lis1 is known to stimulate the ATPase activity of dynein 270, but Lis1 has 
also been suggested to link CLIP-170 to the dynein/dynactin complex 213,224. It is 
possible that both functions of Lis1 contribute to its role in minus-end-directed force 
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production within the spindle. Taken together, these observations lead us to propose 
a model in which CLIP-170 acts together with Lis1 and dynein, linking dynein to 
surrounding microtubules, thereby translating dynein-dependent minus-end-directed 
movement to minus-end-directed force production within the spindle (Fig. 5). 
Chapter 3  
 
 
Chapter 4 Materials and Methods 

Antibodies 
The CLIP antibodies have been described previously 213,274 and were used 

1:2500. α-tubulin antibody (Sigma) was used 1:7500, γ-tubulin antibody (Sigma) 
and anti-dynein intermediate chain (Sigma) were used 1:200, CREST antibody 
(Cortex Biochem) was used 1:2000, Hec1 antibody (Upstate) antibody was used 
1:200, HSET antibody (Santa Cruz) was used 1:100 for western blot and 1:40 for 
immunofluoresence and the Eg5 antibody (Abcam) was used 1:1000 for western blot 
and 1:200 for immunofluoresence. Secondary antibodies for immunofluorescence 
were Alexa-488, Alexa-568 and Alexa-647 (Molecular probes) and HRP-conjugated 
anti-rabbit/mouse (DAKO) for western blot.  

Cell culture and transfection 
U2OS and Hela cells were cultured in DMEM (Gibco) with 6% FCS, 100 

U/ml penicillin and 100 μg/ml streptomycin. siRNA was transfected using reverse 
transfection with Hiperfect (Qiagen) according to manufacturers guidelines. siRNA 
sequences and transfection concentrations are listed in supplemental table S1. 

Confocal microscopy 
Cells were grown on 10mm glass coverslips and fixed in 3.7% 

formaldehyde/0.5% triton in PBS for 5 minutes, washed once with PBS and 
subsequently incubated in ice-cold methanol for 5 minutes. Coverslips were blocked 
in PBS with 3% BSA for 30 minutes. All primary antibodies were incubated at room 
temperature overnight and secondary antibodies were incubated for 1 hour at room 
temperature. DAPI was added to all samples before mounting using Vectashield 
mounting fluid (Vectorlabs). Confocal images were acquired on a Zeiss LSM510 
META (Carl Zeiss) with a Plan Apochromat 63x NA 1.4 objective. Z-planes were 
acquired with 1 µm intervals. Brightness and contrast were adjusted with Photoshop 
6.0 (Adobe). Images are maximum intensity projections of all Z-planes.  

Time-lapse microscopy 
Cells were plated on 4-well glass-bottom slides (Labtek). Slides were imaged 

on a Zeiss Axiovert 200M microscope equipped with a Plan-Neofluar 63x/1.25 Oil 
in a permanently heated chamber with 5% CO2. Images were acquired every 3 to 5 
minutes using a Photometrics Coolsnap HQ charged-coupled device (CCD) camera 
(Scientific, Tucson, AZ) and a YFP filter cube (Chroma Technology Corp.). Z-
stacks were acquired with 2 µm interval between Z-slices. Images were processed 
using Metamorph software (Universal Imaging, Downington, PA). 
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Abstract 
 
   The formation of a bipolar spindle is an essential step during cell division. 
Bipolar spindle assembly is driven by the highly conserved microtubule motor Eg5 
(kinesin-5) that can slide anti-parallel microtubules apart to drive centrosome 
separation. However, it is currently unclear if and how additional motors can 
contribute to centrosome separation and bipolar spindle formation. We have 
developed a novel assay to identify motors involved in spindle bipolarity and using 
this assay we identify Kif15/Hklp2 (kinesin-12, hereafter referred to as Kif15). 
Kif15 is not required for spindle bipolarity in cells with full Eg5 activity, but 
becomes essential when Eg5 is partially inhibited. We show that the primary 
function of Kif15 is to promote spindle elongation and to ensure maintenance of 
spindle bipolarity. Nonetheless, ectopic expression of Kif15 can fully reconstitute 
bipolar spindle assembly in the absence of Eg5 activity, demonstrating that Kif15 
can replace all essential functions of Eg5 in bipolar spindle assembly. Importantly, 
this activity of Kif15 depends on its interaction with the microtubule-associated 
protein TPX2, indicating that a Kif15-TPX2 complex promotes centrosome 
separation. These findings show that, similar to Eg5, Kif15 can drive centrosome 
separation during bipolar spindle assembly. For this activity, Kif15 requires both its 
motor domain and its interaction with TPX2. Based on these data, we propose that a 
complex of Kif15 and TPX2 can cross-link and slide two anti-parallel microtubules 
apart, thereby driving centrosome separation. 
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Introduction 
 

Eg5 (kinesin-5) is a highly conserved plus-end directed microtubule motor 
that provides a major force necessary for bipolar spindle assembly. Eg5 forms a 
homotetramer with two motor domains on each side, allowing it to walk on two 
microtubules simultaneously 69,71. This unique configuration of Eg5 allows it to slide 
anti-parallel microtubules apart, thereby driving centrosome separation during 
bipolar spindle assembly in vivo 41,65,66. In most organisms Eg5 is absolutely 
essential for spindle bipolarity, as loss of Eg5 results in monopolar spindles 41,65,66. 
Surprisingly however, bipolar spindle assembly is restored in cells lacking Eg5 
activity when either one of the two minus-end directed motors NCD/HSET or dynein 
is inhibited 34,49,92,129. Furthermore, Eg5 is not essential for spindle bipolarity in 
certain systems, like C. elegans embryos 68. Finally, in mammalian cells Eg5 activity 
does not appear to be required for the maintenance of a bipolar spindle in metaphase 
93. Together, these results indicate that additional motors might cooperate with Eg5 
to promote bipolar spindle assembly.  
 One motor that has been implicated in spindle bipolarity is the kinesin-12 
motor Xklp2, as addition of a dominant negative construct of Xklp2 to Xenopus egg 
extracts resulted in the formation of monopolar spindles 95. However, subsequent 
experiments using protein depletion showed that normal bipolar spindles formed 
after removal of >98% of Xklp2 from egg extracts 102, strongly suggesting that 
Xklp2 is, in fact, not essential for spindle bipolarity. Similarly, depletion of Xklp2 
did not inhibit bipolar spindle assembly around chromatin beads 103 and RNAi-
mediated knockdown of the human homolog of Xklp2, Kif15, also did not inhibit 
bipolar spindle assembly 106. Together, these results indicate that Kif15/Xklp2 is not 
essential for bipolar spindle assembly. 
 To identify additional motors that promote spindle bipolarity, we took 
advantage of the fact that Eg5 is not required to maintain spindle bipolarity during 
metaphase in human cells. Using RNAi, we systematically tested all microtubule 
motors for an essential role in maintaining metaphase spindle bipolarity in the 
absence of Eg5 activity and identified Kif15 as the major motor involved in this 
process. Importantly, we find that, while Kif15 is not required for bipolar spindle 
assembly in normal cells, it becomes essential when Eg5 activity is compromised. 
Detailed analysis revealed that initial centrosome separation is not affected in cells 
lacking Kif15, but subsequent spindle elongation is strongly inhibited, consistent 
with a role for Kif15 in the later stages of bipolar spindle assembly. Surprisingly, 
overexpression of Kif15 can drive bipolar spindle assembly when Eg5 is fully 
inhibited, demonstrating that Kif15 can take over all essential functions of Eg5 and 
suggesting that Kif15 can directly generate a force that pushes centrosomes apart. 
This activity of Kif15 not only depends on its motor activity, but also on its 
interaction with the microtubule-associated protein TPX2, indicating that a complex 
of Kif15 and TPX2 promotes bipolar spindle assembly. 
 
Results 
 
Identification of motor proteins involved in bipolar spindle maintenance 

While Eg5 is essential for bipolar spindle assembly, it does not appear to be 
required for bipolar spindle maintenance 93. To confirm this, Hela cells were either 
left untreated, were treated for 24h with the potent Eg5 inhibitor STLC 107 or were 
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first blocked in metaphase using the proteasome inhibitor MG132 and subsequently 
treated with STLC (hereafter referred to as MG/STLC treatment). While 24h 
treatment with STLC completely blocked bipolar spindle assembly, inhibition of 
Eg5 in metaphase did not result in substantial spindle collapse (Fig.1A), 
demonstrating that Eg5 is not required for bipolar spindle maintenance. These results 
suggest that an additional motor might cooperate with Eg5 in bipolar spindle 
maintenance. To test this hypothesis, we generated a siRNA library targeting all 
human microtubule motor proteins and assayed whether any motor was required for 
bipolar spindle maintenance in the absence of Eg5 activity (Fig.1B and C). Indeed, 
depletion of Kif15 dramatically increased the percentage of monopolar spindles after 
Eg5 inhibition (Fig.1C). Also, a smaller, but reproducible increase in the percentage 
of monopolar spindles was observed after depletion of Kif18a, Kif19 and MCAK 
(Fig.1C). Surprisingly, loss of Kif2a and Kif2b, which were previously implicated in 
spindle bipolarity in mammalian cells 161,191, did not result in a substantial increase in 
the percentage of monopolar spindles. However, at least for Kif2a, the siRNA used 
here reduced Kif2a levels more potently than the siRNA used previously 
(Supplemental fig.S1A-D), validating our siRNA approach and indicating that Kif2a 
is not essential for bipolar spindle assembly. 

Since the strongest effects were observed after knockdown of Kif15 (>90% 
of spindles were monopolar), we decided to focus on this motor in more detail. First, 
we confirmed the Kif15 knockdown phenotype using two additional siRNA’s 
(Fig.1D and E). Furthermore, expression of a siRNA-resistant murine GFP-Kif15 
(which localized as endogenous Kif15, see fig.4A and S5A) was able to fully restore 
spindle bipolarity in Kif15-depleted cells after MG/STLC treatment (Fig.1F), even at 
near endogenous expression levels (Supplemental fig.S1E), demonstrating that the 
effects of Kif15 knockdown were indeed specific. Finally, U2OS cells stably 
expressing YFP-α-tubulin were depleted of Kif15 or GAPDH as a control. Cells 
were then treated with MG/STLC and time-lapse analysis was initiated at the time of 
STLC addition. While in GAPDH-depleted cells only 4% of spindles collapsed 
within 1h of STLC addition, this was the case for 92% of cells after Kif15 depletion 
(Fig.1G and H). Taken together, these results demonstrate that Kif15 and Eg5 act 
redundantly to control spindle bipolarity. 
 
Kif15 is not essential for bipolar spindle assembly 

Since previous studies failed to identify defects in spindle bipolarity after 
depletion of Kif15/Xklp2 102,103,106, we examined bipolar spindle assembly after 
knockdown of Kif15 in otherwise unperturbed cells by time-lapse microscopy. In 
control cells, centrosomes separated ~1h before nuclear envelope breakdown (NEB) 
and clear bipolar spindles could be observed within 10 minutes of NEB (Fig.2A). 
Anaphase onset was observed 31 ± 6 minutes after NEB (Fig.2B). Similarly, in 
Kif15-depleted cells, centrosomes separated normally before NEB and spindle 
assembly occurred as in control cells (Fig.2A). The time from NEB to anaphase was 
also unchanged, 32 ± 4 minutes (Fig.2B). Consistent with this, we did not observe an 
increase in the percentage of monopolar spindles after depletion of Kif15 (Fig.2C). 
Taken together, these results demonstrate that Kif15 is not essential for spindle 
assembly in the presence of full Eg5 activity. 
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Figure 1. Kif15 is involved in bipolar spindle maintenance. 
(A) Hela cells were left untreated, were treated with 40µM STLC for 24h or were treated with 
MG132 for 1.5h and subsequently with 40µM STLC for an additional 1.5h. Cells were then fixed and 
stained for α-tubulin and DNA and the percentage of mitotic cells containing a monopolar spindles 
was scored (n=100 per condition). (B) Experimental setup of the screen performed in (C). (C) Hela 
cells were transfected with siRNA’s targeting all human microtubule motors (described in 
supplemental table S1) and were treated as indicated in (B). The percentage of mitotic cells 
containing a monopolar spindles was determined (n=40). Dashed line indicates 100%. (D) Hela cells 
were transfected with indicated siRNA’s and 48h after transfection, cells were harvested. Total Kif15 
protein levels were analyzed by western blot. (E) Hela cells were transfected and treated as in (C) and 
the percentage of mitotic cells containing a monopolar spindle was determined (n=100). (F) Hela cells 
stably expressing GFP-Kif15 under a tetracycline-inducible promoter were transfected with indicated 
siRNA’s. 24h after transfection expression of GFP-Kif15 was induced for 4h. 24h after GFP-Kif15 
induction MG/STLC treatment was performed and cells were fixed and the percentage of mitotic cells 
containing a monopolar spindles was scored. (G and H) U2OS cells stably expressing YPF-α-tubulin 
were transfected with indicated siRNA’s and 48h after transfection cells were treated with MG132 for 
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1.5h. Cells were then treated with 40µM STLC and images were acquired every 3 minutes. (n=72 and 
n=38 for GAPDH- and Kif15-depleted cells, respectively) (H) shows a representative GAPDH- and 
Kif15-depleted cell. Results in (A and C, E and F) are averages of 3 independent experiments. All 
error bars represent standard deviations and scale bars indicate 10µm. 

 
 
Kif15 promotes rapid elongation of the spindle 

Since we found that Kif15 is not essential in the presence of full Eg5 activity, 
but is required for bipolar spindle maintenance in the absence of Eg5, it is possible 
that Kif15 also becomes essential for the assembly of a bipolar spindle when Eg5 
activity is reduced. To test this, Eg5 was partially inhibited in U2OS cells using a 
very low dose of STLC (0.75µM, in contrast to 40µM STLC used for full Eg5 
inhibition), since at this concentration there was still sufficient Eg5 activity to allow 
for bipolar spindle assembly in the majority of cells (Supplemental fig.S2). In 
control cells treated with a low dose of STLC, spindle poles were often initially 
close together, consistent with a role for Eg5 in centrosome separation during 
prophase 34, but the spindle would subsequently “pop” open (i.e. elongate very 
rapidly) (Fig.3A) and only 8 ± 3% of control cells formed a monopolar spindle at 
this concentration of STLC (Fig.3D). At higher doses of STLC a smaller fraction of 
cells formed a bipolar spindle, but those that did always switched rapidly from an 
initial monopolar to a bipolar state (data not shown). We never observed cells that 
contained a spindle of intermediate length for a prolonged period of time, consistent 
with the notion that the spindle behaves in a bi-stable manner 34,137. In Kif15-
depleted cells treated with low STLC, centrosome separation during prophase was 
very similar to controls cells (Fig.3C). However, the percentage of cells that 
subsequently formed a monopolar spindle was strongly increased to 55 ± 15% 
(Fig.3B and D). These results demonstrate that Kif15 indeed acts redundantly with 
Eg5 to promote bipolar spindle assembly and that this occurs specifically after NEB. 
  Surprisingly, in Kif15-depleted cells treated with a low dose of STLC, 
spindles did not rapidly collapse or elongate upon NEB, but rather remained at an 
intermediate length for a prolonged period of time (Fig.3B, 3E, and supplemental 
fig.S3A). Although the majority of spindles eventually ended up as monopolar 
(Fig.3D), the cells that did manage to form a bipolar spindle (mostly cells that had 
achieved a relatively large inter-centrosomal distance in prophase, see supplemental 
fig.S3B) had a final spindle length that was only slightly reduced compared to 
controls (Supplemental fig.S3C). Interestingly, in cells that did form a bipolar 
spindle, chromosome alignment was not completed until spindles had fully 
elongated (Supplemental fig.S4A) and anaphase onset was substantially delayed in 
these cells (Fig.3F). Furthermore, almost all (>95%) of cells with spindles of 
intermediate length showed kinetochores positive for the dynactin subunit p150glued 
(Supplemental fig. S4B), a marker for unattached kinetochores 173, suggesting that 
rapid spindle elongation is important for efficient kinetochore-microtubule 
attachment and chromosome alignment. These results show that Kif15 does not have 
a major role in initial centrosome separation, but rather acts during the later stages of 
bipolar spindle assembly to promote spindle elongation, consistent with its role in 
bipolar spindle maintenance in metaphase. 
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Figure 2. Kif15 is not essential for bipolar spindle assembly in the presence of full Eg5 activity. 
(A and B) U2OS cells stably expressing mCherry-α-tubulin were transfected with indicated siRNA’s 
and analyzed by time-lapse microscopy 48h after transfection. Images were acquired every 5 minutes. 
(B) Time from NEB to anaphase was determined (n=50 cells per condition). (C) U2OS cells were 
treated as in (A), but were fixed and the percentage of mitotic cells containing a monopolar spindle 
was determined (n=100). Results in (B) and (C) are averages of 4 independent experiments. All error 
bars represent standard deviations and scale bars indicate 10µm. 

 
 
Kif15 is targeted to the spindle through its C-terminal interaction with TPX2 

To determine the localization of Kif15 during bipolar spindle assembly, we 
raised a polyclonal antibody against the C-terminus of Kif15 that was able to detect 
endogenous Kif15 by immunofluorescence (Fig.4A). Consistent with previous 
studies 96,101, we found that Kif15 localizes all along spindle microtubules, but not on 
astral microtubules (Fig.4A). Furthermore, Kif15 was not detected along interphase 
microtubules (data not shown). Very similar results were obtained when the 
localization of GFP-Kif15 was examined (Supplemental fig.S5A). Together, these 
results show that Kif15 localizes along microtubules specifically in mitosis. 
To better understand how Kif15 could promote bipolar spindle assembly, we first 
determined how it binds to spindle microtubules. The Xenopus laevis homolog of 
Kif15, Xklp2, was shown to bind TPX2 with its C-terminal leucine zipper (Fig.4B) 
and is recruited to the spindle by TPX2 101. Indeed, we found that depletion of TPX2 
completely prevented Kif15 from binding to the spindle (Fig.4C and see 
supplemental fig.S6A-B for TPX2 knockdown). This was likely not due to changes 
in spindle organization that occurred after TPX2 depletion, since Kif15 localized 
normally to microtubules of affect TPX2 recruitment to the spindle (Supplemental 
fig.S6C). Furthermore, TPX2 co- localized with GFP-Kif15 all along spindle 
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Figure 3. Kif15 promotes rapid spindle elongation. 
(A-D) U2OS cells stably expressing mCherry-α-tubulin were transfected with indicated siRNA and 
48h after transfection cells were treated with 0.75µM STLC and followed by time-lapse microscopy 
(n=40 cells analyzed per condition). (A and B) Representative GAPDH- and Kif15-depleted cells are 
shown. (C) The inter-centrosomal distance was measured at NEB. (D) The percentage of cells that 
formed a bipolar spindle was scored. (E) U2OS cells stable expressing GFP-centrin were treated as in 
(A), but were analyzed by time-lapse analysis with 90s intervals. The plotted distance between 
centrosomes of 3 randomly selected GAPDH-depleted and Kif15-depleted cells was measured over 
time in three dimensions. X marks the time point at which the metaphase spindle length was reached. 
(F) U2OS cells stably expressing mCherry-α-tubulin were transfected as in (A), but were either 
treated with 0.75µM STLC or left untreated. Time from NEB to anaphase onset was determined in all 
cells that formed a bipolar spindle (n=40 cells per condition). All graphs represents average of 3 
independent experiments. Error bars represent standard deviations and scale bars indicate 10µm. 
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microtubules (Fig.4D). Interestingly, before NEB TPX2 did not bind microtubules, 
as it localized to the nucleus (Supplemental fig.S5B), likely explaining why Kif15 
does not bind microtubules in interphase. 
To further confirm that Kif15 is recruited to the spindle through its C-terminal 
leucine zipper by TPX2, two GFP-Kif15 deletion mutants were generated: the first 
lacking the entire motor domain and the second lacking the C-terminal leucine 
zipper. While the motor domain was not required for either TPX2 binding or 
recruitment to the spindle (Fig.4E and S7), the C-terminal leucine zipper was 
essential for Kif15 recruitment to the spindle, as well as TPX2 binding (Fig.4E and 
supplemental fig.S7). These results demonstrate that Kif15 is recruited to the spindle 
through its C-terminal interaction with TPX2 and that the motor domain is not 
required for recruitment to the spindle. 
 
Kif15 can drive bipolar spindle assembly in the absence of Eg5 activity 

We considered several possibilities by which Kif15 could contribute to 
spindle bipolarity. First, Kif15 could modulate Eg5 activity, for example by correctly 
organizing microtubules for Eg5 to slide them apart. Second, Kif15 could statically 
crosslink anti-parallel microtubules within the spindle and as such prevent spindle 
collapse by generating friction on inward sliding microtubules. Finally, it is possible 
that Kif15 could directly generate an outward force by sliding anti-parallel 
microtubules apart. If the latter model is correct, overexpression of Kif15 might be 
able to generate a force sufficient to drive centrosome separation, even in the 
absence of Eg5 activity. To test this, a U2OS cell line was generated expressing 
GFP-Kif15 under a tetracycline-inducible promoter. Strikingly, expression of GFP-
Kif15 was able to fully restore bipolar spindle assembly after either Eg5 siRNA, 
high dose STLC treatment (40µM) or, to ensure complete inactivation of Eg5, 
combined Eg5 siRNA and high dose STLC treatment (Fig.5A). Even more 
surprising, cells expressing GFP-Kif15 that lacked Eg5 activity progressed through 
mitosis with almost identical timing as untreated control cells (Fig.5B). The only 
clear difference between untreated control cells and GFP-Kif15-expressing cells that 
lacked Eg5 activity was that the latter cells completely failed to separate their 
centrosomes in prophase (Fig.5C), consistent with the fact that Kif15 does not act 
before NEB. Quantitative immunofluorescence revealed that 5 to 10-fold 
overexpression of Kif15 was sufficient to drive bipolar spindle assembly in the 
absence of Eg5 activity (Supplemental fig.S8).  These results argue against a role for 
Kif15 in modulating Eg5 function, since Eg5 is completely inhibited in these 
experiments. Furthermore, it is unlikely that Kif15 prevents spindle collapse solely 
by generating friction on inward sliding microtubules, as this cannot explain how 
ectopic expression of Kif15 can push centrosomes apart in cells devoid of Eg5 
activity. Taken together, these results strongly support the hypothesis that Kif15 can 
directly generate a force that pushes centrosomes apart after NEB. 
To test if Kif15 could fully reconstitute all essential functions of Eg5, we next 
performed colony formation assays.  Cells were either induced to express GFP-Kif15 
or were left uninduced and were treated with increasing doses of STLC or, as a 
control with the microtubule stabilizing drug taxol. While both taxol and STLC 
treatment potently blocked cell proliferation in control cells, expression of GFP-
Kif15 was able to completely overcome the inhibition of cell proliferation by STLC, 
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(A) U2OS cells were transfected with indicated siRNA’s, fixed and stained for Kif15, α-tubulin and 
DAPI was used to stain the DNA. Spindle staining by the Kif15 antibody was specific, as no 
reactivity was observed on the spindle after Kif15 RNAi. (B) Schematic representation of Kif15 
structure including motor domain, coiled coils and the leucine zipper. Blue bars represent 
interruptions in the coiled-coils. (C) U2OS cells were transfected with indicated siRNA’s and 36h 
after transfection cells were fixed and stained for Kif15, α-tubulin and DAPI was used to stain the 
DNA. STLC was added during the last 4h before fixation (D) U2OS cells stably expressing GFP-
Kif15 under control of a tetracycline-inducible promoter were induced for 24h, cells were fixed and 
stained for TPX2 and DAPI was used to stain the DNA. GFP-Kif15 was used, due to Kif15 and TPX2 
antibody incompatibility. (E) U2OS cells were transiently transfected with indicated plasmids and 
fixed and stained for GFP, α-tubulin and DAPI 48h after transfection. Scale bars indicate 10µm. 

 
 
but not by taxol (Fig.5D). Taken together, these results demonstrate that Kif15 can  
take over all essential functions of Eg5 during spindle assembly and indicate that 
Kif15 can directly generate a force that is able to push centrosomes apart. 

 To gain additional insights into the molecular mechanism underlying 
this function of Kif15, we tested the ability of the Kif15 deletion mutants to drive 
centrosome separation in the absence of Eg5 activity. Interestingly, expression of 
either Kif15-ΔLeucine zipper, which has a functional motor domain, but cannot 
interact with TPX2 or expression of Kif15-ΔMotor, which localizes normally to the 
spindle, but lacks motor activity, was unable to restore bipolar spindle assembly in 
the absence of Eg5 activity (Fig.5E). Furthermore, although full length Kif15 was 
able to drive bipolar spindle assembly in the absence of Eg5 activity, this was no 
longer the case when TPX2 was depleted (Fig.5E). Taken together, these results 
show that Kif15 can substitute all essential functions of Eg5 and this requires both its 
N-terminal motor domain and its C-terminal interaction with TPX2. 
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Figure 5. Ectopic expression of Kif15 can drive bipolar spindle assembly in the absence of Eg5. 
(A-B) U2OS cells expressing GFP-Kif15 under a tetracycline-inducible promoter were transfected 
with Eg5 siRNA where indicated, synchronized through a 24h thymidine block and subsequently 
released for 6h, treated with 40µM STLC where indicated and analyzed by time-lapse microscopy. 
GFP-Kif15 expression was induced by addition of tetracycline during the thymidine block. The 
percentage of bipolar spindles (A) and the time from NEB to anaphase (B) was then determined. (C) 
U2OS cells expressing GFP-Kif15 under a tetracycline-inducible promoter were induced to express 
Kif15 for 24h and subsequently treated with STLC for 4h. Cells were then fixed and stained for γ-
tubulin and GFP, and the intercentrosomal distance just before NEB (as determined by high level of 
chromosome condensation) was measured. (D) U2OS cells expressing GFP-Kif15 under a 
tetracycline-inducible promoter were plated out in 6-well format at a density of 50.000 cells per well, 
and where indicated, 1µg/ml tetracycline was added to induce GFP-Kif15 expression. 24h after 
plating, cells were treated with indicated drugs. After 5 days cells were fixed with methanol and 
stained with crystal violet. (E) U2OS cells stably expressing mCherry-α-tubulin were transfected with 
indicated plasmids and were treated as described in (A). 50 cells (A and B), 15 cells (C) or 25 cells 
(E) were analyzed per condition and all graphs represent 3 independent experiments. Error bars 
represent standard deviations. 
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Discussion 
 
 Here, we have performed a systematic analysis of all human motor proteins 
and identified Kif15 as a novel regulator of spindle bipolarity that can drive bipolar 
spindle assembly in the absence of Eg5. This complete functional overlap was rather 
unexpected, since it was generally believed that the unique tetrameric conformation 
of Eg5 provides an irreplaceable centrosome separating force within the mitotic 
spindle. Data obtained on the Xenopus homolog of Kif15, Xklp2, demonstrated that 
this motor forms a dimer 101. Therefore, it is unlikely that Kif15 can directly cross-
link and slide anti-parallel microtubules apart.  
How then does Kif15 contribute to centrosome separation? Here, we show that 
Kif15 is sufficient to drive centrosome separation and that this requires both the 
motor domain and the C-terminal interaction with TPX2. It is therefore tempting to 
speculate that Kif15 is able to slide anti-parallel microtubules apart through plus-end 
directed motility on one microtubule, while at the same time maintaining a static 
interaction with a second microtubule through its interaction with TPX2 (Fig.6). 
Alternatively, TPX2 could cross-link two Kif15 dimers, essentially creating a 
tetramer that can directly bind two microtubules and slide them apart. Hopefully, 
future in vitro experiments will be able to address these hypotheses. Intriguingly, in 
our model Kif15-TPX2 mainly act at the spindle equator, where most anti-parallel 
microtubules are present, while both Kif15 and TPX2 localize all along the spindle. 
Perhaps a specific, active pool of these proteins localizes to the equator. Consistent 
with this, the sea urchin kinesin-12 motor KRP180 does specifically localize to this 
region of anti-parallel microtubule overlap 97. 

Spindles in mammalian cells show clear signs of bi-stability: they are either 
monopolar or bipolar with a fixed length. Decreasing the dose of Eg5 activity during 
bipolar spindle assembly does not result in formation of shorter spindles, but, at a 
critical low threshold of Eg5 activity, spindles undergo a “switch” and form a 
monopolar configuration 137. In contrast, in Kif15-depleted cells, spindles often 
stayed at an intermediate length for a prolonged period of time, before turning into 
either a monopolar or bipolar spindle. Furthermore, Kif15-depleted cells were unable 
to maintain a bipolar spindle in metaphase when Eg5 was inhibited. Based on these 
findings, we propose that initial centrosome separation is mainly dependent on Eg5, 
but once centrosomes have separated, Kif15 contributes to rapid spindle elongation, 
ensuring a switch-like behavior of the spindle. Consistent with a role for Kif15 
during the later stages of bipolar spindle assembly, we found that initial centrosome 
separation during prophase, which is dependent on Eg5 34, cannot be reconstituted by 
Kif15.  

Inhibitors of Eg5 were shown to have potent anti-tumor activity in pre-
clinical studies and are currently tested in clinical trials as a potential novel anti-
cancer treatment 275. Our results could have major implications for inhibition of Eg5 
as an anti-cancer therapy, as they show that Kif15 can take over all essential 
functions of Eg5. It is therefore possible that tumor cells can acquire resistance to 
Eg5 inhibitors, simply by up-regulating Kif15 protein levels. Combined inhibition of 
Eg5 and Kif15 might have a more potent anti-tumor activity and the development of 
Kif15 inhibitors could therefore be of great value.  
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Figure 6. Model of Kif15 and TPX2 function during spindle assembly  
Kif15 binds a microtubule with its motor domain and walks towards the plus-end of that microtubule. 
At the same time, Kif15 binds TPX2 on a neighboring, anti-parallel microtubule through its C-
terminal domain and thereby cross-links the two microtubules. Now, plus-end directed motility of 
Kif15 will result in anti-parallel sliding, which will push the centrosomes apart.  

 
 
Materials and Methods 

Cell culture, transfection and drug treatments 
U2OS and Hela cells were cultured in DMEM (Gibco) with 6% FCS, 100 

U/ml penicillin and 100 μg/ml streptomycin. siRNA was transfected using reverse 
transfection with Hiperfect (Qiagen) according to manufacturers guidelines. siRNA 
information is listed in supplemental table S1. DNA transfections were performed 
using Fugene 6 (Roche) according to manufacturers guidelines. STLC and taxol 
(Sigma) were used at indicated concentrations, MG132 (Sigma) was used at 5µM 
and thymidine (Sigma) was used at 2.5mM. Tetracycline-inducible expression of 
GFP-Kif15 was performed as described previously 276. 
Plasmid construction 
 A murine Kif15 cDNA clone was obtained from Open Biosystems (Clone ID 
6409082). Using this cDNA as a template the open reading frame (ORF) of mKif15 
was amplified by PCR with the following primers: forward 5’-
gatcccgcgggcccccggctgcaaatctgag-3’ and reverse 5’-
gatcgcggccgcttagaattccttctttttttctttc-3’ and was ligated into the pGEM-T vector. The 
ORF was subsequently recloned into SacII-NotI sites of a modified version of 
pcDNA4-TO (Invitrogen) carrying a biotinylation tag and a GFP (referred to as 
pTON-bEGFP). The ΔLeucine zipper (amino acids 1-1293) and ΔMotor (amino 
acids 342-1386) were subcloned in the pTON-bEGFP. GFP-TPX2 has been 
described previously 277. 

Immunofluorescence 
Cells were grown on 10mm glass coverslips and fixed with either cold 

methanol or were fixed with 3.7% formaldehyde with 1% triton X-100 and post-
fixed with cold methanol. α-tubulin antibody (Sigma) was used 1:7500, anti-GFP 
(custom made) was used 1:500 and α-TPX2 (Santa Cruz) was used 1:500. The 
polyclonal Kif15 antibody was raised against a GST-tagged protein encompassing 
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amino acids 962-1387 of murine Kif15 and was affinity purified.  Primary antibodies 
were incubated overnight at room temperature and secondary antibodies (Alexa 488 
and 561, Molecular Probes) were incubated for 1h at room temperature. DAPI was 
added before mounting using Vectashield (Vectorlabs). Images were acquired on a 
Zeiss LSM510 META confocal microscope (Carl Zeiss) with a Plan Apochromat 
63x NA 1.4 objective. Z-planes were acquired with 1 µm intervals. Brightness and 
contrast were adjusted with Photoshop 6.0 (Adobe). Images are maximum intensity 
projections of all Z-planes, unless stated otherwise. 

Time-lapse microscopy 
U2OS cells stably expressing mCherry-α-tubulin or YFP-α-tubulin were 

plated on 8-well glass-bottom dishes (Labtek). Cells were imaged on a Zeiss 
Axiovert 200M microscope equipped with a Plan-Neofluar 40x/1.3 Oil in a 
permanently heated chamber in Leibovitz L15 CO2 independent medium. Images 
were acquired every 3 to 5 minutes using a Photometrics Coolsnap HQ charged-
coupled device (CCD) camera (Scientific) and GFP/mCherry filter cube (Chroma 
Technology Corp.). Z-stacks were acquired with 2 µm interval between Z-slices. 
Images were processed and fluorescence intensities were quantified using 
Metamorph software (Universal Imaging). For measurements of dynamics of 
centrosome separation, image stacks of U2OS cells stably expressing GFP-centrin 
were acquired every 90s. The distance between centrosomes was then calculated 
after measuring the X,Y and Z distances. 
 
RT-PCR 

Hela cells were harvested at 48h following siRNA transfection. Total RNA 
was isolated using the Qiagen RNeasy kit, according to the manufacturer’s 
instructions. cDNA was synthesized from 1µg of total RNA using Superscript II 
reverse transcriptase (Invitrogen) and oligo (dT) primers. The resultant cDNA was 
used as a template for PCR amplification with specific primers (primer sequences 
are detailed in supplemental table S2). 
 
Immunoprecipitation and Western blotting 

For co-immunoprecipitations, 293T cells were co-transfected with indicated 
Kif15 constructs and GFP-TPX2 and the biotinylase BirA using standard calcium 
phosphate transfection. Taxol was added 24h after transfection to synchronize cells 
in mitosis. Whole cell lysates were then prepared and Kif15 mutants were 
precipitated using streptavidin magnetic beads (Invitrogen). TPX2 and Kif15 were 
then detected using α-GFP and α-TPX2 antibodies. To analyze Kif15 knockdown, 
whole cell lysates were prepared 48h after siRNA transfection and Kif15 was 
detected using an affinity purified Kif15 antibody (1:500 dilution).  
 
Colony formation 

U2OS cells expressing GFP-Kif15 under a tetracycline-inducible promoter 
were seeded at a density of 50.000 cells per well of a 6-well plate and GFP-Kif15 
was induced by addition of 1µg/ml tetracycline. 24h after plating and induction of 
GFP-Kif15, indicated concentrations of taxol and STLC were added to the culture 
medium. Cells were then grown for 5 days and fresh medium including drugs was 
added every 2 days. Cells were then fixed with methanol and stained with crystal 
violet. 
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Abstract 
 

BICD2 is one of the two mammalian homologues of the Drosophila Bicaudal 
D, an evolutionarily conserved adaptor between microtubule motors and their cargo 
that was previously shown to link vesicles and mRNP complexes to the dynein 
motor. Here, we identified a G2-specific role for BICD2 in the relative positioning 
of the nucleus and centrosomes in dividing cells. By combining mass spectrometry, 
biochemical and cell biological approaches, we show that the nuclear pore complex 
(NPC) component RanBP2 directly binds to BICD2 and recruits it to NPCs 
specifically in G2 phase of the cell cycle. BICD2, in turn, recruits dynein-dynactin to 
NPCs and as such is needed to keep centrosomes closely tethered to the nucleus 
prior to mitotic entry. When dynein function is suppressed by RNA interference-
mediated depletion or antibody microinjection, centrosomes and nuclei are actively 
pushed apart in late G2 and we show that this is due to the action of kinesin-1. 
Surprisingly, depletion of BICD2 inhibits both dynein and kinesin-1-dependent 
movements of the nucleus and cytoplasmic NPCs, demonstrating that BICD2 is not 
only needed for the dynein function at the nuclear pores, but also for the antagonistic 
activity of kinesin-1. Our study demonstrates that the nucleus is subject to opposing 
activities of dynein and kinesin-1 motors and that BICD2 contributes to nuclear and 
centrosomal positioning prior to mitotic entry through regulation of both dynein and 
kinesin-1. 
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Introduction 
Spatial organization of eukaryotic cells requires active transport of proteins, 

macromolecular assemblies and membrane organelles along cytoskeletal fibers. 
Transport is driven by motor proteins, which use actin and microtubules (MTs) as 
tracks for their movement. Cytoskeletal elements are polarized structures, and each 
particular motor can move along them only in one direction. For example, MT-based 
motors include kinesins, which with a few exceptions walk to MT plus ends, and 
dyneins, which drive minus end-directed transport 115.  

Motor-dependent transport machineries display a high degree of complexity. 
First, the same motor can move multiple cargos. For example, cytoplasmic dynein is 
responsible for the movement of the majority of membrane organelles, mRNAs and 
proteins to MT minus ends 278. Second, the same cargo can simultaneously associate 
with multiple motors of opposite polarity and frequently switch the direction of 
movement 279,280. Molecular mechanisms responsible for motor recruitment, 
activation and switching of directions are still poorly understood. Motors are likely 
to be controlled by cargo-specific adaptor complexes, which often include structural 
components and small GTPases 281.  

An example of a well-studied motor adaptor is Bicaudal D (BICD), which is 
conserved throughout the animal kingdom 282. BICD consists of several coiled coil 
segments separated by regions expected to be highly flexible.  The N-terminal part 
of BICD binds to cytoplasmic dynein and its accessory factor dynactin; moreover, 
the BICD N-terminus is sufficient to recruit these complexes to organelles 283,284. 
The C-terminal domain of BICD is the cargo-binding part of the molecule. In 
mammals and flies, it directly associates with the small GTPase Rab6 285-287. In 
mammalian cells, BICD participates in recruitment of dynein/dynactin to Rab6-
positive exocytotic vesicles and promotes their MT minus end-directed transport 
269,286. The middle portion of BICD weakly binds to kinesin-1 269. The functional role 
of this link is not yet clear, but it is noteworthy that BICD-bound Rab6 vesicles 
move mostly towards the microtubule plus ends, suggesting that kinesin motor 
activity on Rab6 vesicles predominates over dynein-dependent transport 269,286. In 
Drosophila, BicD participates in dynein-dependent mRNP transport 288,289. This 
function depends on the association of BicD C-terminus with the RNA-binding 
protein Egalitarian 289,290. BicD is also involved in both dynein and kinesin-1-
dependent movement of lipid droplets in fly embryos 291. 

To investigate whether mammalian BICD is involved in other transport 
routes in addition to Rab6 vesicle trafficking, we searched for partners of the cargo-
binding domain of BICD2, one of the two mammalian homologues of the fly BicD 
283. We identified a component of the nuclear pore complex (NPC), RanBP2 292, as 
the major interacting partner of BICD2 C-terminus. RanBP2 (also known as 
NUP358) is a large protein, which acts as docking factor in nucleocytoplasmic 
transport 293 and is an E3 ligase for posttranslational modification with the ubiquitin-
like protein SUMO1 294. RanBP2 exists in a tight complex with the sumoylated form 
of RanGAP1, the Ran GTPase-activation protein, and targets it to the NPCs 295. 
RanBP2 forms extended fibers at the cytoplasmic side of the NPC and represents a 
good candidate for a link between the cytoskeleton and the nuclear envelope (NE).  

Previous studies showed that cytoplasmic dynein is specifically recruited to 
the NE in late G2/mitotic prophase, where it participates in NE breakdown (NEB) 
during mitotic entry (27,296; for review see 297). Furthermore, NE-bound dynein is 
thought to pull centrosomes towards the NE, through its minus-end-directed motility, 
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thereby contributing to proper attachment of centrosomes to the NE 19,20. In yeast, a 
dynein light chain is a nucleoporin, but it likely acts at the NPC independently of the 
dynein motor 298. In C. elegans, dynein is anchored to the NE by the nuclear 
membrane component SUN-1 and a hook protein ZYG-12 299. Also in mammals, 
SUN1/2 and Syne/Nesprin-1/2 complexes, together with associated microtubule 
motors, are important to maintain the connection between the centrosome and 
nucleus during neuronal migration 300. However, the molecular mechanism of G2-
specific dynein interaction with the NE in dividing mammalian cells has not yet been 
clarified. 

 Here, we show that BICD2 specifically associates with the NPCs through 
RanBP2 in the G2 phase of the cell cycle and participates in the recruitment of the 
dynein/dynactin complexes to these structures. In addition, BICD2 associates with 
kinesin-1 269 and we show that while dynein pulls centrosomes and the nucleus 
together during mitotic entry, kinesin-1 pushes them apart. During late G2, 
cytoplasmic dynein activity predominates over kinesin-1 activity, and the 
centrosomes remain tightly associated with the NE. Furthermore, we show that 
BICD2 not only acts to recruit dynein to the NE, but is also required for the 
oppositely directed kinesin-1 activity, explaining why loss of BICD2 results only in 
a mild defect in centrosome-nuclear attachment. These results suggest that similar to 
most other MT motor cargos in animal cells, the prophase cell nucleus is transported 
bi-directionally by a molecular complex combining MT motors of opposite polarity. 
 
 
 
Results 
 
RanBP2 directly binds to BICD2 C-terminus 

Our previous studies showed that the individual coiled-coil segments of 
BICD2 display strong association with their binding partners, while the full-length 
molecule binds to the same proteins less efficiently, suggesting that it may be 
autoinhibited 283,284,286. Therefore, we used the C-terminal coiled coil segment of 
BICD2 (Fig.1A) as a bait to search for new BICD2 cargos. We linked this BICD2 
fragment to GFP and a biotinylation tag (Bio), a short peptide sequence that can be 
modified by the addition of biotin when expressed together with the biotin ligase 
BirA 301. The resulting Bio-GFP-BICD2-CT fusion was transiently expressed 
together with BirA in HeLa cells, which were used for pull-down assays with 
streptavidin beads (Suppl. Fig. S1). The resulting protein complexes were analyzed 
by mass spectrometry (Suppl. Table S1). The most abundant newly identified 
potential BICD2 partner was the NPC component RanBP2. RanGAP1, the 
sumoylated form of which is known to form a tight complex with RanBP2 295, was 
also present among the isolated proteins in highly significant amounts (Suppl. Table 
S1).  

The results of the pull-down assay were confirmed by co-
immunoprecipitation (co-IP) of endogenous RanBP2 with endogenous BICD2; an 
abundant Golgi-associated protein GM130 served as a negative control (Fig. 1B). 
Further, we observed co-IP of endogenous BICD2 with RanBP2 from nocodazole-
arrested HeLa cells, but neither BICD1 nor CLIP-170, another cytosolic protein 
known to interact with dynactin 206, were coprecipitated with RanBP2 in these 
conditions (Fig.1C). Next, we investigated which domain of RanBP2 associated with 
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BICD2. RanBP2 is a protein of ~350 kDa, which contains a leucine-rich region, four 
Ran-binding domains, eight zinc finger motifs and a C-terminal cyclophilin A-
homologous region (Fig.1A). We generated expression constructs of five RanBP2 
fragments, which covered most of the RanBP2 sequence, as fusions to CFP and the 
plasma membrane-targeting palmitoylation motif of GAP-43 (Fig.1A). With the 
exception of the N-terminal fragment 1, these fusions were expressed well in 
mammalian cells. Using co-IP from HEK293 cells, we found that the C-terminal 
domain of BICD2 specifically interacted with RanBP2 fragment 3 (Fig.1D).  This 
experiment also showed that BICD2-CT does not interact with the overexpressed 
GFP-tagged RanGAP1 (Fig.1D), indicating that coprecipitation of RanBP2-
RanGAP1 complex with BICD2-CT, observed by mass spectrometry, is due to 
BICD2 interaction with RanBP2. The interaction between BICD2 and RanBP2 is 
direct, since BICD2-CT and RanBP2 segment 3, purified from bacteria, specifically 
bind to each other in a glutathione S-transferase (GST) pull-down assay (Fig.1E,F). 
Remarkably, the same RanBP2 fragment was previously shown to interact directly 
with kinesin-1 isoforms KIF5B and KIF5C 302-304, supporting the notion that it is 
involved in MT motor recruitment. 

Next, we employed a yeast two-hybrid assay , which showed that RanBP2 
fragment 3 binds exclusively to the C-terminal part of BICD2 and not to its N-
terminal and middle segments (Fig.GE). This is similar to the previously described 
interaction between BICD2 and Rab6 283,286, and is in contrast to kinesin-1 KIF5A, 
which associates with the middle portion of BICD2 269 (Fig.1G).  

 Finally, we tested if fragment 3 of RanBP2 was sufficient to recruit BICD2 
C-terminus to ectopic sites within the cell. For this, RanBP2 fragments were 
artifically targeted to the plasma membrane through addition of a palmitoylation 
motif, as described above. The palmitoylation motif fusions of RanBP2 fragments 
displayed a strong association with the plasma membrane, including filopodia and 
also with the Golgi complex (Fig.1H), but as expected, did not target to the NE. 
BICD2-CT expressed in mammalian cells associates with the Golgi and cytoplasmic 
vesicles, but not with the plasma membrane 283,286. Interestingly, BICD2-CT was 
specifically recruited to the plasma membrane by RanBP2 fragment 3 but not by 
other RanBP2 fragments (Fig.1H), suggesting that this domain of RanBP2 can serve 
as a recruitment factor for BICD2. 

 

RanBP2 recruits BICD2 to NPCs during G2 
We next investigated whether endogenous BICD2 and RanBP2 colocalize in 

HeLa cells and found that BICD2 specifically associates with the nuclear envelope 
in a subset of cells, where it largely overlaps with the RanBP2 staining (Fig.2A). 
This localization pattern was visible not only in cells subjected to fixations with 
paraformaldehyde or a combination of cold methanol with paraformaldehyde (which 
are optimal for preservation of the Golgi- and vesicle-bound fraction of BICD2), but 
also after fixation with cold methanol alone, which did not preserve the Golgi-bound 
or the  
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Figure 1. BICD2 interacts directly with RanBP2. 
(A) Schematic representation of the domains of RanBP2 and BICD2 and their fragments used for 
binding studies. (B) Co-IP of endogenous BICD2 and RanBP2 from HeLa cells. IPs were performed 
with antibodies against BICD2 or the control IgG and analyzed by Western blotting with the indicated 
antibodies. 2.5% of the input was loaded on gel. RanbP2, but not the negative control, GM130, is co-
precipitated with BICD2. (C). Co-IP of endogenous RanBP2 and BICD2 from nocodazole-arrested 
HeLa cells. IPs were performed with antibodies against RanBP2 or the control IgG and analyzed by 
Western blotting with the indicated antibodies. 3% of the supernatant (Sup) after IP was loaded on 
gel. BICD2 is co-precipitated with RanBP2, while its close homologue BICD1 and another dynactin-
binding protein, CLIP-170 are not. (D) co-IPs from HEK293 cells co-transfected with CFP-tagged 
RanBP2 fragments or GFP-RanGAP1 and mCherry-fused BICD2-CT. IPs were performed using 
mouse anti-GFP antibodies and analyzed by Western blotting using rabbit anti-GFP or anti-BICD2 
antibodies. BICD2-CT and the IgG bands are indicated by an arrowhead and an arrow. BICD2-CT is 
coprecipitated with RanBP2 fragment 3, but not with other RanBP2 fragments or RanGAP1. (E) HIS-
tagged BICD2-CT, GST and GST fusions of RanBP2 fragments 3 and 4 were purified from E.coli 
and analyzed by SDS-polyacrilamide gel electrophoresis and Coomassie staining. (F) GST pull down 
assays with the indicated RanBP2 fusions and purified HIS-tagged BICD2-CT. The upper panels 
show Coomassie stained proteins, the bottom panel is a Western blot with anti-HIS tag antibodies. 
10% of the input and the bound fractions were loaded on gel. Using 0.7 μM BICD2-CT and 1.4 μM 
GST-RanBP2 fragment 3, an almost quantitative binding was observed. This experiment confirms a 
direct interaction between RanBP2 fragment 3 and BICD2-CT.(G) Yeast two-hybrid analysis. BICD2 
fragments were linked to GAL4 activation domain and tested in a pairwise fashion for interaction with 
RanBP2, GTP-bound Rab6A (Q72R), kinesin-1 (KIF5A) and kinesin-4 (KIF21B) tail regions cloned 
into LexA fusion vector. Interaction strength was scored according to the time needed for β-
galactosidase reporter to generate visible blue-colored yeast colonies on X-Gal containing filters:  
+++ 0-30 min, ++ 30-60 min, + 60-180 min and - no β-galactosidase activity. Similar to the 
previously characterized BICD2 partner Rab6, RanBP2 fragment 3 (2147-2287) specifically interacts 
with BICD2-CT, but not with other parts of BICD2. (H) HeLa cells were co-transfected with the 
indicated plasma membrane targeted CFP-RanBP2 fusions and HA-tagged BICD2-CT, fixed with 
paraformaldehyde and stained with anti-HA antibodies. CFP fluorescence was visualized directly. 
CFP-tagged palmitoylated RanBP2 fragments are present on the plasma membrane (upper panels), 
while BICD2-CT (upper panels) localizes to the Golgi and cytoplasmic vesicles (middle panels). 
RanBP2 fragment 3, but not the other RanBP2 fragments, recruits BICD2-CT to the plasma 
membrane (see overlay in the bottom panels). 

 
 
the MT-destabilizing drug nocodazole (Fig.2B-D). We hypothesized that the absence 
of BICD2 staining at the NE in a subset of cells was caused by cell cycle regulation. 
Indeed, all cells that showed BICD2 accumulation at the NE were positive for cyclin 
B1, which is expressed exclusively in G2 and mitosis, and ~75% cyclin B1-positive 
cells showed BICD2 localization at the NE, indicating that BICD2 associates with 
the NE in the G2 phase (Fig. 2A-D). G2-specific recruitment to the NE was also 
observed in another human cell line, U2OS cells (Suppl. Fig. S2A,B). 

In addition to the NE, endogenous BICD2 also co-localized with RanBP2 in 
puncta in the cytoplasm (Fig. 2A,B). Comparison with previous studies suggested 
that these puncta are cytoplasmic stacks of NPCs known as annulate lamellae (AL) 
305. Indeed, these puncta were stained by 4 additional markers for NPCs: RanGAP1; 
the monoclonal antibody 414 (MAB414) that reacts with several nucleoporins 306; an 
antibody against NUP214, an NPC component that binds to the cytoplasmic side of 
the nuclear pores independently of RanBP2 307, and YFP-tagged POM121, a 
transmembrane NPC component that is also present in AL 308 (Suppl. Fig. S3). In 
line with the recruitment of BICD2 to NPCs in the NE in G2 cells, we observed the 
association of BICD2 with the AL in cyclin B1-positive, but not in cyclin B1-
negative cells (Fig. 2A,B). These results are important as they support the view 
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Figure 2. BICD2 associates with the NE and AL in G2 phase in a RanBP2-dependent manner. 
(A) HeLa cells were transfected with a control siRNA, fixed with cold methanol followed by 
paraformaldehyde 3 days later and stained for endogenous BICD2, RanBP2 and cyclin B1. Note that 
in the cyclin B1-positive cell BICD2 and RanBP2 colocalize at the NE and at a perinuclear spot 
which is an accumulation of AL. (B) HeLa cells were treated with 10 μM nocodazole for 1 hr and 
stained as described for panel (A) Note that BICD2 strongly stains the NE and cytoplasmic NPC-
positive dots (annulate lamellae) in the cyclin B1-positive but not the cyclin B1 negative cells. (C) 
HeLa cells that were either treated with 10 μM nocodazole or transfected with control siRNAs or a 
mixture of RanBP2 siRNAs #1 and #2 were stained as described for panel (A) and the percentage of 
cyclin B1-positive cells showing BICD2 accumulation at the NE was counted. In case of RanBP2 
knockdown, only the cells in which RanBP2-specific nuclear staining was reduced to background 
levels were included in the quantification. Error bars represent SD; the number of experiments for 
each condition is shown in parentheses below the graph; ~40-100 cells were counted per experiment. 
(D) Fluorescence intensity ratio between NE and the adjacent cytoplasm in cyclin B1 positive and 
negative cells  (~50 cells per measurement); cells were either untreated or treated with 10 μM 
nocodazole for 1 hr. Measurements were performed in a region of 0.3 by 30 μm at the border between 
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cytoplasm and the nucleus (NE) and in a directly adjacent region (cytoplasm). Error bars represent 
SEM. (E) HeLa cells were transfected with a mixture of RanBP2 siRNAs #1 and #2, fixed and stained 
as described for panel (A) Note that the two cyclin B1-positive cells that have strongly reduced 
RanBP2 levels show no accumulation of BICD2 at the NE. 

 
 
that in G2-specific recruitment of BICD2 to the NE is due to its interaction with the 
cytoplasmic part of the NPCs and not some other NE component.   

Since we found that BICD2 directly interacts with RanBP2, we examined 
whether the NE localization of BICD2 was RanBP2-dependent. RanBP2 could be 
specifically depleted from HeLa and U2OS cells without affecting the expression of 
BICD2 (Suppl. Fig. S4A,B). Indeed, depletion of RanBP2 blocked recruitment of 
BICD2 to the NE of G2 cells (Fig. 2C,E, Suppl. Fig. S2A,B).  

Based on the results described above, BICD2 is expected to specifically 
associate with individual NPCs on the NE. Indeed, both full-length BICD2 and GFP-
tagged BICD2-CT colocalized with individual NPCs on the NE in cells that were 
pre-extracted with a Triton X-100-containing buffer to reduce the cytoplasmic pool 
of the GFP-BICD2 fusions (Suppl. Fig. S5). Similarly, colocalization of endogenous 
BICD2 with individual NPCs was also observed in methanol-fixed cells, in which 
cytosolic BICD2 signal has been removed (Fig.3A,B). Fluorescent intensity profiles 
showed that most of the individual NPCs in the NE (stained with MAB414) also 
showed a peak of BICD2 fluorescence (Fig.3B,C). The significance of the overlap 
was confirmed by quantitative analysis: the coefficient of linear correlation between 
properly aligned MAB414 and BICD2 images was, on average, ~0.5, while it was 
close to zero when one of the two images was rotated, indicating that observed 
colocalization between the two markers was not due to fortuitous overlap between 
abundant dot-like patterns (Fig. 3D-G).  Taken together, our results show that 
BICD2 binds RanBP2 both in vitro and in vivo, localizes to NPCs (both in the NE 
and in AL) in G2 cells and that this recruitment to NPCs depends on RanBP2. It is 
therefore likely that a direct interaction between RanBP2 and BICD2 links BICD2 to 
the NE in G2 cells. 
 
BICD2 recruits the dynein-dynactin complex to the NE and AL during G2  
Although previous studies showed that BICD2 strongly colocalizes with Rab6 on the 
Golgi apparatus and cytoplasmic vesicles 285,286, this was not the case in G2 cells 
where BICD2 accumulated at the NE (Fig. 4A). This conclusion was confirmed by 
staining nocodazole-treated cells, where the dispersion of the Golgi and nocodazole-
induced enlargement of the AL permitted better distinction of protein localization in 
different cytoplasmic structures (Fig. 4B). In the cells where BICD2 associated with 
cytoplasmic pool of the protein (see below); it was further enhanced by treating cells 
with Rab6-bound membranes, it did not stain the NE or the AL. However, in the 
cells where BICD2 localized to the NE and AL, it displayed virtually no 
colocalization with Rab6 (Fig. 4B). Combined with the results described above, 
these observations indicate that BICD2 switches from Rab6-bound membranes to the 
NPCs in G2 phase cells. 
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Figure 3.  BICD2 to localizes to the nuclear pores at the NE. 
(A) HeLa cells were fixed with cold methanol, and stained with antibodies against BICD2 and 
nucleoporins (MAB414). These panels show focal planes in the middle part of the nuclei. (B) 
Enlargements of the flattened NE surface from the same cells as in A (the area from which the 
enlarged image is taken, is indicated in A by a white rectangle). The insets show further 
enlargements, in which individual NPC can be distinguished. Colors used for the overlays are 
indicated above the corresponding images. Note that most NPC dots display signal in both channels, 
indicating that BICD2 and MAB414 antigens (NPCs) colocalize. (C) Representative fluorescence 
intensity profile of BICD2 (green) and MAB414 staining at the NE surface. The profile was obtained 
using Linescan function of MetaMorph at the   position indicated by a blue line in panel (B) Vertical 
axes are in arbitrary units. Note that most peaks are present in both BICD2 and MAB414 channels, 
although their intensities often differ, in agreement with the fact that BICD2 is not a nucleoporin. (D) 
Correlation between BICD2 and MAB414 signals in Fig.3B. The intensity of each pixel in the green 
and red channel is represented by a dot. (E and F) The same images and analysis as in panels (B and 
D), but with the MAB414 panel rotated by 180O. Note that there is no colocalization between the 
green and red signals and no correlation is visible in the plot. (G) Average coefficient of linear 
correlation between BICD2 and MAB414 signals, determined from plots such as in panels B and D 
obtained for 19 cells. Note that the coefficient is much higher for properly aligned images compared 
to rotated ones, indicating that colocalization is not spurious. Error bars represent SD. 
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Figure 4. BICD2 is required for targeting dynein/dynactin to the NE and AL. 
(A-D) Control HeLa cells or HeLa cells treated with 10 μM nocodazole for 1 hr were fixed with 
paraformaldehyde (A-C) or cold methanol (D) and stained for the indicated endogenous proteins. 
Dynactin is visualized with an antibody to p150Glued and dynein with an antibody to dynein IC. Colors 
used for the overlays are indicated above the corresponding images. Note that BICD2 shows two 
types of localization: it colocalizes either with Rab6 or with RanBP2. In cells where BICD2 
associates with RanBP2-positive NE and annulate lamellae, dynein and dynactin are also targeted to 
these structures. (E) HeLa cells were transfected with a control siRNA (upper panels) or BICD2#1 
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siRNA (bottom panels). 3 days later, cells were treated with 10 μM nocodazole for 5 hrs, fixed with 
cold methanol and stained for endogenous RanBP2, phosphorylated histone H3 and dynein IC. NE 
staining by dynein antibodies is indicated by an arrow. Colors used for the overlays are indicated 
above the corresponding images. Note that dynein is enriched at the NE and annulate lamellae in 
control phospho-histone H3 positive cell, but not in BICD2-knockdown cell. (F) Percentage of HeLa 
cells positive for phosphorylated histone H3 that show strong accumulation of dynein IC at the 
RanBP2-positive NE and AL in control or BICD2-depleted cells three days after siRNA transfection. 
Only the cells with clearly visible AL were included in the quantification. Error bars represent SD; 
~25-30 cells were counted in two experiments. 

 
 

We next investigated whether the dynein-dynactin complex is recruited to the 
NE along with BICD2. In untreated HeLa cells, both dynein and dynactin show 
diffuse cytosolic localization as well as an accumulation at the MT plus ends and the 
centrosomes (data not shown). However, in nocodazole-treated cells, colocalization 
of dynein and dynactin with BICD2 could be detected in specific cytoplasmic 
structures 283. While in the majority of cells these structures coincided with Rab6-
positive Golgi fragments, in all cells in which BICD2 co-localized with RanBP2, 
both dynein and dynactin co-localized with BICD2 on RanBP2-positive membranes, 
suggesting that the association of BICD2 with dynein and dynactin is maintained 
when BICD2 switches from Rab6 to RanBP2 (Fig. 4C,D, Suppl. Fig. S6A). Because 
both BICD2 and RanBP2 were shown to bind to kinesin-1, we also attempted to 
investigate the localization of its isoforms. Although we were able to specifically 
detect the predominant kinesin-1 isoform, KIF5B, in HeLa cells (as confirmed by 
siRNA-mediated depletion), it displayed a largely diffuse distribution, and no clear 
accumulation of this protein could be detected at the NE or AL with or without 
nocodazole treatment (data not shown).    

Since BICD2 can directly bind both the NPCs and the dynein-dynactin 
complex, we next investigated whether BICD2 is required to recruit dynein and 
dynactin to the NPCs. Because we could not stain cells simultaneously for cyclin B1 
and dynactin or dynein, we used an antibody against histone H3 phosphorylated at 
serine 10 (phospho-H3), which becomes highly phosphorylated in late G2/prophase 
cells 309. All phospho-H3-positive cells displayed very strong recruitment of 
endogenous dynactin and dynein to both the NE and AL (Fig. 4E,F, Suppl. Fig. 
S6B,C). Strikingly, this recruitment was inhibited by depletion of BICD2, but not 
BICD1 (Fig. 4E,F, Suppl. Fig. S6B,C and data not shown), demonstrating that 
BICD2 is required for the association of dynein and dynactin with the NPCs in 
prophase cells. In contrast, BICD2 was recruited normally to the NPCs after 
depletion of either the dynein heavy chain (HC) or p150glued (see below). These 
results suggest that BICD2 directly links the dynein/dynactin complex to the NE 
through its interaction with RanBP2. 
 
Dynein and kinesin-1 control relative positioning of the nucleus and the 
centrosomes before mitotic entry 

Since dynein associates with the NE in G2 phase, we next examined how its 
depletion affected the relative position of the nucleus and centrosomes during 
mitotic entry. Because the perinuclear MT cytoskeleton is very dense and therefore 
difficult to analyze in HeLa cells, we used U2OS cells, in which MT arrays are more 
sparse and centrosome-centered. In control cells, the centrosomes were always 
located very closely to the NE in prophase (Fig. 5A,B). In contrast, in dynein-
depleted cells the nucleus and the centrosomes were almost always found in opposite 
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cell corners during prophase (Fig. 5A,B). Similarly, live cell imaging of U2OS cells 
stably expressing mCherry-α-tubulin showed that in control cells centrosomes 
migrate along the nuclear envelope, to the opposite sides of the nucleus just before 
mitotic entry (Suppl. Fig. S7A), allowing spindle assembly to initiate around the 
DNA. In contrast, in ~90% of dynein-depleted cells centrosomes and the nucleus had 
moved apart substantially at the time NEB occurred, and therefore the DNA was not 
positioned in between the centrosomes when spindle assembly initiated (Suppl. Fig. 
S7A, Fig.5B); similar results were obtained in HeLa cells after dynein or dynactin 
depletion (Suppl. Fig. S7B, Movies 1-3).  

Importantly, not only the centrosomes lost their central position (which could 
be explained by the loss of interactions between MT ends and the cell cortex upon 
dynein depletion 310, but also the nucleus was rapidly pushed into one of the cell 
corners, towards MT plus ends (Fig.5C-E, see Movies 4-7). Nuclear movement was 
initiated 54±4 min before NEB and the average velocity of movement was ~160 
nm/min (Fig. 5E). The final distance between the two centrosomes at the time of 
NEB was the same in control and dynein-depleted cells (9.8±1.0 μm in control and 
9.8±0.6 μm in dynein-depleted cells (mean±SD)), consistent with our previous 
findings 34, indicating that centrosome separation does not require linkage to the NE 
or dynein function. 

To rule out that the detachment of centrosomes from the nucleus was due to 
defects arising after long-term dynein inhibition, we microinjected U2OS cells that 
were in late G2 with function blocking antibodies against dynein intermediate chain 
(IC). As expected, dynein-inhibiting antibodies, but not the control antibodies, 
induced rapid separation of the nuclei and the centrosomes (Fig.5F-H), 
demonstrating that dynein activity is required during late G2 to maintain the 
connection between centrosomes and the NE. Very similar results were obtained 
after microinjection of the first coiled-coil fragment of the dynactin large subunit 
p150Glued (CC1) which is known to disrupt dynactin-dependent dynein mediated 
processes 311 (Suppl. Fig. S8). 
Pushing a relatively large nucleus into a flattened corner of a cultured cell would 
require substantial force, which is most likely generated by kinesin motors attached 
to the nucleus and moving to MT plus ends. We hypothesized that KIF5B might be 
involved in this process because it interacts with both BICD2 and RanBP2. Indeed, 
co-depletion of KIF5B together with dynein fully restored centrosome and nuclear 
position at NEB (Fig.5B, Suppl. Fig. S7A, for control of double knockdown 
efficiency, see Suppl. Fig. S4C), indicating that it is indeed driving the separation of 
nuclei and centrosomes in dynein-depleted cells. Taken together, these results 
suggest that the prophase cell nucleus is transported bi-directionally by the opposing 
activities of dynein and kinesin-1, similar to many other cargoes. 

 
BICD2 and RanBP2 are required for maintenance of the association between 
the NE and the centrosomes in prophase cells 

Since we showed that BICD2 is required for dynein and dynactin recruitment 
to the NPCs in G2 phase, we next investigated whether its depletion has an influence 
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Figure 5. Dynein inactivation causes rapid separation of nuclei and centrosomes in G2. 
(A) U2OS cells were transfected with the control or DHC#3 siRNAs, fixed with cold methanol and 
stained for α-tubulin (green in overlay) and γ-tubulin (red in overlay), as well as DNA (DAPI, blue in 
overlay).  Note that centrosomes are located close to the nucleus in control cells but are removed far 
away from the nucleus in dynein depleted cells. (B) mCherry-α-tubulin stable U2OS cell line was 
imaged with a 3 min time interval 2.5 days after transfection with the indicated siRNA mixtures and 
the distance between centrosomes and the nucleus at the time of NEB was measured. Error bars 
represent SD. The number of experiments is indicated in parentheses below the graph. ~20 cells per 
experiment were analyzed. (C) mCherry-α-tubulin stable U2OS cells were imaged with a 3 min 
interval 2.5 days after transfection with DHC#1 siRNA. Nuclei and centrosomes undergo G2-specific 
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displacements (indicated by asterisks and arrows, respectively), resulting in their separation. (D and 
E) Quantification of displacement of nuclei and centrosomes starting from the moment when G2-
specific enhanced nucleation of MTs at the centrosome became visible (D), and velocity of nuclear 
movement during 1 hr before NEB (E). Nuclear movement in dynein- depleted cells was initiated 
54±4 min (mean±SD) before NEB. Measurements were performed in 10 cells in 3 independent 
experiments. (F-H) U2OS cells stably expressing mCherry-α-tubulin were microinjected with 
antibodies against dynein IC (70.1) or the Myc tag. Late G2 cells were chosen based on the presence 
of separated centrosomes.  (F) An example of nucleus-centrosome separation after microinjection 
with dynein-inhibiting antibodies. (G and H) Distance between the nucleus and the centrosomes (G) 
and percentage of cells showing strong  centrosome detachment (H) at 30 min after microinjection.  

 
 
on the relative positioning of the centrosomes and the nuclei. Similar to HeLa, U2OS 
cells express both BICD2 and BICD1, which can be depleted by a number of 
different siRNAs without affecting the expression of RanBP2 or MT motors (Fig. 
6A; Suppl. Fig. S4C). 
 Depletion of BICD2 induced the detachment of the centrosomes from the nucleus in 
prophase (Fig. 6B,C(a-c)). This effect was specific, since it was not observed after 
depletion of BICD1 or KIF5B, but it was much less severe than after dynein 
knockdown (Fig. 6B,C(a-c)). Cells with simultaneous knockdown of BICD1 and 
BICD2 displayed a phenotype similar to that of BICD2 depletion alone, confirming 
the view that BICD1 does not contribute much to centrosome positioning (Fig. 
6C(c)). Centrosome detachment from the NE was also observed in cells 
overexpressing BICD2-CT, which is expected to uncouple dynein/dynactin from 
BICD2-containing cargos 286 (Fig.6B,C(d)). Interestingly, RanBP2 depletion, which 
prevents BICD2 recruitment to the NE (Fig. 2C,E; Suppl. Fig.S2A,B) also caused an 
increase in the distance between the nuclei and the centrosomes, while the depletion 
of another cytoplasmic nucleoporin, NUP214, had no effect (Fig.6C(e); Suppl. Fig. 
S4B).  

To further prove that BICD2 can exert a direct effect on centrosome 
positioning through its localization at the nuclear envelope, we constructed a fusion 
protein in which we attached the N-terminal portion of BICD2, including the dynein 
and kinesin-1 binding sites, to the C-terminal KASH (Klarsicht, ANC-1, Syne 
Homology) domain-containing region of nesprin-3, which is targeted to the NE by 
SUN proteins 312. This fusion localized specifically to the NE and enhanced the 
accumulation of dynactin at the NE (Fig.6D). Importantly, the expression of the 
BICD2-NT-nesprin-3 fusion completely suppressed centrosome detachment in 
RanBP2-depleted prophase cells (in which endogenous BICD2 is no longer targeted 
to the NE, Fig. 2C,H), even at very low expression levels (Fig. 6C(f)). Taken 
together, these results support the view that BICD2 can recruit MT motors to the NE 
and regulate the relative localization of the nucleus and the centrosomes.  

Since the distance between the centrosomes and the nucleus in BICD2 or 
RanBP2 knockdown cells was much smaller than in the case of dynein knockdown, 
it appears that there is no severe imbalance between the activities of dynein and 
kinesin-1 at the NE under these conditions. These results suggest that BICD2 is not 
only involved in dynein function at the NE, but might also be required for proper 
kinesin-1 function. If this idea is correct, BICD2 depletion should block the kinesin-
1 driven separation of centrosomes from the nuclei observed after dynein depletion. 
Indeed, co-depletion of BICD2 with dynein strongly reduced the distance between 
the centrosomes and the nuclei observed after dynein depletion alone (see Fig. 5B). 
This rescue of centrosome-nuclear attachment was not due to a decreased efficiency 
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Figure 6. Depletion of BICD2 and RanBP2 causes centrosome detachment in prophase U2OS 
cells.  
Western blots with the indicated antibodies were performed with equal amounts of extracts of U2OS 
cells 3 days after transfection with the indicated siRNAs. Note that BICD1 antibody cross-reacts with 
BICD2 (arrows). Both BICD proteins can be independently depleted, although BICD1#1 siRNA 
causes some co-depletion of BICD2. Levels of dynactin, dynein, KIF5B and RanBP2 are not 
significantly affected BICD knocdown. (B) U2OS cells were transfected with BICD2#1 siRNA 
(upper panel) or with GFP-BICD2-CT, fixed with cold methanol and stained for α-tubulin and γ-
tubulin, as well as DNA (DAPI). Colors used for the overlays are indicated above the corresponding 
images. Note centrosome detachment caused by the loss of BICD function through siRNA-mediated 
depletion or overexpression of the dominant negative mutant BICD2-CT. (C) The distance between 
the nucleus and the centrosomes in fixed prophase U2OS cells under different conditions. (a,b). Cells 
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were transfected with the indicated siRNAs against dynein HC or KIF5B. (c). Cells were transfected 
with the indicated siRNAs against BICD1 and/or BICD2. (d). Cells were transfected with GFP-
BICD2-CT.  (e). Cells were transfected with the indicated siRNAs against RanBP2 or NUP214. (f). 
The effect of RanBP2 knockdown (induced with the RanBP2#3 siRNA) was rescued by expression of 
the GFP-BICD2-NT-nesprin-3 fusion but not by GFP alone. (g). Cells were transfected with the 
indicated siRNAs against BICD2, and either untreated or incubated with 4 μM STLC, an Eg5 
inhibitor. Error bars represent SD; the number of experiments for each condition is shown in 
parentheses below the graph; 20-30 cells were counted per experiment. Strong separation of the 
nucleus and the centrosomes is induced by dynein depletion. Mild nuclear-centrosome separation is 
caused by overexpression of BICD2-CT or depletion of BICD2 or RanBP2, but not BICD1 or 
NUP214, which serve as negative controls. A fusion of BICD2 N-terminus to the NE-targeting 
domain can compensate for the loss of RanBP2. The effect of BICD2 knockdown on nuclear-
centrosome positioning can be suppressed by inhibiting Eg5, suggesting that the MT sliding activity 
of this motor is responsible for centrosome detachment in BICD2-depleted cells. (D) HeLa cells were 
transfected with GFP-BICD2-NT-nesprin-3 fusion, paraformaldehyde fixed and stained for p150Glued.  
Note the recruitment of dynactin to the NE in the transfected cell. 

 
 
of dynein depletion (Suppl. Fig. S4C); moreover, the mitotic arrest in cells depleted 
of both BICD2 and dynein HC was similar to that observed for single dynein HC 
knockdown (data not shown), further confirming that dynein function was similarly 
perturbed in both cases and indicating that BICD2 depletion does not help to 
overcome later mitotic phenotypes associated with dynein loss.  

Eg5 pushes the centrosomes away from the nucleus in BICD2-depleted cells 
Why do centrosomes detach from the NE in prophase after BICD2 

knockdown if both kinesin-1 and dynein activities are reduced? We recently found 
that the plus-end directed kinesin-5 Eg5, known to slide antiparallel MTs 71, pushes 
centrosomes apart during prophase 34. Thus, Eg5-dependent sliding forces might 
drive the centrosomes away from the nucleus when it becomes uncoupled from 
dynein and kinesin-1 due to BICD2 depletion. In line with this idea, inhibition of 
Eg5 with S-trityl-L-cysteine (STLC) significantly suppressed centrosome 
detachment caused by BICD2 depletion, indicating that Eg5 is at least in part 
responsible for pushing the centrosomes away from NE in BICD2-depleted prophase 
cells (Fig.6C(g)). Taken together, our data show that centrosome separation and 
positioning at the opposite sides of the NE at the mitotic onset is driven by forces 
generated by dynein, kinesin-1 and Eg5. 
 
G2-specific movement of AL confirms the BICD2-dependent link between 
NPCs and MT motors 
Do dynein and kinesin-1 indeed attach to the NE through NPCs? If this were true, 
the positioning of AL, which contain cytoplasmic NPC components but are devoid 
of many other NE-specific proteins, such as the nuclear lamina and the proteins that 
are linked to it, should be affected by the depletion of MT motors. AL are relatively 
small structures which are normally located in the central cytoplasm; they can 
potentially serve as a sensitive readout for the forces exerted on them by cytoplasmic 
motors.  In control cells, AL are predominantly located around the Golgi apparatus 
in G1 and S-phase; in G2 they shift towards the centrosome and gradually disappear 
(313; Fig. 7A, and see also Fig. 2A, 4A and Movie 8). The depletion of the dynactin 
subunit p150Glued or dynein HC induced relocalization of AL to the cell periphery of 
cyclin B1-positive cells (towards MT plus ends; Fig.7A). Using a cell line stably 
expressing GFP-tagged RanGAP1 (Suppl. Fig. S9), we observed that the timing of 
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movement of the AL to the cell periphery coincided almost exactly with the timing 
of peripheral displacement of the nucleus in cells lacking dynein activity (~1h before 
NEB) (Fig. 7B, Movie 9). Furthermore, peripheral displacement of AL in dynein-
depleted cells was completely dependent on kinesin-1 activity (Fig.7C), similar to 
displacement of the nucleus in these cells (see Fig. 5B). Together, these results 
indicate that the forces that act to position the AL are mechanistically similar to 
those that position the nucleus. Consistent with this, knockdown of KIF5B caused a 
very strong accumulation of AL near centrosomes, where MT minus ends are 
located in G2 (Fig. 7A and Suppl. Fig. S10A,B,C), and centrosomal accumulation of 
AL was, in turn, dependent on dynein activity (Fig.7C). The analysis of the timing of 
AL movement in kinesin-1-depleted cells showed that centrosomal accumulation 
started ~3h before NEB (Fig. 7B, Movie 10), which corresponds very well to the 
time at which BICD2 and dynein are recruited to NPCs, further suggesting that 
BICD2 and dynein recruitment to NPCs in G2 phase induces movement of these 
structures towards microtubule minus-ends. Taken together, these results show that, 
similar to the nucleus, the position of AL in G2 phase is controlled by the 
antagonistic activities of dynein and kinesin-1 and further suggest that both dynein 
and kinesin-1 act to position the nucleus through their effect on NPCs, rather than 
through other NE-associated proteins.  
 

 
 
Figure 7. Dynein, kinesin-1 and BICD2 control the localization of AL in G2 phase. 
(A) HeLa cells were transfected with control, DHC#1, p150Glued, or KIF5B#1 siRNAs, fixed with 
paraformaldehyde 3 days later and stained for endogenous BICD2, RanBP2 and cyclin B1. In the 
overlays, BICD2 is shown in green and RanBP2 in red. The outline of the cyclin B1-positive cell is 
indicated. Note AL displacement to the cell periphery in cyclin B1-positive cells depleted of dynein 
or dynactin, and the centripetal relocalization of AL in kinesin-1 (KIF5B) depleted cyclin B1-stained 
cell. (B) GFP-RanGAP1 stable HeLa cell line was imaged with a 2 or 3 min time interval two days 
after transfection with the control, p150Glued, or KIF5B#1 siRNAs.  0 min indicates the first frame 
after NEB (defined as the time when GFP-RanGAP1 enters the nucleus). Contrast is inverted. Arrows 
show the accumulation of AL at the cell periphery or the cell center. Peripheral displacement of AL 
after dynein or dynactin knockdown occurred at 1 hr ± 30 min before mitotic onset (mean ± SD, 
measured in 6 and 10 cells, respectively); strong accumulation of AL near the nucleus in KIF5B 
depleted cells started at 3 hours ± 30 min before NEB (mean± SD, measured in 18 cells). (C) AL 
localization after different siRNA co-transfections. Black bars represent the percentage of HeLa cells 
showing a strong AL accumulation near the nucleus (like in the bottom panel in Fig. 7A) and gray 
bars illustrate the percentage of HeLa cells showing displacement of AL to the outmost cell periphery 
(like in the middle panels of Fig. 7A). In each case, cells were transfected with a combination of two 
siRNAs: control, KIF5B or dynein HC siRNAs (as indicated on top of the panel) in combination with 
the control siRNA or the siRNAs against BICD1 and BICD2 (the cotransfected siRNA is indicated at 
the bottom), or the combination of KIF5B siRNAs and dynein HC siRNAs.  Cells with AL 
accumulation in the cell center or the cell periphery were scored in KIF5B or dynein knockdown 
cells, respectively; in a double KIF5B/dynein HC knockdown both types of cells were counted. Error 
bars represent SD. ~30-100 cells were counted in three experiments. Cells with fully aggregated AL 
represent a minority of the population (~20%) in control G2 cells, but become predominant (~75%) 
after depletion of kinesin-1. This effect can be suppressed by co-depletion of BICD2 or dynein HC, 
but not BICD1. Similarly, in control, cells never display peripheral AL localization, while ~40% of 
dynein-depleted cyclin B1-positive cells show this phenotype, which can be suppressed by co-
depletion of BICD2 or KIF5B, but not BICD1.  
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We also used AL displacement to strengthen our conclusions that BICD2 
controls both dynein- and kinesin-1-dependent movement of NPCs. Importantly, 
BICD2 remained strongly enriched at the AL and the NE when dynein, dynactin or 
KIF5B were depleted, indicating that BICD2 association with the NPCs is 
independent of MT motors (Fig. 7A).  In control G2 phase cells, AL often displayed 
some perinuclear accumulation in the centrosome region (see Fig.2A, 7C, Suppl. 
Fig. S11A,B).  However, BICD2 depletion reduced perinuclear accumulation of AL 
in G2 phase (Fig. 7C, Suppl. Fig. S11A,B). These findings were confirmed by 
observing the behavior of AL by time-lapse microscopy after BICD2 knockdown, 
where AL remained randomly dispersed until the beginning of mitosis (Suppl. 
Fig.S11C, Movie 11). These results further implicate BICD2 in the G2 specific 
activation of minus-end directed force generation on NPCs, most likely through 
recruitment of dynein to NPCs at this time. Furthermore, the shift of AL to the cell 
center or the cell periphery caused by kinesin-1 and dynein depletion, respectively, 
was strongly inhibited by co-depletion of BICD2, but not by control siRNAs or 
siRNAs against BICD1 or Rab6 (Fig. 7E, Suppl. Fig. S11C, S12; Movies 12, 13). 
These results demonstrate that BICD2 is required for the G2-specific movement of 
the AL by both kinesin-1 and dynein and strongly support the notion that both 
dynein and kinesin-1 control nuclear movement by acting through BICD2 on the 
NPCs . 

We have also investigated if other cytoskeletal systems, in addition to MTs, 
are directly involved in the G2-specific processes described above, but found no 
evidence for direct involvement of the actin cytoskeleton or the intermediate 
filaments, keratin or vimentin, in the G2-specific nuclear-centrosome positioning 
pathway that relies on dynein and kinesin-1 (Suppl. Fig. S13, S14).  

 
 
 
Discussion 
 

During cell division the MT cytoskeleton and membrane organelles undergo 
a severe reorganization, which proceeds in a highly regulated manner. In many cell 
types, the two centrosomes move apart while maintaining their attachment to the NE.  
This helps to form the bipolar mitotic spindle around the chromosomes after NEB. In 
this study, we have obtained insight into molecular mechanisms that control the 
relative positioning of the nucleus and the centrosomes at mitotic onset. We show 
that the dynein/dynactin adaptor BICD2 is specifically recruited to the NPC in G2 
phase through a direct interaction with the NPC component RanBP2. In its turn, 
BICD2 is important for accumulation of dynein and dynactin at the nuclear pores in 
prophase cells. In line with previously published data (reviewed by 297), we find that 
cytoplasmic dynein is the major player responsible for the nucleus-centrosome 
attachment, but, unexpectedly, we find that kinesin-1 also participates in this process 
by antagonizing dynein function. Since BICD2 and RanBP2 are likely involved in 
linking both MT motors to the NPCs, depletion of either protein causes only mild 
centrosome detachment from the nucleus. 
 Our previous studies showed that BICD2 associates with MT motors through 
its N-terminus and the middle portion, while the C-terminus is the cargo-binding site 
269,284,286. Here we identified a new cargo for BICD2, the nucleoporin RanBP2, 
which binds to the same domain of BICD2 as the small GTPase Rab6. Our data 
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suggest that the interaction of BICD2 with the two cargos is temporally regulated 
during the cell cycle: during G1 and S phase, BICD2 appears to associate 
predominantly with Rab6, while in G2 it binds mostly to the NPC (Fig. 8). It is 
currently unclear how this switch is controlled, but it is likely that mitotic kinases are 
involved. 

Both during Rab6 vesicle trafficking and in nuclear positioning, BICD2 
participates in transport processes that involve the opposing functions of cytoplasmic 
dynein and kinesin-1. The predominating motor in the two processes is different: 
Rab6 vesicles are exocytotic carriers that preferentially move to MT plus ends, 
suggesting that kinesin-1 activity is dominant, while the nucleus and AL are mainly 
pulled by dynein (Fig. 8). This indicates that BICD2 participation by itself is 
insufficient to determine direction of movement; therefore, additional factors or 
posttranslational modifications are likely to be involved. While it may appear strange 
that the two opposite polarity motors act together in processes which mostly depend 
on only one of them, this arrangement seems to represent a fundamental property of 
MT motor systems most likely required to allow flexibility and permit regulation of 
cargo distribution 279,280. Our study shows that even the positioning of a very large 
cargo, such as the cell nucleus, is no exception to this rule. 

The mechanism underlying kinesin-1 recruitment to BICD2-bound NPCs is 
unlikely to be explained solely by the binding between BICD2 and kinesin-1 269, 
since RanBP2 can directly bind to kinesin-1 as well 302,303. Intriguingly, both BICD2 
and kinesin-1 interact with the same region of RanBP2; whether these interactions 
are competitive or cooperative and what consequences this has on the architecture of 
the motor complexes remains to be determined. 
It is clear that RanBP2 and BICD2 are not the only proteins participating in the 
motor recruitment and/or activation important for centrosome-nuclear attachment. 
First, other parts of the NPCs, additional dynein accessory factors, such as LIS1 and 
NUDE 314 and cell cycle-dependent regulators of motor activation, like CDKs or 
Plk1, are likely to be involved. This view is supported by the observed timing of 
binding and transport steps. BICD2 associates with the NPCs early in G2; this results 
in dynein activation that is sufficient to cause strong AL accumulation around the 
centrosome in the absence of kinesin-1 at ~3 hrs before NEB. At a later stage (~1 hr 
before NEB), additional motor activation likely takes place; this is reflected by the 
peripheral displacement of the AL, the nucleus and the centrosomes in dynein-
depleted cells. Furthermore, Eg5 becomes active during prophase and pushes 
centrosomes apart. The forces induced by Eg5-dependent centrosome separation are 
kept in check by the complex of RanBP2-BICD2-dynein that prevents centrosome 
detachment from the nucleus while allowing centrosomes to part.  

Second, KASH domain proteins such as nesprins are essential for attachment 
of nuclei to the cytoskeleton in different systems 300,315. We observed that the 
displacement of endogenous nesprins from the NE indeed affected relative 
positioning of the nucleus and centrosomes in G2 phase, but the effect was much 
less severe than that of dynein depletion (Tanenbaum, unpublished data). Moreover, 
nesprin displacement from the NE could not block kinesin-1-mediated nuclear 
displacement in dynein-depleted cells (Splinter, unpublished data), indicating that in 
contrast to certain epithelial cells 316, in cultured U2OS and HeLa cells nesprins are 
not essential for attachment of kinesin-1 to the NE. Nesprins bind to the NE through 
SUN proteins, which were shown to interact with nuclear pores 317, and may 
therefore participate in the formation of the MT motor assemblies at the NE together 
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Figure 8. A model of the concerted action of BICD2, dynein and kinesin-1 in different phases of 
the cell cycle.  
In G1 and S phase, BICD2, dynein and kinesin-1 associate with Rab6 vesicles; 
kinesin-1 activity predominates in this complex. In G2, BICD2 with the associated 
motors accumulates at the NPCs, where the dynein-mediated movement 
predominates, resulting in tight association of the centrosome and nucleus. 

 
 
with nucleoporins. It is possible that the relative importance of different molecular 
links between the NE and microtubule motors depends on the cell type and 
differentiation state.  

What is the function of the complex molecular events described in this study? 
Clearly, positioning of the centrosomes at the opposite sides of the nucleus at NEB 
would decrease the chance that a kinetochore is captured by MTs emanating from 
both poles (merotelic attachments), which can result in chromosome missegregation 
and aneuploidy, hallmarks of cancer 318. Furthermore, spindle assembly in 
mammalian cells is controlled by both centrosome- and chromatin-dependent 
pathways, in which centrosomes are potent MT nucleation sites and chromatin can 
both nucleate and stabilize MTs. When centrosomes are positioned too far away 
from chromatin, newly nucleated MTs are unstable and as a consequence spindle 
assembly might be delayed. Indeed, loss of dynein results in a ~15 minute delay in 
bipolar spindle assembly, which can be rescued by restoring the relative positioning 
of centrosomes and the nucleus at mitotic entry through co-depletion of kinesin-1 
(Tanenbaum, unpublished data). A mechanism coupling centrosomes to the nucleus 
at mitotic onset could become even more important in very large cells like fertilized 
oocytes, in which the distance between centrosomes and chromosomes could 
become so extensive that centrosomes could no longer contribute to spindle 
assembly. 

In addition, the interaction of dynein with the NPCs through BICD2 could 
help to tear apart the nuclear envelope 27,61, a possibility that was not addressed here. 
Furthermore, dynein-mediated coupling between the nucleus, MTs and the 
centrosome plays an important role during migration of differentiated cells 319. In 
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flies, BicD is involved in MT and dynein/dynactin-dependent positioning of the 
oocyte and photoreceptor nuclei 282 and, since BICD2 is ubiquitously expressed 
during mammalian development (A. A., unpublished data), it would be interesting to 
know if it plays a similar role in mammals. 

 

 

Materials and Methods 
 
Chapter 5 Expression constructs and siRNAs 

We used the following previously described expression vectors: GFP-BICD2 
283, HA-BICD2-CT 286; myc-KIF5B 269; BirA 320 (a gift of D. Meijer, Erasmus MC, 
Rotterdam, The Netherlands); mCherry-α-tubulin 321 (a gift of R. Tsien, UCSD, San 
Diego, USA). Biotinylation and GFP-tagged BICD2 C-terminus (Bio-GFP-BICD2-
CT, BICD2 amino acids 487-820, accession number CAC51393) was generated in 
pEGFP-C2 (Clontech) by cloning at the NheI and AgeI sites in front of the GFP a 
linker encoding the amino acid sequence MASGLNDIFEAQKIEWHEGGG.  CFP-
tagged RanBP2 fragments with the N-terminal palmitoylation signal derived from 
GAP-43 were generated in a modified version of the pECFP-N1 vector (Clontech) 
by a PCR based strategy.  GFP-BICD2-NT-nesprin-3 fusion was generated by 
attaching the amino acids 582-975 of nesprin-3 (accession number NP_001036164, 
322; a gift of A. Sonnenberg, Netherlands Cancer Institute, Amsterdam) to the C-
terminus of GFP-BICD2-NT (amino acids 1-594 of BICD2 284). GFP-RanGAP1 was 
generated in pEGFP-C1 by inserting into it the BglII-SmaI fragment of KIAA1835 
(accession number AB058738, a gift of Kazusa DNA Research Institute, Japan). 
POM121 fused to a triple YFP tag  308 was a gift of Dr. E. Hallberg (Södertörns 
University College, Huddinge, Sweden). 

We used the following siRNAs: KIF5B#1, 5’- 
GCCUUAUGCAUUUGAUCGG (siRNA 118426, Ambion), KIF5B#2, 5’- 
GCACAUCUCAAGAGCAAGU (siRNA 118427, Ambion); dynein HC DHC#1 5’-
CGUACUCCCGUGAUUGAUG (siRNA 118309, Ambion); DHC#2 5’- 
GCCAAAAGUUACAGACUUU (siRNA 118311, Ambion), DHC#3 5’-
GGAUCAAACAUGACGGAAU, RanBP2#1 5’-GGACAGUGGGAUUGUAGUG 
323; RanBP2#2 5’- CACAGACAAAGCCGUUGAA; RanBP2#3 Dharmacon 
SMARTpool; p150Glued 5’ GUAUUUGAAGAUGGAGCAG; BICD2#1 5’- 
GGAGCUGUCACACUACAUG; BICD2#2 5’- GGUGGACUAUGAGGCUAUC; 
BICD1#1 5’- CCUUAAUGCCAUAAUCCGG; BICD1#2 5’- 
GCAAAGAGCCAAUGAAUAU; BICD1#3 5’- GCAACUGUCUCGUCAAAGA; 
NUP214 5’ GUCACGGAAACAGUGAAAG 307. As a control we used a previously 
described scrambled CLASP1 siRNA, the siRNA against luciferase 324 or the siRNA 
to GAPD (control Dharmacon SMARTpool). 
 

Pull downs, IP, identification of BICD2-CT binding partners by mass 
spectrometry and yeast two-hybrid analysis 

Bio-GFP-BICD2-CT and BirA were transiently co-expressed in HeLa cells; 
cells were lysed in a buffer containing 100 mM NaCl, 20 mM Tris-HCl, pH 7.5, 1 % 
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Triton X-100 and protease inhibitors (Complete, Roche). Streptavidin pull down 
assays, mass spectrometry analysis and IP from HEK293 cells overexpressing 
different protein fusions were performed as described by 269. For the IP of 
endogenous proteins HeLa cells were pelleted and lyzed in a buffer containing 
20mM Tris pH 8.0, 150 mM KCl, 5% Triton X-100, Protease inhibitors (Complete 
Roche) and phosphatase inhibitors (Cocktail 1 and  2, Sigma). For the IP of 
endogenous proteins from nocodazole-arrested cells, HeLa cells were teated with 75 
ng/mL nocodazole for 18 h, washed with PBS, lyzed with digitonin in the buffer 
containing 20 mM HEPES pH 7.3, 110 mM potassium acetate, 2 mM magnesium 
acetate, 1 mM EGTA, 1 mM DTT and protease and phosphatase inhibitors; lysates 
were centrifuged at 100000xg for 1h. IP was carried out using standard procedures. 
6XHIS-tagged BICD2-CT (amino acids 630-820) was generated in pET28a. GST 
fusions of RanBP2 fragments 3 and 4 (amino acids 2147-2287 and 2447-2887, 
accession number NP_006258) were generated in pGEX-3X. Protein purification 
and GST pull down assays were carried out as described by 325. Binding reactions 
were performed in 50mM Tris-HCl, PH7.5, 125 mM NaCl, 0.1% NP40 and 5mM 
EDTA, using ~20 μg/ml of HIS-BICD2-CT and ~70 μg/ml of GST fusions. 
For yeast two-hybrid assays, different bait constructs were prepared in pBHA (lexA 
fusion vector) and tested against various BICD2 fragments cloned into pGAD10 
(GAL4 activation domain vector, Clontech) as described by 269. 

Cell culture and transfection of plasmids and siRNAs 
Chapter 6 HeLa, HEK293 and U2OS cells were cultured as described 

previously 166,326. PolyFect (Qiagen), Lipofectamine 2000 (Invitrogen) or FuGENE 6 
(Roche) reagents were used for plasmid transfection. Stable HeLa clones expressing 
fluorescent proteins were selected using Fluorescence Activated Cell Sorting and 
cultured in the presence of 0.4 mg/ml G418 (Roche). Synthetic siRNAs were 
transfected into HeLa cells plated at 20% confluence using HiPerFect (Qiagen) at the 
final concentration 5 nM; cells were analyzed by 3 days after transfection. U2OS 
cells were transfected with HiPerFect during plating at ~20% confluence using 20 
nM siRNAs; a second transfection with the same siRNA concentration was 
performed one or two days later and the cells were analyzed 3 or 4 days after plating.  

Antibodies, immunofluorescent staining and Western blotting 
We used affinity purified goat polyclonal antibodies against RanBP2 and 

RanGAP1 294,327, rabbit polyclonal antibodies against GFP (Abcam), BICD1 and 
BICD2 283,286, HA tag, dynein HC, KIF5B and RanGAP1 (Santa Cruz), NUP214 307 
(a gift of Dr. R. Kehlenbach, University of Göttingen, Germany), phosphorylated 
histone H3 (Ser 10) (Millipore); mouse monoclonal antibodies against Rab6 (which 
recognizes Rab6A and Rab6A’, a gift of A. Barnekow, University of Muenster, 
Germany), Arp1 (a gift of Dr. T Schroer, Johns Hopkins University, USA); 
nucleoporins (antibody 414, Covance); α-, β- and γ-tubulin (Sigma), dynein IC 
(Chemicon and Santa Cruz), cyclin B1 (Santa Cruz), p150Glued and p50 (BD 
Biosciences), pan-keratin (clone C11, Sigma) and vimentin (Cymbus 
Biotechnology). For secondary antibodies we used Alexa 350, Alexa 488 and Alexa 
594-conjugated goat antibodies against rabbit, rat and mouse IgG, donkey antibodies 
against sheep IgG (Molecular Probes), AMCA-labeled rat anti-mouse, FITC-labeled 
donkey anti-rabbit and anti-mouse antibodies (Jackson ImmunoResearch 
Laboratories). Actin was stained with Alexa-594-conjugated phalloidin (Invitrogen). 
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Cell fixation and staining procedures were described previously 283. Briefly, we used 
the following fixations; 4% paraformaldehyde in PBS (15 min at room temperature), 
-20oC methanol (10 min), or  -20oC methanol (10 min) immediately followed by 4% 
paraformaldehyde in PBS (15 min at room temperature). For pre-extraction of live 
cells we used the following buffer:  60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 
0.5% Triton X-100, 4 mM MgSO4, pH 7.5. Western blotting was performed as 
described previously 326. 

Electron microscopy 
For preembedding immunoperoxidase electron microscopy cells were fixed 

with 4% paraformaldehyde and stained with anti-RanGAP1 using the same 
conditions as for immunofluorescence with the exception that saponin (0.1%) was 
used as a detergent in the preincubation step and no detergent was used in 
subsequent steps. Biotinylated horse anti-goat (Vector) was used as the secondary 
antibody, which was followed by incubation in avidin-biotin-peroxidase complex 
(ABC, Vector Laboratories, USA) and staining with diaminobenzidine (DAB, 
0.05%) yielding a brown reaction product. Subsequently cells were fixed in 1% 
osmium, dehydrated and embedded in Durcupan. Ultrathin (50–70 nm) were 
contrasted with uranyl acetate and lead citrate, and analyzed in a Phillips CM100 
electron microscope with a bottom mounted TVIPS FastScan-F114 camera. 

Fluorescence microscopy and image analysis 
Images of fixed cells with the exception of Fig.6A were collected with a 

Leica DMRBE microscope equipped with a PL Fluotar 100x 1.3 N.A. or 40x 1.00-
0.50 N.A. oil objectives, FITC/EGFP filter 41012 (Chroma) and Texas Red filter 
41004 (Chroma) and an ORCA-ER-1394 CCD camera (Hamamatsu). Images in Fig. 
6A were acquired on a confocal Zeiss LSM510 META (CarlZeiss) with a Plan 
Apochromat 63x 1.4 N.A. objective. Z-planes were acquired with 1µm intervals. 
Images are maximum intensity projections of all Z-planes. 
Live cell imaging experiments with U2OS cells were performed on a Zeiss Axiovert 
200M microscope equipped with a Plan-Neofluar 40x 1.3 N.A. oil objective in a 
permanently heated chamber with 5% CO2. Images were acquired every 3–5 min 
using a Photometrics Coolsnap HQ charged-coupled device camera (Scientific, 
Tucson, AZ). Z-stacks were acquired with 2 μm intervals between Z-slices. Live cell 
imaging experiments with HeLa cells were performed on the inverted microscope 
Nikon Eclipse TE2000E (Nikon) with a CFI Plan Fluor 40x 1.30 N.A. oil objective, 
equipped with CoolSNAP-HQ2 CCD camera (Roper Scientific) controlled by 
MetaMorph 7.1 software (Molecular Devices). For excitation we used HBO 103 
W/2 Mercury Short Arc Lamp (Osram) and Chroma ET-GFP (49002) or Chroma 
ET-DsRed (49005) filter sets. Image analysis was performed by using MetaMorph 
software (Universal Imaging, Downington, PA). Cells were kept at 37oC during 
observation.  
U2OS cells were microinjected in L-15 medium with dynein IC 70.1 (Sigma) or 
Myc (Covance) antibodies, diluted 1/10 from suppliers stock, or with purified CC1 
fragment of p150Glued (a gift of Dr. S. King, University of Missouri-Kansas City, 
USA) using an Eppendorf Micromanipulator 5171 coupled to a Transjector 5246 and 
cells were imaged as described above. 
Images were prepared for publication using Adobe Photoshop. The images of fixed 
cells were modified by adjustments of levels and contrast. Live images were 
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modified by adjustments of levels and contrast and applying Unsharp Mask and 
Gaussian Blur filters.  
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Abstract 
 

Microtubules are dynamic structures that undergo rapid switches between 
growth and shrinkage. Microtubules are relatively stable in interphase and highly 
dynamic in mitosis, but the molecular basis of this dramatic difference is largely 
unknown. Here, we identify an important role for Kif18b, a novel member of the 
kinesin-8 family, in enhancing microtubule dynamics at mitotic entry. At nuclear 
envelope breakdown (NEB), Kif18b is released from the nucleus and binds to 
microtubule plus-ends through a direct interaction with EB1 and in the absence of 
Kif18b, rapid breakdown of the interphase microtubule network at NEB is impaired. 
Interestingly, inhibition of Aurora kinases results in dramatic depolymerization of all 
microtubules during mitosis and this is completely dependent on Kif18b, 
demonstrating that Kif18b drives microtubule depolymerization in mitosis and this 
activity is counteracted by Aurora kinases. Thus, Kif18b is an important regulator of 
the switch in microtubule dynamics as cells enter mitosis and negative regulation of 
Kif18b by Aurora kinases is important to prevent excessive microtubule 
depolymerization during mitosis. 
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Introduction 
 

Microtubules are dynamic filaments that can either be growing, shrinking or 
in a pausing state. These different states are usually very transient, as microtubules 
undergo continuous changes from one state to another; from growth to shrinkage 
(known as catastrophes) as well as changes from shrinkage to growth (known as 
rescues)180,181. Such dynamic behavior of microtubules allows the microtubules to 
probe the cellular environment in search of their target sites, in a process called 
“search and capture”199. In interphase, microtubules are mainly nucleated at 
centrosomes, although additional nucleation sites do exist243. Interphase 
microtubules are relatively stable and the majority of microtubules does not undergo 
a catastrophe until it has reached the cortex. After this initial catastrophe, 
microtubules undergo a short period of shrinkage until a rescue event occurs and the 
microtubule will grow towards the cortex again181,182. In mitosis, the frequency of 
catastrophes is much higher and the rescue frequency is lower183,184. Together, these 
changes result in a dramatic decrease in microtubule stability, which is likely to be 
essential for an efficient search and capture process needed to efficiently capture all 
chromosomes. Although the differences in microtubule dynamics between 
interphase and mitosis have been known for 20 years184, the molecular basis 
underlying this rapid change in dynamics have remained largely elusive. 
 The dynamics of microtubules are tightly regulated at all times in the cell 
cycle by both microtubule stabilizing and destabilizing proteins328. While many 
microtubule stabilizing proteins have been identified, the number of microtubule 
destabilizers identified to date is still quite limited. In mammalian cells two families 
of microtubule motors have been implicated in microtubule destabilization, the 
kinesin-8 and kinesin-13 families. The kinesin-13 motors are well established as 
microtubule depolymerizing enzymes189,190. Kinesin-13 motors, including Kif2a, 
Kif2b and MCAK/Kif2c in human cells, have an internal motor domain, but cannot 
walk along microtubules, rather they use ATP hydrolysis for their microtubule 
depolymerizing activity329. Kinesin-13 motors have the ability to depolymerize 
microtubules from both ends329 and can diffuse along the microtubule lattice to reach 
to the microtubule end330. In addition, MCAK can act as a microtubule plus-end 
tracking protein through a direct interaction with EB1264,331,332. Although it is 
currently unclear what is the dominant mechanism in cells by which MCAK targets 
to microtubule plus-ends, it seems reasonable that the ability of MCAK to bind 
directly to plus-ends through binding to EB1 enhances its microtubule destabilizing 
activity. 
 In contrast to kinesin-13 motors, kinesin-8 motors have an N-terminal motor 
domain and show plus-end directed motility158,194,195, and are thus much more similar 
to conventional kinesin. However, in addition to their motile activity, both the yeast 
kinesin-8 motor Kip3194,195,333 and the human kinesin-8 motor Kif18a158 show 
microtubule plus-end depolymerizing activity. An interesting consequence of 
combining plus-end directed motility with microtubule depolymerizing activity is 
that both Kip3 and Kif18a were shown to depolymerize microtubules in a length 
dependent manner, with longer microtubules depolymerizing faster than short 
ones158,194,195,333. Although a different study suggested that Kif18a might act to 
dampen microtubule dynamics, rather than depolymerize microtubules334. 
Furthermore, Kif18a has clearly been shown to regulate chromosome movement 
during mitosis in living cells158,159, but it is unknown whether it does so through 
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direct regulation of microtubule dynamics. For the fission yeast and drosophila 
kinesin-8 motors (Klp5/6 and Klp67A, respectively) there is currently no solid 
evidence that they can depolymerize microtubules, although cells depleted of these 
motors do show on average longer microtubules335, suggesting they may, directly or 
indirectly, influence microtubule dynamics as well. Thus, it is likely that regulation 
of microtubule dynamics is an evolutionarily conserved function of kinesin-8 
motors, but the exact mechanism by which they do so might differ between different 
members of this family. 
  Here, we have performed a systematic search of all human motor proteins 
involved in spindle formation and identify the kinesin-8 motor Kif18b as a novel 
regulator of spindle assembly. Our results show that Kif18b promotes microtubule 
plus-end depolymerization and does so specifically in mitosis. Unlike other kinesin-
8 motors, Kif18b targets to microtubule plus-ends directly through an interaction 
with EB1. In addition, we find that Kif18b is a highly processive plus-end directed 
motor that moves along microtubules at approximately the speed of microtubule 
growth in mitosis. Finally, we show that Kif18b acts downstream of Aurora kinases 
and find that the dramatic reduction in microtubule length after inhibition of Aurora 
kinases is completely dependent on Kif18b. 
 
 
 
Results 
 

To identify novel microtubule motors involved in bipolar spindle assembly, 
we performed a systematic RNAi screen of all human microtubule motors. For this, 
Hela cells were transfected with pools of siRNAs containing 4 different siRNA 
oligo’s targeting all human microtubule motors84,173. 60h after transfection the 
mitotic index was determined based on phospho-Histone H3 staining using 
automated image acquisition and analysis, as described previously173. Using this 
approach, we found that knockdown of Eg5, Cenp-E, dynein and Kif18a results in an 
increased mitotic index (Fig. 1A, blue bars), consistent with well described functions 
of these proteins in spindle assembly21,41,155,158,336. To test whether additional motors 
are involved in spindle assembly, but which have a redundant role, we next 
performed a sensitized RNAi screen. For this, we treated cells with a low dose of S-
Trityl-L-Cysteine (STLC)107, a potent inhibitor of the Kinesin-5 motor Eg5, which is 
involved in centrosome separation and bipolar spindle assembly41,65,66. Strikingly, 
when all microtubule motors were individually depleted and cells were treated with 
0.75µM STLC, a dose that does not block bipolar spindle assembly in control cells, 
we found that loss of an additional four motors resulted in a substantial increase in 
the mitotic index: Kif15, Kif18b, Kif19 and MCAK. Kif15 (also known as Hklp2) is 
an expected hit in this experimental set-up, as we and others have recently shown 
that Kif15 acts redundantly with Eg5 in bipolar spindle assembly84,85. As MCAK is a 
microtubule depolymerase, its depletion is expected to lead to decreased microtubule 
dynamics. The identification of MCAK in this screen is therefore consistent with a 
recent report showing that decreased microtubule dynamics sensitizes cells to partial 
Eg5 inhibition83. We were unable to unambiguously confirm the specificity of the 
Kif19 siRNA’s (Fig. S1A), and therefore we decided to focus our further studies on 
Kif18b; a microtubule motor that has not previously been characterized. We 
confirmed the results from the screen using 7 different siRNA’s of which 6 resulted 
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in an increased mitotic index specifically in the presence of a low dose of STLC 
(Fig. S1A and data not shown). Similar results were obtained in untransformed 
human RPE-1 cells and in Hela cells using 2 different ways of inhibiting Eg5 (Fig. 
S1B-D). Finally, analysis of spindle morphology revealed that most cells arrested in 
mitosis had formed monopolar spindles (data not shown). Taken together, these 
results show that Kif18b is a novel microtubule motor involved in spindle assembly. 
 
Kif18b localizes to microtubule plus-ends in mitosis 
 Kif18b is a member of the kinesin-8 family of motors and similar to other 
kinesin-8 family members, Kif18b has an N-terminal motor domain, a short coiled-
coil segment and a large C-terminal tail (Fig. 1B). To study the localization of this 
novel motor, a polyclonal antibody was raised against a large fraction of the C-
terminus. In mitosis, this antibody showed a dot-like staining pattern throughout the 
spindle (Fig. 1C), which was specific for Kif18b, as it completely disappeared after 
Kif18b siRNA (Fig. S2A). The Kif18b staining overlapped almost completely with 
an EB1 staining, indicating that Kif18b localizes to microtubule plus-ends. Similar 
results were obtained with a GFP-tagged version of Kif18b (Fig. S2B). However, in 
interphase cells, Kif18b did not localize to microtubule plus-ends. In G1 cells Kif18b 
was not expressed and in G2 cells it was sequestered in the nucleus (Fig. 1D and 
data not shown). Consistent with this, time-lapse analysis of GFP-Kif18b showed 
that Kif18b was completely degraded as cells entered anaphase (Fig. 1E and F). 
Similarly, staining of endogenous Kif18b was completely lost as cells progressed 
through anaphase (Fig. S3). Together, these results indicate that Kif18b specifically 
functions during mitosis.  
 
Kif18b binds to microtubule plus-end through direct interaction with EB1 
 Other kinesin-8 motors were shown to accumulate at microtubule plus-ends 
through their plus-end directed motility158,194,195. To test if this was also the case for 
Kif18b, mutations were generated in the motor domain that were shown to eliminate 
microtubule binding in a variety of kinesins159,331,337. However, mutating the motor 
domain did not prevent accumulation of Kif18b at microtubule tips (Fig. 2A). In 
contrast, depletion of EB1 by siRNA did substantially reduce the accumulation of 
Kif18b on microtubule plus-ends (Fig. 2B). These results argue against a model in 
which Kif18b accumulates at plus-ends solely through plus-end-directed motility 
and rather suggest that Kif18b acts as a microtubule plus-end tracking protein that 
binds to plus-ends directly through EB1. Consistent with this, recombinant GST-
EB1 was able to pull down GFP-Kif18b from cell lysates (Fig. 2C) and recombinant 
His-EB1 interacted directly with the bacterially expressed C-terminal tail domain of 
Kif18b (Fig. 2D). Finally, time-lapse analysis of GFP-Kif18b-expressing U2OS cells 
revealed comet-like structures moving through the cell at 10-15µm per minute (Fig. 
S4), coinciding very well with the microtubule growth speed in these cells166. 
Together, these results show that Kif18b tracks microtubule plus-ends through a 
direct interaction of its tail domain with EB1. 
 We next scanned the sequence of Kif18b for motifs fitting the sequence SxIP 
with surrounding basic residues, a sequence recently shown to be present in many 
plus-end tracking proteins and that binds directly to EB1338. While no sequences are 
present in Kif18b matching this consensus motif exactly, 2 motifs were identified 
that match SxLP  (amino acids 656-659 and 777-780). To test whether these sites 
were involved in EB1 binding, both sites were mutated individually or together and 
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Figure 1. Kif18b is a novel mitosis specific plus-end tracker involved in bipolar spindle 
assembly.  
(A) Hela cells were transfected with indicated siRNA’s in a 96-well plate using reverse transfection. 
48h after transfection cells were treated with 0.75µM STLC (red bars) for 18h or were left untreated 
(blue bars) and cells were fixed and stained with  α-pHH3 and DNA was stained with DAPI. The 
mitotic index was then determined using automated image acquisition and analysis based on the 
pHH3 signal. Graph represents average of 3 independent experiments and error bars indicated 
standard deviations. Between 1000-3000 cells were scored per well. (B) Schematic representation of 
Kif18b structure. Kif18b has an N-terminal motor domain, followed by a short coiled-coil region and 
a large C-terminal tail. A splice variant exists with an extra intron in the extreme C-terminus of the 
tail domain. (C-E) U2OS cells were fixed with cold methanol and stained for Kif18b and EB1 and the 
DNA was stained using DAPI. Representative metaphase (C), interphase (D) and prometaphase (E, 
upper and middle panels) cells are shown. (E, lower panel) U2OS cells were transfected with DHC 
siRNA and 3 days after transfection, cells were treated as in (C and D). Boxed area’s in (C and D) are 
shown enlarged next to the images. All scale bars indicate 5µm. 
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EB1-binding and plus-end localization was analyzed. These mutants showed reduced 
binding to both EB1 and showed reduced microtubule plus-end localization, 
confirming that these sites were involved in EB1 binding, although residual binding 
was clearly observed (Fig. 2E and F), suggesting that additional binding sites likely 
exist. These additional sites are probably also present in the tail of Kif18b, as 
deleting the entire tail completely abrogated both the interaction between Kif18b and 
EB1, and Kif18b localization to the microtubule plus-end (Fig. 2G and H). These 
results demonstrate that Kif18b binds to EB1 through multiple binding sites in its tail 
domain. 
 
Kif18b is a relatively fast, processive plus-end directed motor 
 To test if Kif18b is a motile motor, we purified Flag-GFP-Kif18b-His from 
293T cells using tandem affinity purification using sequential His-tag and Flag-tag 
affinity beads to ensure we only purified full-length protein (as these tags were 
positioned on opposite sides of the protein). Using single molecule total internal 
reflection (TIRF) microscopy and fluorescently labeled microtubules, we were able 
to track the motility of single GFP-Kif18b dimers. Individual GFP dots moved along 
microtubules with an average speed of ~225 nm/s (Fig. 3A-D), which is 
considerably faster than the kinesin-8 motors kip3 and kif18a which move at 50 
nm/s and 20 nm/s respectively158,195. Many runs were observed with a run length of 
>3µm (Fig. 3E), indicating that Kif18b is a highly processive microtubule motor. To 
determine whether Kif18b is a plus-end directed motor, polarity labeled 
microtubules were used in single molecule analysis, which showed that Kif18b 
walks exclusively to microtubule plus-ends (Fig. 3C). Together, these results show 
that Kif18b is a relatively fast and processive plus-end directed motor. Furthermore, 
these results suggest that in addition to direct targeting of Kif18b to microtubule 
plus-ends through an interaction with EB1, Kif18b could also use its plus-end 
directed motility to reach the plus-end. 
 
Kif18b promotes microtubule depolymerization 
 The yeast kinesin-8 motor kip3, as wells as the human kinesin-8 Kif18a were 
shown to act as microtubule depolymerases or inhibitors of microtubule 
assembly158,194,195,334. Therefore, we tested whether Kif18b might also affect 
microtubule dynamics. Indeed, overexpression of GFP-Kif18b resulted in a strong 
decrease in number of growing microtubule plus-ends in mitotic cells (Fig. 4A). 
Furthermore, time-lapse analysis of GFP-Kif18b overexpressing cells revealed that 
microtubules were formed normally before nuclear envelope breakdown (NEB), but 
were lost as soon as Kif18b was released from the nucleus. More importantly, 
knockdown of endogenous Kif18b (for knockdown see fig. 4C) sensitized cells to 
low doses of the microtubule stabilizing drug taxol, similar to depletion of the 
microtubule depolymerase MCAK(339 and fig. 4D).  
Microtubules are relatively long in interphase and frequently reach all the way to the 
cell cortex, but as soon as cells enter mitosis, these long microtubules are lost (Fig. 
4E). In contrast, in Kif18b-depleted cells that have just entered mitosis (as 
determined by DAPI  
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Figure 2. The C-terminal tail of Kif18b binds to EB1 and is required for plus-end localization. 
 (A) U2OS cells expressing either wild type GFP-Kif18b or a mutant in which the microtubule 
binding surface is mutated, were fixed with cold methanol and stained for GFP and EB1 and the DNA 
was stained with DAPI. Boxed area is shown enlarged next the image. Both proteins localize to 
microtubule plus-ends. (B) U2OS cells were transfected with indicated siRNA’s and 48h after 
transfection, cells were fixed with cold methanol and stained for Kif18b and EB1 and the DNA was 
stained with DAPI. Dotted lines indicate the outline of the cells. (C, F and H) 293T cells were 
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transfected with either GFP-Kif18b wildtype (C, F and H), GFP-Kif18b in which the LP residues of 
two SxLP motifs were mutated to NN (amino acids 658-659 and 779-780) (F) or in which the tail was 
deleted (Δ432-855). Cells were then lysed and pull down experiments were performed with either 
GST alone, GST-EB1 or GST-EB1Δtail. (D) Bacterially expressed His-EB1 was used to pull down 
bacterially expressed GST-Kif18b-tail (amino acids 432-855) or GST alone. Only GST-Kif18b-tail 
showed a direct interaction with His-EB1. (E and G) U2OS cells were transfected with indicated 
constructs and 48h after transfection cells were fixed with cold methanol and stained for GFP and 
EB1 and the DNA was stained with DAPI. Plus-end staining in mitosis of GFP-Kif18b and mutants 
thereof was quantified as indicated. 50 cells were scored per condition, the graph represents the 
average of 4 independent experiments and the error bars represent standard deviations. All scale bars 
indicate 5µm. 

 
 
staining), many microtubules were still observed that reached all the way to the 
cortex  
(Fig. 4E and F), indicating that Kif18b is required for rapid depolymerization of the  
microtubule network as cells enter mitosis. Taken together, these results indicate 
NEB triggers release of Kif18b from the nucleus and allows it to target microtubule 
plus-ends and induce microtubule depolymerization, possibly though a combination 
of its ability to directly bind EB1 and its fast plus-end directed motility.   
   
Kif18b acts downstream of Aurora kinases to control microtubule stability 

Strikingly, when cells were examined in prometaphase, Kif18b did not 
localize to all microtubule plus-ends, but rather accumulated strongly on astral 
microtubule plus-ends, while staining was very low on microtubule plus-ends within 
the center of the spindle (Fig. 1E upper and middle panels). To determine more 
precisely at which microtubule plus-ends Kif18b accumulated, dynein was 
inactivated using a siRNA targeting the dynein heavy chain. Inhibition of dynein 
results in a dramatic separation of centrosomes from the nucleus just prior to mitotic 
entry28, and thus allows good visualization of centrosome-proximal microtubules 
compared to DNA-proximal microtubules. Using this approach, it became clear that 
Kif18b is specifically displaced from microtubule plus-ends in the vicinity of 
centrosomes (Fig. 1E, lower panel). While it is known that chromosomes generate a 
diffusible signal that regulates binding of microtubule-associated proteins to 
microtubules (reviewed in 187,340), to our knowledge, this is the first protein whose 
association with microtubule plus-ends is negatively regulated by a signal coming 
from centrosomes and therefore suggest that multiple spatial cues are present in the 
mitotic cell.  
 Using a mass spectrometry-based approach, we found that Kif18b is highly 
phosphorylated duing mitosis (unpublished observation), suggesting that the spatial 
regulation may be due to locally restricted phosphorylation. To test this idea, several 
known mitotic kinases were inhibited using small molecule inhibitors (including 
Plk1, GSK3β and Aurora kinases). Strikingly, while Kif18b did not localize to plus-
ends in the vicinity of centrosomes in control cells (Fig. 1A and 5A), it localized 
very strongly to all microtubule plus-ends after 30 minute treatment with the aurora 
kinase inhibitor VX-680 together with MG132 to prevent mitotic exit (Fig 5A). In 
addition to strong accumulation of Kif18b on all plus-ends, inhibition of Aurora 
kinases also resulted in a dramatic  
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Figure 3. Kif18b is a relatively fast and processive plus-end directed motor.  
(A-E) Flag-GFP-Kif18b-His was purified using a two-step affinity purification protocol (see materials 
and methods). Microtubules were grown from a mix of unlabeled tubulin, alexa568-labeled tubulin 
and biotin-tubulin. Flow chambers were prepared using PEG-Biotin-coated glass slides and double 
sticky tape. Chambers were blocked using PLL-PEG, Pluronic and casein and incubated with 
neutravidin before incubation with biotin-alexa568 microtubules. Chambers were than washed to 
remove all non-bound microtubules and ~0.3nM GFP-Kif18b was flowed into the chamber. A single 
image of the microtubules was than acquired after which 500 x 100ms images in the GFP channel 
were acquired without shuttering. (A) shows a kymograph of the GFP signal on a representative 
microtubule. Very long tracks can be observed, indicating a highly processive motor. (B) 
Representative images are shown of a GFP-Kif18b dimer walking over a microtubule. (C) 
Fluorescently labeled microtubules were subsequently elongated using a higher fraction of alex568 
labeled tubulin together with NEM-tubulin to brightly label the microtubule plus-end. Kymograph of 
polarity marked microtubule shows that Kif18b is a plus-end directed motor. (D and E) Speeds and 
run lengths were calculated using the kymographs. 
decrease in microtubule length (Fig. 5A and S4A). Somewhat surprisingly, these 
effects  
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were only observed when both Aurora A and Aurora B were inhibited together (Fig. 
5A and S4A), suggesting that they act redundantly to control Kif18b localization and 
microtubule stability. Furthermore, overexpression of Aurora A displaced 
endogenous Kif18b from microtubule plus ends (Fig. 5B), further suggesting that 
Aurora kinases negatively regulate association of Kif18b with microtubule plus-
ends. 
 As 1) Aurora kinases negatively regulate binding of Kif18b to plus-ends and 
2) prevent dramatic microtubule depolymerization and as 3) we found that Kif18b 
promotes microtubule depolymerization, we reasoned that the dramatic effect on 
microtubule stability observed after Aurora kinase inhibition might be due to 
excessive Kif18b activity. To test this, Aurora kinases were inhibited in cells 
depleted of Kif18b. While control cells treated with Aurora inhibitors showed a 
dramatic decrease in average microtubule length, Kif18b depletion completely 
restored normal microtubule length after Aurora kinase inhibition, with many 
microtubules reaching al the way to the cortex (Fig. 6A and S4B). However, 
chromosome alignment was not restored by depletion of Kif18b, consistent with the 
fact that Aurora kinases have many different targets in mitosis341. Importantly, the 
dramatic effect of Kif18b depletion on microtubule length was specific for Aurora-
inhibited cells, as untreated metaphase spindles did not show major differences in 
average microtubule length after Kif18b depletion (Fig. 6B). These results suggest 
that Kif18b becomes hyper-activated in the absence of Aurora kinase signaling. 
Furthermore, re-expression of GFP-Kif18b at near endogenous levels completely 
reverted this phenotype (Fig. 6C), demonstrating that these effects were specifically 
due to loss of Kif18b. Interestingly, expression of the Kif18b mutant lacking the tail 
domain, was unable to rescue microtubule length defects (Fig. 6C), even at very high 
expression levels (data not shown), demonstrating that the tail domain of Kif18b, 
which targets it to microtubule plus-ends and binds EB1, is required for Kif18b to 
promote microtubule depolymerization.  
  
 
 
Discussion 
 

Using a sensitized RNAi screen of all human motors we have identified 
Kif18b, a novel human microtubule motor of the kinesin-8 family involved in 
spindle assembly. Kif18b localizes to microtubules plus-ends, which is, at least in 
part, independent of its motor activity. Kif18b binds directly to EB1 through its tail 
domain and requires EB1 for its plus-end accumulation, suggesting that Kif18b is a 
“classical” microtubule plus-end tracking protein. Kif18b can promote microtubule 
depolymerization when overexpressed, and loss of Kif18b results in defects in 
microtubule depolymerization during mitotic entry, demonstrating that Kif18b, 
either directly or indirectly promotes microtubule destabilization. Finally, similar to 
MCAK331, Kif18b’s activity/localization appears to be negatively regulated by 
Aurora kinase activity and our results suggest that this negative regulation of Kif18b 
is important to fine-tune Kif18b activity to prevent massive depolymerization of all 
spindle microtubules.In yeast, Kip3 uses its plus-end directed motility to accumulate 
at microtubule tips, where it can induce microtubule depolymerization. However, 
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Figure 4. Kif18b promotes microtubule depolymerization. 
(A and B) U2OS cells were transfected with GFP-Kif18b and 48h after transfection cells were either 
fixed and stained for GFP and EB1 (A) or analysed by time-lapse microscopy (B). Arrowhead shows 
an untransfected cell that rapidly forms a robust bipolar spindle, while the arrow shows a transfected 
cell that forms normal microtubules until NEB (t=0.15), at which time all microtubules disappear. 
Scale bars indicate 10μm. (C) U2OS cells were transfected with indicated siRNA’s and 24h after 
transfection were retransfected. 48h after the first transfection, cells were lysed and kif18b levels were 
determined by western blotting of whole cell lysates. (D) Cells were treated as in (C), but 48h after 
transfection cells were treated with indicated contrations of taxol for 18h. Cells were then fixed and 
stained for pHH3 and the DNA was stained with DAPI. Mitotic indexes were then determined using 
automated image acquisition and analysis based on pHH3 staining. (E-F) Cells were treated as in (C), 
but after 48h cells were fixed with cold methanol and stained for α-tubulin and Kif18b and the DNA 
was stained with DAPI. Early prometaphase cells were selected by searching for cells in which 
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chromosomes were still largely positioned in the shape of the nucleus, but with several chromosomes 
extruding from the nuclear space, indicating that nuclear envelope breakdown had occurred. Dotted 
line indicates the outline of the cell. Boxed area is enlarged in the inlay. In control cells very few 
microtubules contact the cortex, while many microtubules still reach al the way to the cortex in 
Kif18b siRNA cells. Scale bar indicates 5μm. (F) Quantification of (E). A 10μm x 1μm area adjacent 
to the cortex furthest from the centrosomes was selected and the number of microtubules in this area 
was scored. All error bars represent standard deviations and graphs in (D and E) are averages of 3 
independent experiments. 

 
 
in yeast microtubule growth speeds are much lower than in human cells. While 
Kif18b has 4 to 5-fold higher speed of motility in vitro than Kip3 (194,195 and fig. 3), 
Kif18b would still not be fast enough to overtake the microtubule plus-end if it lands 
on the microtubule lattice. In contrast to Kif18b, the related human kinesin-8 Kif18a 
does use its microtubule plus-end directed motility to accumulate at the tips of 
microtubules159, even though Kif18a is approximately 10-fold slower than Kif18b in 
vitro (158 and fig. 3). However, Kif18a selectively accumulates at the tips of 
kinetochore-microtubule bundles which are very long-lived, so Kif18a would not 
need to be very fast to accumulate at their tips. Thus, it is possible that Kif18b has 
evolved a novel mechanism to accumulate at microtubule tips of fast growing, 
highly dynamic astral microtubules, by binding directly to EB1. As Kif18b’s speed 
of motility is similar to the microtubule growth speed, we speculate that Kif18b will 
bind EB1 to get close to the end of the microtubule and then walk the last few 
hundred nanometers towards the very tip. If microtubule growth is reduced for even 
a brief period, Kif18b will catch up with the tip and could induce microtubule 
depolymerization.  

Based on the fact that several other kinesin-8 family members directly 
regulate microtubule dynamics158,194,195 and on the fact that Kif18b promotes 
microtubule destabilization when overexpressed in cells, it is likely that Kif18b can 
induce microtubule depolymerization directly. Alternatively, Kif18b might regulate 
microtubule stability indirectly, for example through control of MCAK function, 
which also localizes to microtubule tips through binding to EB1331.  

One interesting aspect of Kif18b function is that it appears to be regulated 
both spatially and temporally. In interphase, Kif18b localizes to the nucleus and is 
not released from the nucleus until NEB. Consistent with this, overexpression of 
Kif18b does not interfere with microtubule stability in interphase cells, but inhibits 
microtubule stability upon NEB. In control cells, microtubules become highly 
destabilized as the nuclear envelope breaks down and this is delayed in cells 
depleted of Kif18b, suggesting that nuclear release of Kif18b triggers rapid 
microtubule depolymerization. Clearly, other factors are involved in the interphase-
to-mitosis switch in microtubule dynamics as well, as Kif18b-depleted cells do form 
normal steady state spindles over time, although the kinetics of microtubule 
depolymerization are perturbed. Consistent with a mitosis-specific role in regulating 
microtubule dynamics, Kif18b is rapidly degraded at the metaphase/anaphase 
transition. The timing of this degradation may be important, as in anaphase 
microtubules become highly stabilized9, which is likely important for microtubule 
midzone formation. 
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Figure 5. Aurora kinases control microtubule stability and Kif18b localization.  
(A) Cells were mock transfected of were transfected with Aurora A siRNA. After 24h cells were 
retransfected and 48h after the first transfection, cells were treated with either MG132 alone or in 
combination with 1μM VX-680 or 100nM AZD-1152 for 30 minutes. Cells were then fixed with cold 
methanol and were stained for Kif18b and EB1. DAPI was used to stain the DNA. Inhibition of both 
Aurora A and B results in a strong decrease in microtubule stability and allows Kif18b to target all 
microtubule plus-ends. (B) Cells were transfected with flag-Aurora A and 48h after transfection, cells 
were treated with 5μM STLC to accumulate cells in mitosis, as cells expressing high levels of Aurora 
A did not enter mitosis efficiently. Cells were then fixed and stained for flag and Kif18b and DAPI 
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was used to stain the DNA. The cell expressing high levels of flag-Aurora A shows strongly reduced 
Kif18b at microtubule plus-ends. Scale bars indicate 5μm. 

 
 

How then can we explain the sensitivity to STLC after depletion of Kif18b? 
We speculate that the delay in depolymerization of the microtubule network impairs 
efficient movement of centrosomes which are connected to the microtubule network. 
If centrosome movement is impaired, more kinesin-5 activity will be required to 
push centrosomes apart, and this could explain the increased sensitivity for kinesin-5 
inhibitors. Consistent with this we find that Kif18b is selectively involved in initial 
centrosome separation, but not for bipolar spindle maintenance84.  

In addition to the temporal regulation of Kif18b activity, Kif18b also appears 
to be spatially regulated. Kif18b localizes selectively to microtubules that are distal 
to spindle poles. While we cannot fully rule out that this is a staining artifact due to 
antibody masking in the vicinity of centrosomes, as we have been unable to obtain a 
second antibody that recognizes Kif18b using immuno-fluorescence, we feel this is 
unlikely as the antibody used was a polyclonal antibody raised against a very large 
section of the protein. Rather, we support the idea that a diffusible signal coming 
from spindle poles negatively regulates association of Kif18b with microtubule plus-
ends.  In fact, even if the lack of Kif18b staining near centrosomes is due to antibody 
masking, this would still imply that Kif18b is selectively modified at microtubule 
plus-ends in this region. Hopefully, generation of additional antibodies in the future 
will unambiguously answer this question. Local inhibition of Kif18b could stabilize 
microtubule plus-ends within the spindle, similar to what has been suggested for the 
chromosome derived signal dependent on Ran-GTP187,340. Perhaps both signals 
might even co-operate to drive spindle microtubules towards chromosomes.  

We found that spatial regulation of Kif18b depends on not only on Aurora A, 
which localizes to spindle poles, but also on Aurora B. This finding is somewhat 
surprising, as Aurora B is thought to localize mainly to chromosomes342. Perhaps, 
Aurora B generates a low level phosphorylation of Kif18b throughout the cell, which 
is augmented by high amount of local phosphorylation by Aurora A near 
centrosomes. If Aurora A knockdown is incomplete, it is possible that residual 
Aurora A can only maintain the gradient in the presence of a baseline 
phosphorylation by Aurora B. Alternatively, it was recently shown that a fraction of 
Aurora B protein does localize to the spindle, which can phosphorylate substrates on 
the spindle (Tseng et al., 2010, in press). Therefore, it is possible that this spindle-
associated pool of Aurora B co-operates with Aurora A to spatially regulate Kif18b. 
  Aurora kinases can phosphorylate Kif18b directly (Unpublished observation) 
and could control microtubule dynamics through direct regulation of Kif18b 
activity/localization. Alternatively, Aurora kinases might control Kif18b indirectly, 
through phosphorylation of an adaptor protein. Analysis of Kif18b phosphorylation 
mutants will hopefully yield more insights into this question.  

Taken together, we have identified a novel, unique kinesin-8 motor involved 
in bipolar spindle assembly, which promotes the switch in microtubule dynamics as 
cells enter mitosis. 
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Figure 6. Kif18b functions downstream of Aurora kinases to regulate microtubule stability  
(A and B) U2OS cells were transfected with indicated siRNA’s and 24h after transfection, cells were 
retransfected. 48h after the first round of transfection, cells were treated 1μM VX-680 and MG132 
(A) or MG132 alone (B) for 30 min. Cells were fixed with cold methanol and stained for α-tubulin 
and kif18b. While knockdown of Kif18b dramatically alters microtubule length after Aurora kinase 
inhibition (A), it does not detectably alter microtubule length in control metaphase spindles (B). (C) 
Control U2OS cells or U2OS cells stably expressing GFP-Kif18b or GFP-Kif18bΔtail under a 
tetracycline inducible promoter were treated as in (A), Kif18b expression was induced by the addition 
of tetracycline and the fraction of mitotic cells that had either short, intermediate or long microtubules 
was quantified. Immunofluorescence analysis using a Kif18b antibody was used to determine 
expression levels compared to endogenous. Graphs represent the averages of 3 independent 
experiments and error bars represent standard deviations. ~50 cells were quantified per condition. All 
scale bars indicate 5μm. 

 
 
Materials and Methods 

Cell Culture, Transfection, and Drug Treatments 
U2OS and HeLa cells were cultured in Dulbecco's modified Eagle's medium 

(GIBCO) with 6% fetal calf serum, 100 U/ml penicillin, and 100 μg/ml 
streptomycin. siRNA was transfected via reverse transfection with HiPerFect 
(QIAGEN) according to the manufacturer's guidelines. The library of siRNA’s 
targeting all human microtubule motors was published previously84. Additionally, 
the following siRNAs were used in this study: GAPDH OTP SMARTpool 
(Dharmacon), Kif18b OTP single CGUACAACACCCUCAAAUA (Dharmacon), 
EB1 GUCAACGUAUUGAAACUUA (Silencer Select, Ambion), Aurora A 
UUCUUAGACUGUAUGGUUA (OTP single, Dharmacon). DNA transfections 
were performed with FuGENE 6 (Roche) according to the manufacturer's guidelines. 
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STLC and paclitaxel (Sigma) were used at the indicated 
concentrations, MG132 (Sigma) was used at 5μM. VX-680 (Selleck) was used at 
1μM and AZD-1152 (Selleck) was used at 100nM. Tetracycline-inducible 
expression system was performed as described previously276. 

Plasmid Construction 
Kif18b was amplified from cDNA generated from immortalized human 

fibroblasts by polymerase chain reaction (PCR) with the primers forward 5′- -3′ and 
reverse 5′- -3′ and ligated into the pGEM-T vector and fully sequenced. This initial 
cDNA was a splice variant of Kif18b with a truncated C-terminus. To generate the 
full-length cDNA, the C-terminus of full-length Kif18b was amplified by PCR from 
the cDNA library and swapped with the C-terminus of the splice variant using the 
internal Xho1 site in Kif18b. The ORF was subsequently recloned into SacII-NotI 
sites of a modified version of pcDNA4-TO (Invitrogen) carrying a biotinylation tag 
and a GFP (referred to as pTON-bEGFP84). H300A, R304A and K307A were 
mutated using site-directed mutagenesis to generate the Kif18b motor mutant. 
LP658-659 and LP779-780 were changed to NN to mutate the SxLP motifs. Kif18b-
Δtail was generated through Pst1-Not1 digestion and subsequent removal of 
overhangs and ligation. To generate pTT5-Flag-GFP-Kif18b-His, a flag-precission 
tag was inserted between the bio-tag and GFP in pTON-Kif18b. A C-terminal His-
tagged was then added to this construct using PCR and the resulting product was 
cloned into the pTT5 vector using Nhe1-Not1 sites. The GFP was then removed 
using flanking HindIII sites to generate the pTT5-Flag-Kif18b-His. GST-EB1 
constructs have been described previously206,343. Flag-Aurora A has also been 
described previously344 

 
Protein expression and antibody production 

GST-EB1 proteins was produced as described previously have206,343. GST-
Kif18b-C-terminus (encompassing amino acids 432-855) was produced in BL21 
cells through 6h induction of expression at 30˚C. Cells were then lysed and GST-
Kif18b was purified in buffer containing 50mM Tris, 300mM KCl, 1mM EDTA and 
1% Saponin. Anti-body production was performed in rabbits and anti-bodies were 
affinity purified. For Flag-GFP-Kif18b-His, 293T cells were transfected with pTT5-
Flag-GFP-Kif18b-His. 30h after transfection cells were harvested in lysis buffer 
(50mM Tris, 150mM KCl, 1mM EDTA, 1mM MgCl, 1mM ATP, 0.1% Triton X-
100, 5mM NaF, 0.5mM Vanadate and protease inhibitors) and cleared by 
centrifugation at 50.000g for 1h. Pull downs were then performed using a batch 
binding to Ni-IDA beads (Protino) for 30 minutes and 5 washes. Flag-GFP-Kif18b-
His was then eluted and rebound for 1h to Flag-agarose beads. Flag-agarose beads 
were washed 5 times and eluted using 0.4mg/ml flag peptide. Elution fractions were 
then snap-frozen and stored at -80˚C. 

Immunofluorescence 
Cells were grown on 10 mm glass coverslips and fixed with cold methanol 

for 5 minutes. α-tubulin antibody (Sigma) was used at 1:7500, α-GFP (custom-
made) was used at 1:500, α-EB1 (BD) was used at 1:400, α-MCAK was used 
1:1000190 and α-Flag (Sigma) used 1:5000 The polyclonal Kif18b antibody was 
raised against a GST-tagged protein encompassing amino acids 432–855 of human 
Kif18b and was affinity purified. Primary antibodies were incubated overnight at 
room temperature, and secondary antibodies (Alexa 488 and 561, Molecular Probes) 
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were incubated for 1 hr at room temperature. DAPI was added before mounting with 
Vectashield (Vector Laboratories). Images were acquired on a Zeiss LSM 510 
META confocal microscope with a Plan Apochromat 63×/NA 1.4 objective. Z 
planes were acquired with 1 μm intervals. Brightness and contrast were adjusted 
with Adobe Photoshop 6.0. Images are maximum-intensity projections of all Z 
planes. 
 
Automate image acquisition and analysis 

Automated image acquisition and analysis was performed using a Cellomics 
ArrayScan VTI (Thermo Scientific) as described previously173. 

Live Microscopy 
U2OS cells stably expressing mCherry-α-tubulin  were plated on eight-well 

glass-bottom dishes (Labtek). Cells were imaged on a Zeiss Axiovert 200M 
microscope equipped with a Plan Neofluar 40×/NA 1.3 oil-immersion objective in a 
permanently heated chamber in Leibovitz L-15 CO2 independent medium. Images 
were acquired every 3 to 5 min with a Photometrics CoolSNAP HQ charged-coupled 
device camera (Scientific) and GFP/mCherry filter cube (Chroma Technology 
Corporation). Z stacks were acquired with 2 μm interval between Z slices. Images 
were processed and GFP-Kif18b fluorescence intensities were quantified using 
MetaMorph software (Molecular devices). For live cell imaging of GFP-Kif18b 
plus-end tracking, cells were imaged on a ZEISS LSM510 confocal microscope as 
described above, with 2.4s intervals and a single Z-plane. Single molecule studies of 
GFP-Kif18b were performed as described previously345. Assays were performed in 
BRB80 (80mM K-PIPES at pH 6.8, 1 mM MgCl2, and 1 mM EGTA) at 24°C using 
TIRF microscopy. 500 images were acquired using a continuous stream with 100ms 
per image. 

GST pull downs and Western Blotting 
For analysis of Kif18b knockdown, whole-cell lysates were prepared 48 hr 

after siRNA transfection and Kif18b was detected with an affinity-purified Kif18b 
antibody (1:400 dilution). GST-EB1 pulldowns were performed as described 
previously 206,343. 
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Abstract 
 

Efficient formation of kinetochore-microtubule attachments involves the 
generation of spatial cues around chromosomes that locally stabilize microtubule 
plus-ends. It is clear that the small GTPase Ran generates such a spatial cue, but in 
addition, there is evidence that Aurora B kinase might also generate a spatial cue 
around chromosomes, as it localizes to chromosomes and is known to promote 
microtubule formation. However, direct proof for a spatial gradient of Aurora B 
activity around chromosomes is still lacking. Here, we test this hypothesis by 
examining the localization of the Aurora B substrate MCAK in mammalian cells. 
We find that MCAK localizes to microtubule plus-ends throughout the mitotic 
spindle, but its localization is strongly reduced at microtubule plus-ends that are in 
the vicinity of chromatin, suggesting that a signal coming from chromosomes 
negatively regulates MCAK binding to plus-ends. Using small molecule inhibitors, 
we identify Aurora B as the kinase responsible for producing this chromosome-
derived signal. These results are the first to directly visualize an Aurora B-activity 
gradient around chromosomes on an endogenous substrate and explain how Aurora 
B might spatially control microtubule dynamics during spindle assembly. 
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Introduction 
 

Spindle assembly was classically viewed as a process in which microtubules 
are nucleated at centrosomes and are subsequently captured by kinetochores after 
repeated episodes of microtubule growth and shrinkage in a process termed “search-
and-capture” 199. However, many studies have now provided evidence that 
microtubule capture is not based on random periods of microtubule growth and 
shrinkage, but rather that microtubule growth is strongly biased towards 
chromosomes 227. It is thought that chromosomes act as a spatial cue by locally 
generating a Ran-GTP gradient, which activates a plethora of spindle assembly 
factors in the vicinity of chromosomes 187. In addition to Ran-GTP, several lines of 
evidence suggest that a second pathway involving the Aurora B kinase might act as a 
spatial cue to enhance microtubule stability in the vicinity of chromosomes. First, 
Aurora B localizes to both centromeres and chromosome arms 342, optimally 
positioning it to generate a spatial cue around chromosomes. Second, Aurora B is 
required for microtubule formation around chromosomes 253,346,347. Finally, Aurora B 
does generate a signaling gradient around the microtubule midzone 348 and 
centromere 349, suggesting that Aurora B can act as a spatial cue. Importantly, the 
signaling gradient at the centromere acts over a very short distance and has only 
been implicated in regulation of kinetochore-microtubule attachment 349. Therefore, 
it is still unclear whether a more general Aurora B-dependent signaling gradient 
controls the dynamics of non-kinetochore microtubules in the vicinity of 
chromosomes, analogous to the Ran-GTP signaling gradient, perhaps through its 
localization at chromosome arms. Indeed, while a gradient of Ran-GTP during 
spindle assembly has been directly visualized using elegant FRET-based sensors 185, 
as well as on an endogenous substrate 254,255, direct observation of spatially 
controlled Aurora B activity around chromosomes is still lacking. 
 To asses the spatial activity of Aurora B, we have examined the localization 
of MCAK, as MCAK is a well known substrate of Aurora B during mitosis 162,350. 
MCAK localizes to kinetochores/centromeres as well as to microtubule plus-ends 
162,331,350,351. At the centromeres/kinetochores MCAK activity is controlled by Aurora 
B, either to correct erroneous kinetochore-microtubule attachments or to limit 
microtubule-nucleation at chromatin 162,253,347,350. However, much less is known 
about the regulation of the microtubule plus-end localized pool of MCAK. MCAK 
mutants in which the Aurora B phosphorylation sites have been mutated to phospho-
mimicking residues no longer bind to microtubule plus-ends 331,338, suggesting that 
microtubule plus-end localization of MCAK could be a good readout of local Aurora 
B activity. We therefore decided to study the plus-end localization of endogenous 
MCAK during mitosis.  
 
 
 
 
Results 

To visualize MCAK localization on microtubule plus-ends, we fixed U2OS 
cells using methanol fixation, which mainly preserves the microtubule plus-end 
localized pool of MCAK, in contrast to formaldehyde/triton fixation used in previous 
studies, which mostly allows visualization of kinetochore/centromere bound MCAK 
162,350. This approach clearly shows that MCAK localizes to microtubule plus-ends 
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(as visualized by EB1 staining) during both prometaphase and metaphase (Fig. 1A). 
This staining was specific as it disappeared after MCAK RNAi (Supplemental fig. 
S1A). Strikingly however, MCAK was strongly reduced at microtubule plus-ends 
that were in the vicinity of chromosomes (Fig. 1A), both in prometaphase (Fig.1A) 
and in metaphase (Fig.1B). Quantification of the amount of MCAK associated with 
microtubule plus-ends (See material and methods section), revealed a ~4-fold 
reduction in MCAK levels on chromosome-proximal microtubules plus-ends as 
compared to astral microtubules plus-ends (Fig. 1C).  

 
 

 
Figure 1. Microtubule plus-end staining of MCAK is reduced around chromosomes.  
(A-C) U2OS cells were fixed in cold methanol and stained for MCAK and EB1, the DNA was stained 
with DAPI. Boxed regions are shown enlarged on the right-hand side of the image. Astral 
microtubule plus-ends show strong localization of MCAK, while plus-ends in the vicinity of 
chromosomes have very low MCAK levels (C) Graph is average of 4 independent experiments, with 
5 cells analyzed per experiment and 10 plus-ends quantified per cell. Error bars represent standard 
deviation. 
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Figure 2. A chromosome-derived signal regulates MCAK localization specifically after NEB. 
(A) U2OS cells were transfected with DHC siRNA using reverse transfection. 24h after transfection, 
cells were re-transfected. 72h after the first transfection cells were fixed in cold methanol and stained 
for MCAK and EB1, the DNA was stained with DAPI. Microtubule plus-ends in the vicinity of 
chromosomes show strongly reduced levels of MCAK as compared to other plus-ends. (B) U2OS 
cells were fixed in cold methanol and stained for MCAK and EB1, the DNA was stained with DAPI. 
Before NEB, microtubules plus-ends in the vicinity of chromosomes have equal amounts of MCAK 
staining as plus-ends far away from the DNA. After NEB, however, DNA-proximal plus-ends show 
reduced MCAK accumulation. Boxed regions are shown enlarged on the right-hand side of the image. 

 
 

To further confirm that MCAK is negatively regulated by a signal emanating 
from the chromosomes, in contrast to a signal coming from the centrosomes are the 
spindle, two additional sets of experiments were performed. First, dynein was 
inactivated by RNAi-mediated depletion of the dynein heavy chain (DHC) 34, which 
displaces centrosomes from the nuclear envelope in late G2 28. This approach 
induces a strong spatial separation of centrosomes from the chromosomes during 
early mitosis and therefore allows a more precise identification of the localization of 
the signal that negatively regulates MCAK association with microtubule plus-ends 
Indeed, in DHC-depleted cells MCAK could clearly be observed on microtubules 
plus-ends in the vicinity of centrosomes, but was largely absent from plus-ends near 
the chromosomes (Fig.2A). These results provide very strong evidence that a 
chromosome-derived signal reduces MCAK binding to microtubule plus-ends. 
Second, MCAK localization was analyzed during prophase, at which time the 
nuclear envelope is still intact and therefore the chromosomes are not expected to 
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Figure 3. Aurora B spatially regulates MCAK association with microtubule plus-ends. 
(A-B) U2OS cells were treated either with 1h MG132 or first with MG132 for 30 minutes to allow for 
chromosome alignment, and then with the Aurora B specific inhibitor AZD-1152 together with 
MG132 for 30 minutes. Cells were then were fixed in cold methanol and stained for MCAK and EB1, 
the DNA was stained with DAPI. Treatment with AZD-1152 completely eliminates the reduction in 
MCAK levels on chromosome-proximal microtubule plus-ends. Graph in (B) is the average of 4 
independent experiments. Error bars represent standard deviations. (C) U2OS cells were transfected 
with DHC siRNA using reverse transfection. 24h after transfection, cells were re-transfected. 72h 
after the first transfection cells were either treated with AZD-1152 for 3h or were left untreated. Cells 
were then fixed in cold methanol and stained for MCAK and EB1, the DNA was stained with DAPI. 
DNA-proximal plus-ends clearly show reduced MCAK staining, as compared to microtubule plus-
ends that are far from the chromosomes. 
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signal to microtubule plus-ends yet. Indeed, before nuclear envelope breakdown 
(NEB) MCAK localized to all microtubule plus-ends, independently of their position 
within the cell (Fig. 2B, upper panel), but as soon as NEB was observed (as 
determined by chromosomes that had moved out of the nucleus) MCAK association 
with microtubule tips in the vicinity of chromosomes was reduced (Fig. 2B, lower 
panel). Taken together, these results confirm that endogenous MCAK is a 
microtubule plus-end tracking protein during mitosis and suggest that a signal from 
the chromosomes negatively regulates its microtubule plus tip association.  
 MCAK mutants in which the Aurora B phosphorylation sites are mutated to 
phospho-mimicking residues, no longer bind to microtubule plus-ends 331,338, 
suggesting that Aurora B might negatively regulate MCAK association with 
microtubule plus-ends. Therefore, we hypothesized that the spatial control of MCAK 
localization might be due to localized Aurora B activity around chromosomes. To 
determine if the chromosome-derived signal that negatively regulates MCAK 
localization is indeed generated by Aurora B, the localization of MCAK was 
analyzed in cells treated with the Aurora B inhibitor ZM447439 and the proteasome 
inhibitor MG132 to prevent mitotic exit. Strikingly, while MCAK localization was 
absent from microtubule plus-ends around chromosomes in cells treated with 
MG132 alone, MCAK localized prominently to all microtubule plus-ends after 
inhibition of Aurora B and similar results were observed with a second highly 
specific Aurora B inhibitor AZD-1152 352 (Fig. 3A and data not shown). 
Quantification of MCAK staining at microtubule plus-ends confirmed that after 
inhibition of Aurora B, MCAK associated equally with microtubule plus-ends 
irrespectively of their proximity to chromosomes (Fig. 3B). These results also show 
that the fact that MCAK staining was reduced near chromosomes in unperturbed 
cells, is not simply due to antibody inaccessibility in this region. Furthermore, while 
the amount of MCAK at DNA-proximal microtubule plus-ends was dramatically 
increased after Aurora B inhibition, the amount of MCAK on astral microtubules 
was not significantly affected (Fig. 3B). Together, these results indicate that Aurora 
B generates a dynamic signaling gradient around the chromosomes that controls 
loading of MCAK onto microtubule plus-ends.  
 
 
Discussion 
 
 Here, we used the microtubule plus-end localization of MCAK as a read-out 
to examine the spatial aspects of Aurora B activity within the cell. We find that a 
potent Aurora B-dependent signal surrounds the chromosomes which negatively 
regulates MCAK association with microtubule plus-ends (Fig. 4). As MCAK 
binding to microtubule plus-ends is controlled through direct phosphorylation by 
Aurora B 331,338, these results strongly suggest that the observed gradient of MCAK 
localization represents spatially restricted Aurora B kinase activity. Taken together, 
these results provide the first direct evidence that an Aurora B signaling gradient 
surrounds the chromosomes, which locally stabilizes microtubule plus-ends through 
inhibition of MCAK. 
 There are several possible explanations for the observed gradient of MCAK 
localization, all involving reaction-diffusion cascades (reviewed in 340). First, Aurora 
B could be locally activated around the chromosomes due to clustering of the 
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Figure 4. Model of the spatial regulation of MCAK by Aurora B.  
(A) MCAK binds to microtubule plus-ends through its association with EB1 and induces microtubule 
catastrophes. However, in the vicinity of the chromosomes, where Aurora B localizes to chromosome 
arms and centromeres, MCAK becomes phosporylated, can no longer bind EB1 at microtubule plus-
ends and does not induce microtubule catastrophes in this region.  The orange gradient represents the 
region in which MCAK is present in its phosphorylated form. (B) Aurora B inhibition eliminates the 
reduced binding of MCAK to DNA-proximal microtubule plus-ends. 

 
 
chromosomal passenger complex 353. Chromosome-associated Aurora B then 
phosphorylates MCAK as MCAK encounters a chromosome during random 
diffusion through the cytoplasm, this phosphorylation prevents the association of 
MCAK with the microtubule plus-end. MCAK then diffuses away from the 
chromosome, and becomes dephosphorylated by a cytoplasmic phosphatase, 
allowing MCAK to bind microtubule plus-ends once again. Due to the localized 
phosphorylation and global de-phosphorylation, this will result in a gradient of 
MCAK phosphorylation and thus binding to plus-ends, with a local minimum around 
chromosomes. The size of such a phosphorylation gradient would be dependent on 
the rates of MCAK phosphorylation and de-phosphorylation, as well as the rate of 
MCAK diffusion. 

In a second, slightly more complex scenario, Aurora B is locally activated on 
chromosomes and, once activated, is released from chromosomes and diffuses away. 
As Aurora B encounters a microtubule plus-end, Aurora B phosphorylates MCAK at 
the plus-end, displacing it from these structures. Alternatively, Aurora B could 
phosphorylate MCAK in the cytoplasm, preventing it from binding to microtubule 
plus-ends. At the same time, cytoplasmic phosphatases would continuously 
dephosphorylate and inactivate Aurora B, as well as dephosphorylate MCAK, 
allowing it to bind to microtubule plus-ends. In this scenario, the size and shape of 
Aurora B signaling gradient would depend not only on the rates of MCAK diffusion 
and phosphorylation-dephosphorylation, but also on the balance between Aurora B 
activation at the chromosomes and inactivation in the cytoplasm, as well as on the 
rate of Aurora B diffusion. In all cases, phospho-regulation of MCAK must occur in 
a time scale of seconds to generate a gradient of MCAK phosphorylation, to match 
the high speed of protein diffusion and microtubule plus-end growth.  Therefore, it is 
very likely that there is a fast counteracting phosphatase activity that removes 
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Aurora B-dependent phosphorylation sites and re-activates MCAK as it diffuses 
away from the chromosomes.  

It is now well established that there are multiple pathways through which 
kinetochore-microtubules can be formed (reviewed in 227). First, microtubules 
growing from the centrosomes, the major microtubule nucleation sites in the cell, 
can undergo random fluctuations of growth and shrinkage until they encounter a 
kinetochore (so called “search-and-capture”). However, as kinetochores are 
relatively small, this means microtubule capture rates will be low. Second, 
microtubules can also be nucleated in the vicinity of chromosomes or at kinetochores 
227, which are then incorporated with the centrosome-derived microtubules to form 
the spindle. In addition to these two models, there is also the possibility of biased 
search-and-capture. In this model, microtubules grow from centrosomes in random 
directions. However, microtubules that grow towards the chromosomes are locally 
stabilized, while microtubules growing away from the chromosomes are 
depolymerized. Such a bias will substantially increase the amount of microtubules in 
the vicinity of kinetochores and could increase the microtubule capture rate at 
kinetochores. The fact that Aurora B displaces MCAK from microtubule plus-ends 
specifically in the vicinity of chromosomes, likely acts (in concert with Ran-
dependent signaling) to locally stabilize microtubules near chromosomes and 
kinetochores, and thereby promotes efficient microtubule capture at kinetochores. 
Consistent with this, MCAK is a much less efficient microtubule depolymerase 
when it does not track microtubule plus-ends (A. Akhmanova, personal 
communication). It is likely that none of the pathways for kinetochore-microtubule 
formation described above are essential, but rather they all work together to promote 
rapid formation of kinetochore-microtubule attachments. 

In conclusion, these results reveal that chromosome-associated Aurora B can 
generate a localized region in which MCAK is specifically displaced from 
microtubule plus-ends, likely resulting in a local increase in microtubule stability, 
which would contribute to efficient formation of kinetochore-microtubule 
attachments. 
 
 
 
Materials and Methods 

Cell culture, transfection and drug treatments 
U2OS cells were cultured in DMEM (Gibco) with 6% FCS, 100 U/ml 

penicillin and 100 μg/ml streptomycin. siRNA was transfected using reverse 
transfection with Hiperfect (Qiagen) according to manufacturers guidelines. MCAK 
siRNA was a OTP SMARTpool from Dharmacon, DHC siRNA was described 
previously 34. MG132 (Sigma) was used at 5µM, ZM447439 (AstraZeneca) was 
used at 2µM and AZD-1152 (Selleck) was used at 100nM. 

Immunofluorescence 
Cells were grown on 10mm glass coverslips and fixed with cold methanol. 

MCAK was stained with an antibody against the N-terminus 190 and was used 1:750. 
EB1 antibody (BD) was used 1:500. Primary antibodies were incubated overnight at 
room temperature and secondary antibodies (Alexa 488 and 561, Molecular Probes) 
were incubated for 1h at room temperature. DAPI was added before mounting using 
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Vectashield (Vectorlabs). Images were acquired on a Zeiss LSM510 META 
confocal microscope (Carl Zeiss) with a Plan Apochromat 63x NA 1.4 objective. Z-
planes were acquired with 1 µm intervals. Brightness and contrast were adjusted 
with Photoshop 6.0 (Adobe). Images are maximum intensity projections of all Z-
planes. 
 
Quantification of immunofluorescence 

To quantify the amount of MCAK on microtubule plus-ends, images of EB1 
and MCAK staining were acquired using identical microscope settings in which 
fluorescence intensities were non-saturated. To determine the background signal, 
three line scans were performed close to, but not overlapping with, a microtubule 
plus-end using the Zeiss LSM software and the average intensities were calculated. 
To determine the amount of EB1 and MCAK at a microtubule plus-end, EB1 comets 
were randomly selected and line scans were made with a fixed length through the 
comet. Average intensities of the line scans were then calculated. In each experiment 
5 cells were randomly selected and 10 microtubule plus-ends were measured per 
cell.  
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Abstract 
 

Microtubule dynamics are controlled by both microtubule stabilizing proteins 
and microtubule depolymerases. The kinesin-13 motor MCAK is a well conserved 
microtubule depolymerase that binds to microtubule plus-ends and promotes 
microtubule depolymerization of both interphase and mitotic microtubules. In 
addition, we have recently identified the kinesin-8 motor Kif18b as a motor that 
promotes microtubule depolymerization, but its activity is restricted to mitosis. 
Kif18b function is inhibited by Aurora kinases and in the absence of Aurora kinase 
signaling, Kif18b potently depolymerizes the majority of spindle microtubules. Here, 
we show that like Kif18b, MCAK also functions downstream of Aurora kinases to 
promote microtubule depolymerization in mitosis. Interestingly, depletion of either 
MCAK or Kif18b is sufficient to prevent excessive microtubule depolymerization in 
the absence of Aurora kinase signaling, indicating that both motors are needed for 
efficient microtubule depolymerization. Furthermore, depletion of MCAK prevents 
recruitment of Kif18b to microtubule plus-ends and we show that Kif18b binds to 
MCAK. Taken together, these results suggest that a complex of Kif18b and MCAK 
acts as a potent mitosis-specific microtubule plus-end depolymerization complex. 
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Introduction 
 

Correct regulation of microtubule dynamics requires precise control of both 
microtubule stabilizing and microtubule destabilizing proteins. A rapidly growing 
family of proteins known as microtubule plus-end tracking proteins, which bind 
specifically to growing microtubule plus-ends through an direct interaction with 
EB1164,222, are known to control microtubule plus-end dynamics. We have recently 
identified a novel member of the microtubule plus-end tracking protein family, the 
kinesin-8 motor, Kif18b. Kif18b is a relatively fast and processive plus-end directed 
motor, but surprisingly, does not require its motor activity to accumulate at 
microtubule plus-ends. Rather it requires its non-motor C-terminal tail domain, 
which binds directly to EB1, to accumulate at microtubule plus-ends. 

In contrast to most other plus-end tracking proteins, Kif18b binds to 
microtubule plus-ends specifically in mitosis, as in interphase it is sequestered to the 
nucleus. Like other members of the kinesin-8 family158,194,195,333, Kif18b promotes 
microtubule depolymerization and consistent with its mitosis-specific recruitment to 
microtubule tips, its microtubule depolymerization activity also appears to be limited 
to mitosis. As cells enter mitosis, the relatively stable interphase microtubule 
network is rapidly broken down and is replaced by a much shorter and more 
dynamic mitotic microtubule array183,184. However, when Kif18b is depleted from 
cells, rapid microtubule depolymerization upon mitotic entry is impaired, indicating 
that nuclear release of Kif18b contributes to the switch in microtubule dynamics 
observed at mitotic entry. Interestingly, inhibition of Aurora kinases results in 
dramatic microtubule depolymerization throughout the spindle and this excessive 
microtubule depolymerization is completely reversed when Kif18b is depleted, 
suggesting that Kif18b function is negatively regulated by Aurora kinases and that in 
the absence of such negative regulation, Kif18b is hyper-active in promoting 
microtubule depolymerization, resulting in an overall depolymerization of spindle 
microtubules. 
 Similar to Kif18b, the microtubule depolymerase MCAK also localizes to 
microtubule plus-ends through a direct interaction with EB1331,332. However, MCAK 
is thought to track microtubule plus-ends both in interphase and mitosis331, 
suggesting MCAK does not confer cell cycle-dependent specificity to microtubule 
dynamics. Nevertheless, the interaction of MCAK with microtubule plus-ends does 
appear to be regulated by Aurora kinase signalling, as mutation of 5 putative Aurora 
kinase phosphorylation sites on MCAK to phospho-mimetic residues completely 
inhibits binding to EB1 in vitro as well as accumulation at microtubule plus-ends in 
cells331,338.  
Since Kif18b and MCAK appear to localize to the same place and have a related 
function, we wondered whether any functional cross-talk exists between Kif18b and 
MCAK. 
 
 
 
Results  
 

We have previously shown that simultaneous inhibition of Aurora A and B 
results in a dramatic decrease in microtubule stability and this effect was restored by 
depletion of Kif18b. To test whether the restoration of microtubule length after 
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Aurora kinase inhibition is a general effect of depleting a microtubule depolymerase, 
we performed similar experiments with siRNAs targeting the other known 
microtubule motors with microtubule depolymerization activity: the kinesin-13 
motors Kif2a, Kif2b or MCAK, as well as the other human kinesin-8 motor Kif18a 
(siRNAs were validated in 84).  

 
 

 
 
Figure 1. Kif18b and MCAK function downstream of Aurora kinases to regulated microtubule 
stability.  

U2OS cells were transfected with indicated siRNAs and 24h after transfection, cells were 
retransfected. 48h after the first round of transfection, cells were treated 1μM VX-680 and MG132 for 
30 min. Cells were fixed with cold methanol and stained for α-tubulin and kif18b. (A) shows 
representative images and in (B) the fraction of cells with short, intermediate or long microtubules 
was quantified. Graphs represent the averages of 3 independent experiments and error bars represent 
standard deviations. ~50 cells were quantified per condition. (C) Cells were treated as in (A), but cells 
were stained for MCAK and EB1 to visualize the growing microtubule plus-ends. All scale bars 
indicate 5μm. 

 
 
Strikingly, while depletion of Kif2a, Kif2b and Kif18a did not restore 

microtubule length in cells treated with Aurora inhibitors, loss of either Kif18b or 
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MCAK potently rescued microtubule stability (Fig. 1A and B). Similarly, the 
number of growing microtubule plus-ends (as visualized by EB1 staining) was 
strongly reduced after inhibition of Aurora kinases, but this was also rescued by 
depletion of either MCAK or Kif18b (Fig. 1C). These results show that both Kif18b 
and MCAK act downstream of Aurora kinases to control microtubule stability.  
 Like Kif18b, MCAK also tracks microtubule plus-ends331, thus we wondered 
whether Kif18b and MCAK are required for each others targeting to microtubule 
plus-ends. Indeed, depletion of MCAK severely reduced Kif18b localization at 
microtubule plus-ends (Fig. 2A and B). Loss of Kif18b did not completely block 
MCAK binding to plus-ends, although a slight reduction of MCAK staining at plus-
ends was observed after Kif18b RNAi (Fig. 2C). Consistent with this, MCAK is able 
to track microtubule plus-ends in interphase331, a time at which Kif18b is not present 
at microtubule tips. However, when MCAK localization at microtubule plus-ends 
was compared between interphase and mitotic cells, MCAK accumulated more 
strongly on microtubule plus-ends after nuclear envelope breakdown (NEB) (Fig. 
2D). Since Kif18b is released into the cytoplasm at NEB, and in Kif18b-depleted 
cells MCAK localizes to microtubule plus-ends less robustly, these results suggest 
that nuclear release of Kif18b promotes enhanced accumulation of MCAK to plus-
ends. Thus, while MCAK can track microtubule plus-ends independently of Kif18b, 
both motors enhance each others accumulation at microtubule tips.  

One possibility is that MCAK and Kif18b enhance each others recruitment to 
microtubule tips through a direct interaction. To test this, we performed reciprocal 
co-immunoprecipitation experiments. Using co-expression of Flag-GFP-tagged 
MCAK and GFP-Kif18b, we found that Kif18b and MCAK indeed interact (Fig. 
3A). Similarly, Flag-tagged Kif18b was able to pull down GFP-tagged MCAK (Fig. 
3B). This interaction was independent of the motor domain of MCAK, but did 
depend on the N-terminal domain of MCAK (Fig. 3B). The interaction between 
MCAK and Kif18b was not affected by Aurora kinase-dependent phosphorylation of 
MCAK, which has been reported previously to inhibit the interaction between 
MCAK and EB1162, as mutation the five previously described162 Aurora 
phosphorylation sites on MCAK to either non-phosphorylatable or phospho-
mimicking residues did not inhibit the interaction between MCAK and Kif18b (Fig. 
3B). The latter observation also shows that the interaction between MCAK and 
Kif18b is independent of MCAK’s interaction with EB1. These results show that 
Kif18b recruitment to microtubule plus-ends critically depends on MCAK, while 
MCAK’s localization to microtubule plus-ends is enhanced by Kif18b and that this 
recruitment may occur through a direct interaction between MCAK and Kif18b. 
 
 
 
Discussion 
 

Here, we show that both Kif18b and MCAK localize downstream of Aurora 
kinases to control microtubule depolymerization. Kif18b fully depends on MCAK 
for its plus-end localization, while MCAK recruitment to microtubule plus-ends is 
enhanced by Kif18b. Finally, we show that MCAK and Kif18b interact with each 
other. Together, these results suggest that the function of MCAK and Kif18b is 
intimately connected to control microtubule plus-end depolymerization. 
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Full restoration of microtubule length after Aurora inhibition was observed after 
inhibition of either MCAK or Kif18b alone. This suggests that neither motor by 
itself can efficiently promote microtubule depolymerization in the absence of Aurora 
kinase signaling and therefore suggests that MCAK and Kif18b require each other 
for maximal activity. 
 

 
 

 
 
Figure 2. MCAK targets Kif18b to the microtubule plus-end.  
U2OS cells were transfected with indicated siRNAs and after 24h cells were retransfected. 48h after 
the first transfection, cells were fixed with cold methanol and stained for EB1 and Kif18b (A and B) 
or EB1 and MCAK (C). Scale bars indicate 5 μm. (B) The percentage of cells with either no/weak, 
intermediate or strong staining was then determined. ~50 mitotic cells were scored per condition and 
the graph shows the average of 4 independent experiments. (C) As MCAK staining was weaker and 
more variable than Kif18b staining, the staining intensity was quantified using line scans through the 
distal 2μm of microtubule plus-end. Average intensities of EB1 and MCAK were calculated. Graph is 
average of 6 independent experiments. In total 50 plus-ends in 5 cells were analyzed per condition. 
All error bars represent standard deviations. (D) U2OS cells were fixed with cold methanol and 
stained for MCAK and EB1 and the DNA was stained with DAPI. Inlays showed enlargement of 
boxed areas. Arrow points at mitotic cell. Scale bar indicates 10µm. 

 
 

We envision several possible scenarios by which MCAK and Kif18b could 
act together to promote microtubule plus-end depolymerization. First, it is possible 
that MCAK and Kif18b act as mutual recruiting factors to the microtubule plus-end. 
As both proteins also bind directly to EB1, it is possible that MCAK, Kif18b and 
EB1 for a trimeric complex, in which the interaction between MCAK and Kif18b 
stabilizes their individual interactions with EB1. Perhaps the direct interaction 
between MCAK and EB1  is stronger than the interaction between Kif18b and EB1, 
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which would explain why Kif18b is more dependent on MCAK for plus-end 
localization than vice-versa. This scenario explains well why depletion of MCAK 
will completely restore normal microtubule length in cells treated with Aurora 
inhibitors, as depletion of MCAK not only impairs its own function, but also 
completely blocks recruitment of Kif18b to microtubule plus-ends. However, in this 
scenario it is unclear why Kif18b RNAi would similarly fully restore microtubule 
length in Aurora-inhibited cells. As MCAK recruitment to microtubule plus-ends is 
only slightly reduced by Kif18b RNAi, it is unclear why substantial residual levels 
of MCAK would not promote microtubule depolymerization under these conditions. 
Perhaps Kif18b is the effector microtubule depolymerase and that the sole role for 
MCAK is to recruit Kif18b to its target site. This would explain why inhibition of 
either MCAK or Kif18b inhibits microtubule depolymerization. However, this is 
inconsistent with the fact that MCAK itself is a potent microtubule depolymerase in 
vitro189, and with the fact that overexpression of MCAK results in much more 
dramatic microtubule depolymerization than overexpression of Kif18b (unpublished 
observation).  

 
 

 

 
 

Figure 3. MCAK and Kif18b interact in cells. 
293T cells were transfected with indicated constructs and 24h after transfection were treated with 
5μM STLC for 24h to arrest cells in mitosis. Cells were then lysed and flag pull downs were 
performed. Whole cell lysates and immuno-precipitates were analyzed by western blot. 

 
 

Alternatively, Kif18b might regulate microtubule stability indirectly, through 
control of MCAK function. Although MCAK localization to microtubule tips is only 
slightly reduced in the absence of Kif18b, it is possible that the activity, rather than 
localization, of MCAK is dependent on Kif18b. In this scenario, MCAK is the 
effector depolymerase, while Kif18b only acts to activate MCAK. It is also possible 
that both MCAK and Kif18b need each other for full activation. In the absence of 
one of the two motors, the other will not become fully activated and this (perhaps in 
addition to reduced recruitment to microtubule plus-ends) will potently block the 
microtubule depolymerization activity of both motors.  
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While it is possible that MCAK and Kif18b act as mutual recruiting factors at 
the microtubule plus-ends through a direct interaction, it is surprising that the set of 
microtubule plus-ends that MCAK and Kif18b localize to, is not completely 
overlapping. Kif18b localization is strongly reduced on microtubule plus-ends near 
centrosomes, while MCAK does not localize robustly to microtubule plus-ends in 
the vicinity of chromosomes (This thesis). Thus, it is unclear how these proteins 
recruit each other to plus-ends where they themselves are present at only very low 
levels. Possibly the recruitment occurs catalytically, rather than stoichiometrically. 
For example, Kif18b could initially bind to MCAK at the microtubule plus-end, but 
then switches its association to EB1 or tubulin Alternatively, MCAK and Kif18b 
bind in the cytoplasm to sterically modify each other to allow efficient binding to the 
plus-end. For example, many motor proteins are known to be in an auto-inhibited 
state in the cytoplasm354, perhaps binding of MCAK and Kif18b releases such auto-
inhibition in both motors to allow for binding to EB1.  

Finally, it is possible that MCAK function does not rely on Kif18b, but their 
activities at the plus-ends are simply additive: in the absence of Kif18b, MCAK 
would not provide enough activity to depolymerize all spindle microtubules. We feel 
this is unlikely, however, as in this scenario one would still expect to observe a 
difference between depletion of MCAK (which inhibits both MCAK and Kif18b) 
and depletion of Kif18b (which, in this case, would not have a major impact on 
MCAK function). Hopefully, future experiments using in vitro reconstitution of 
Kif18b and MCAK function will be able to address these questions directly. 
In summary, we have provided evidence that the two major microtubule 
depolymerizing proteins Kif18b and MCAK interact with each other both physically 
and functionally and we suggest that they act together to form the major microtubule 
plus-end depolymerase in mitotic cells. 
 
 
 
Materials and Methods 

Cell Culture, Transfection, and Drug Treatments 
U2OS and HeLa cells were cultured in Dulbecco's modified Eagle's medium 

(GIBCO) with 6% fetal calf serum, 100 U/ml penicillin, and 100 μg/ml 
streptomycin. siRNA was transfected via reverse transfection with Hiperfect 
(QIAGEN) according to the manufacturer's guidelines. The following siRNAs were 
used in this study: Kif2a OTP SMARTpool, Kif2b OTP SMARTpool, MCAK#1 
was a OTP SMARTpool , MCAK #2 GCAAUAAACCCAGAACUCU (Silencer 
Select, Ambion), GAPDH OTP SMARTpool, Kif18b OTP single 
CGUACAACACCCUCAAAUA and Kif18a OTP SMARTpool. MG132 (Sigma) 
was used at 5μM. VX-680 (Selleck) was used at 1μM. 
 

Plasmid Construction 

Full length human GFP-MCAK, GFP-MCAK-5E and GFP-MCAK-5A have 
been described previsouly162. Hamster GFP-MCAK and GFP-MCAK-Moterless 
have also been described previously331. The C-terminus of hamster MCAK was 
subcloned into pBio-GFP using SalI-BamHI restriction sites. Full length human 
MCAK was subcloned into pBioPSF-GFP (a modified version of pTON, in which a 
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Flag-Prescission site was incorporated in between the Bio and GFP tags) to generate 
Bio-Flag-GFP-MCAK. Flag-Kif18b-His was made by removing the GFP from the 
pTT5-Flag-GFP-Kif18b-His using internal HindIII sites. 

Immunofluorescence 
Cells were grown on 10 mm glass coverslips and fixed with cold methanol 

for 5 minutes. α-tubulin antibody (Sigma) was used at 1:7500, α-EB1 (BD) was used 
at 1:400, α-MCAK was used 1:1000190. The polyclonal Kif18b antibody was raised 
against a GST-tagged protein encompassing amino acids 432–855 of human Kif18b 
and was affinity purified. Primary antibodies were incubated overnight at room 
temperature, and secondary antibodies (Alexa 488 and 561, Molecular Probes) were 
incubated for 1 hr at room temperature. DAPI was added before mounting with 
Vectashield (Vector Laboratories). Images were acquired on a Zeiss LSM 510 
META confocal microscope with a Plan Apochromat 63×/NA 1.4 objective. Z 
planes were acquired with 1 μm intervals. Brightness and contrast were adjusted 
with Adobe Photoshop 6.0. Images are maximum-intensity projections of all Z 
planes. 

Immunoprecipitation and Western Blotting 
For coimmunoprecipitations, 293T cells were transfected with indicated 

constructs using PEI transfection reagent, STLC was added 24 hr after transfection 
to synchronize cells in mitosis. Whole cell lysates were then prepared, and proteins 
were precipitated by incubation with Flag-agarose beads (Sigma) for 1h. Proteins 
were detected on western blots by incubation of indicated primary antibodies 
overnight (MCAK 1:2000, Kif18b 1:400 and GFP 1:2500) and secondary HRP-
conjugated antibodies for 1h.  
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Abstract 
 

Most cellular organelles and protein complexes have a defined position in the 
cell. This is especially true during cell division, a time at which the cellular and 
genetic content needs to be divided equally over the two daughter cells. Although 
individual proteins can target to their correct location through random diffusion, 
larger structures are usually positioned through active transport by motor proteins. 
Correct transport and positioning of cell organelles often depends on the antagonistic 
activity of dynein and kinesin-1, two microtubule motors with opposite 
directionality280. One of the largest known transport cargoes is the cell nucleus. Both 
dynein and kinesin-1 are thought to position the nucleus through binding to the 
nuclear envelope19,20,28,316,355,356. In addition to a function in the transport of the 
nucleus, these motors may also be involved in additional processes at the nuclear 
envelope like nuclear envelope breakdown (NEB)27,61 or centrosome separation19,20. 
Here, we discuss the functional implications of microtubule motors at the nuclear 
envelope, focusing mainly on cell cycle-related function of these motors. 
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Introduction 
 

The cell nucleus is a very large organelle, and therefore its correct 
positioning requires a substantial amount of force. Many examples of active 
repositioning of the nucleus have been described. For example, after fertilization in 
C. elegans oocytes, the male and female pronucleus migrate towards each other and 
subsequently towards the center of the oocyte where they fuse to reconstitute a 
diploid genome. In budding yeast, the nucleus must migrate into the bud neck during 
mitosis to ensure that both the mother and daughter cell receives a complete set of 
the genetic material when the chromosomes segregate during anaphase. Also in 
filamentous fungi nuclear migration is an important process, which ensures even 
nuclear spacing during hyphal growth357. In mammals, newly born neuronal cells 
often need to migrate enormous distances during development of the brain to reach 
their final destination. During the process of neuronal migration, the nucleus must 
migrate through the cell body towards to leading edge of the migrating neuron 
(reviewed in 127,319,358,359). Thus, it is clear that active nuclear positioning is a 
common process required for many aspects of cell and tissue growth, development 
and homeostasis. 
 
Bi-directional transport of the nucleus  

Several types of cytoskeletal components are known to control movement 
and positioning of the nucleus, including actin, intermediate filaments as well as 
microtubules. Here, we focus on the role of microtubule-based processes in nuclear 
positioning, as the roles of actin and intermediate filaments have been reviewed 
elsewhere360. The minus-end directed motor dynein has been identified as a critical 
regulator of microtubule-dependent nuclear positioning in many different cellular 
systems. Dynein is thought to act in two ways during nuclear positioning. First, 
dynein localizes to the nuclear envelope in a variety of organisms19,20,296. At the 
nuclear envelope, dynein is thought to walk along microtubules towards their minus-
ends. Since the microtubule minus-ends are embedded in the centrosome, minus-end 
directed motility of dynein results in a pulling force that brings the nucleus and 
centrosome towards each other. In this manner, continuous activity of dynein can 
ensure that centrosomes remain closely associated with the nucleus. This type of 
motility is, in fact, analogous to vesicle transport, in which dynein is docked on a 
vesicle and transports the vesicle towards the minus-ends of the microtubule. 
Second, dynein also localizes to the cortex, where it is thought to pull on 
centrosomal microtubules310. As the centrosome is either embedded in the nuclear 
envelope (as in budding yeast), statically attached to it (like in C.elegans embryo299) 
or mechanically coupled to the nucleus through dynein activity at the nuclear 
envelope (as outlined above), displacement of the centrosome could also result in 
displacement of the nucleus. Indeed, loss of dynein function results in dramatic mis-
positioning of the nucleus in many model organisms (Reviewed in 361). Similarly, in 
human cells, inhibition of dynein results in movement of the nucleus into the corner 
of the cell28. In addition to nuclear mis-positioning, dynein inhibition also results in 
detachment of the centrosomes from the nucleus in flies, worms and human 
cells19,20,28.  
Strikingly, in human cells acute inhibition of dynein by function-blocking antibody 
injection results in almost immediate separation of the nucleus and centrosomes and 
rapid movement of these structures towards opposite corners of the cell28. This 
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suggests that separation of nucleus and centrosomes is driven by active transport, 
rather than passive diffusion. Indeed, inhibition of the microtubule motor kinesin-1, 
a plus-end directed motor that antagonizes many aspects of dynein function, 
eliminates the extreme separation of centrosomes and nucleus28, suggesting that 
kinesin-1 is responsible for the force that pushes centrosomes and the nucleus apart. 

How could kinesin-1 motors push centrosomes and the nucleus apart? The 
most likely explanation is that kinesin-1 binds to the nuclear envelope and attempts 
to transport the entire nucleus towards the plus-ends of centrosomal microtubules, as 
it does with many cellular organelles (Fig. 1A). However, in contrast to other 
organelles, the nucleus is so large that kinesin-1 not only transports it to the plus-
ends of microtubules, like it would do when transporting a vesicle, but also pushes 
the entire microtubule network away from the nucleus (Fig. 1B). In normal cells, 
such extreme movements of nucleus and microtubule network is prevented by the 
activity of dynein, which continuously draws the nucleus and centrosomes back 
together. Consistent with this, over-expression of Nesprin 4, a nuclear envelope 
protein that binds kinesin-1 and might link kinesin-1 to the nuclear envelope, results 
in excessive separation of centrosomes and the nucleus and this effect depends on 
the binding of Nesprin 4 to kinesin-1316. These results suggest that kinesin-1 binding 
to the nucleus can generate a force that pushes centrosomes and the nucleus apart. 
Taken together, it is likely that bidirectional transport by microtubule motors of 
opposite polarity controls the relative position of the nucleus and microtubule 
cytoskeleton. 

 
 

 
 
Figure 1. Movement of cargoes and the microtubule network during cargo transport.  
(A) Kinesin-1 associates with a vesicle and transports it towards the plus-end of a microtubule 
embedded in the centrosome. As the vesicle is small compared to the microtubule network, the 
vesicles is displaced relative to the microtubule network (large red arrow), while the microtubule 
network remains largely stationary (small yellow arrow). (B) Kinesin-1 associates with the nucleus 
and transports it towards the plus-end of a microtubule plus-end of a microtubule embedded in the 
centrosome. As the nucleus is very large, the nucleus and the microtubule network are displaced 
towards opposite sides (large blue and yellow arrows). In normal cells, dynein activity prevents 
separation of nucleus and centrosome, but in the absence of dynein activity (depicted here) kinesin-1 
pushes centrosome and nucleus apart. 
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Molecular targeting of microtubule motors to the nuclear envelope through 
nuclear pore components 

Two distinct pathways have been identified that link microtubule motors to 
the nuclear envelope. The first and best studied link consists of SUN-KASH domain 
proteins, which span the nuclear membranes to directly link the motors to the nuclear 
lamina. Their function in nuclear positioning has been covered in an excellent recent 
review358. In addition, both kinesin-1 and dynein can associate with the nuclear 
envelope through interaction with nuclear pore components28,302,362. Dynein 
associates with nuclear pore complex protein RanBP2 through its conserved adaptor 
protein Bicaudal D2 (BICD2), which directly interacts with RanBP228. Kinesin-1 
can also directly bind to RanBP2, and, in addition, kinesin-1 can associate with 
BICD2 as well269,302. It is currently unclear whether the predominant interaction 
between kinesin-1 and RanBP2 is direct, or rather through BICD2. There is 
however, clear evidence that BICD2 plays a central role in kinesin-1 function at the 
nuclear envelope, as depletion of BICD2 prevents the kinesin-1-dependent 
separation of centrosomes and nucleus in cells lacking dynein activity28. RanBP2, on 
the other hand, was shown to enhance the ATPase activity of kinesin-1 in vitro304, 
suggesting that it might control kinesin-1 activity in addition to its localization at the 
nuclear envelope. To further complicate matters, the C. elegans homolog of the 
human Bicaudal D proteins, BICD-1 also binds to the nuclear envelope, but rather 
than binding to the nuclear pore component RanBP2, it associates with the KASH-
domain containing protein Unc-83363. It is unclear whether the difference in Bicaudal 
D targeting to the nuclear envelope in these two studies, is due to a difference 
between species, or whether Bicaudal D in fact has two independent binding sites in 
the nuclear envelope. Importantly, participation in nuclear movements is an 
evolutionary conserved function of Bicaudal D, as it is also required for nuclear 
translocation and positioning in flies 364. In addition to Bicaudal D, other dynein co-
factors such as Lis1 and Nde1/Ndel1 might also be involved for efficient nuclear 
envelope targeting and/or force generation by cytoplasmic dynein365, and it seems 
likely that a large protein complex involving multiple protein-protein interactions is 
in fact assembled on the nuclear surface to ensure effective positioning or motility of 
the nucleus. 
Taken together, it is clear that the targeting of both dynein and kinesin-1 to the 
nuclear envelope is very complex and probably involves multiple parallel pathways 
that control not only the recruitment of these motors to the nuclear envelope, but also 
their activity. This is analogous to dynein targeting to kinetochores in mitosis which 
also appears to involve multiple parallel pathways366. 
 
Cell cycle-dependent changes in the forces acting on the nucleus 
 While it is clear that microtubule motors generate forces to ensure correct 
positioning of the nucleus relative to the microtubule cytoskeleton, much less is 
known about the cell cycle-dependent changes in the forces that act on the nucleus. 
In G2, several hours before cells enter mitosis, BICD2 switches its localization from 
Rab6-positive vesicles to RanBP2 in the nuclear envelope28. This switch in BICD2 
localization likely triggers, at least in part, dynein recruitment to the nuclear 
envelope, which is also known to occur at this time27. It is however, currently 
unknown what induces the sudden recruitment of BICD2 to the nuclear envelope. 
Perhaps phosphorylation of BICD2 or RanBP2 by a cell cycle-regulated kinase 
triggers the switch in BICD2 localization, but this needs to be further investigated. It 
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is likely that G2 specific recruitment of dynein to the nuclear envelope has a major 
impact on the forces acting on the nucleus. This idea is supported by the fact that 
cytoplasmic nuclear pore complexes (known as annulate lamellae) that also recruit 
BICD2 and dynein specifically in G2, start to move towards the minus-ends of 
microtubules at the exact time when BICD2 and dynein are recruited28. Thus, it is 
likely that recruitment of BICD2 and dynein to the nuclear envelope ensures tight 
coupling of the centrosomes to the nucleus at this stage. 
 An additional example of specificity in temporal recruitment of dynein to the 
nuclear envelope has been found in a study of early C. elegans development. After 
fertilization, dynein was reported to localize specifically to the female, but not the 
male pronucleus362, while in later divisions, dynein appears to localize to the nuclear 
envelope of every cell299. Interestingly, in this system dynein was suggested to 
interact with nuclear pore components as well on the nuclear envelopes of the female 
pronucleus362, although additional pathways involving Sun-KASH domain 
containing proteins likely contribute to dynein recruitment to the nuclear envelope in 
these cells as well299. Thus the exact function of dynein at the nuclear envelope is 
likely different in different cell types (for example, dynein has also been implicated 
in meiotic chromosome pairing in C. elegans367), which requires that recruitment of 
dynein to the nuclear envelope is a tightly regulated process. 

While dynein has been directly visualized at the nuclear envelope, this has 
proven more difficult for kinesin-1, probably due to the high level of diffuse 
cytoplasmic protein28,356. Therefore, it is currently unclear if and when kinesin-1 is 
recruited to the nuclear envelope. However, one piece of indirect evidence is 
available; when dynein is depleted from cells, the centrosomes stay closely 
associated with the nuclear envelope throughout a large part of the cell cycle, but 
strikingly, ~1h before cells enter mitosis, the centrosomes and the nucleus rapidly 
move apart28, suggesting that at this time kinesin-1 is recruited to or, alternatively 
activated at the nuclear envelope. These results indicate that the forces acting on the 
nuclear envelope are tightly linked to cell cycle progression and suggest that dynein 
and kinesin might have a specific role at the nuclear envelope around the time of 
mitotic entry. 

It is interesting to note that these cell cycle-dependent changes in the 
recruitment of dynein and kinesin-1 to the nucleus appear to be mediated specifically 
through the interaction of dynein and kinesin-1 with RanBP2. As mentioned before, 
both dynein and kinesin-1 also associate with the nuclear envelope through SUN-
KASH domain containing proteins358,360, so it will be interesting to know whether 
these interactions are also coupled to the cell cycle. Alternatively, the cell cycle-
related function of dynein and kinesin-1 at the nuclear envelope might be mediated 
mostly through RanBP2, while the recruitment of these motors during other 
processes might be predominantly mediated through SUN-KASH proteins. This will 
be an important aspect of future research. 
 
Functions of dynein at the nuclear envelope during mitotic entry 
1) Centrosome-nuclear attachment  
 The centrosomes, which are duplicated in S-phase368, separate in late G2 or 
early prophase12. At this time, centrosomes move apart to opposite sides of the 
nucleus. Centrosome positioning at opposite sides of the nucleus is an important step 
which ensures that, upon NEB, the chromosomes are positioned in between the two 
centrosomes. This configuration likely helps to ensure that the sister-kinetochores 
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attach to microtubules coming from centrosomes on opposite sides of the cell, a 
prerequisite for accurate chromosome segregation. Correct positioning of 
centrosomes on opposite sides of the nucleus not only involves migration of 
centrosomes in opposites directions, but also requires centrosomes to remain closely 
associated with the nuclear envelope during migration (Fig. 2A). 
 We speculate that close association of centrosomes to the nuclear envelope 
has at least two functions. First, if centrosomes are not mechanically coupled to the 
nuclear envelope, centrosome separation will occur in random directions, which 
means that the chromosomes will not end up in between centrosomes (Fig. 2B). If 
centrosomes are positioned on the same side of the chromosomes at the time of 
NEB, it is likely that individual kinetochores will attach more frequently to 
microtubules coming from both centrosomes (called a merotelic attachment), a 
defect which is not readily detected by the spindle assembly checkpoint and can 
result in aneuploidy, a hallmark of cancer318. Second, centrosome-nuclear attachment 
also keeps centrosomes in close vicinity of chromosomes. This is important, because 
after NEB, microtubules coming from the centrosome need to find and capture 
chromosomes. Therefore, if centrosomes are not attached to the nuclear envelope 
during initial centrosome migration in prophase, centrosomes will be positioned 
further away from chromosomes during the process of chromosome capture in 
prometaphase and this will likely reduce the efficiency of this process. Thus, it is 
likely that maintaining close association of centrosomes and the nucleus during G2 
and prophase is important for the subsequent process of kinetochore capture and 
chromosome alignment on the metaphase plate. This can explain why dynein would 
be specifically recruited to the nuclear envelope just prior to mitosis, as this is the 
time at which centrosome separation occurs. 

 
 

 
 
Figure 2. Centrosome attachment to the nucleus during centrosome separation. 
(A) Centrosome movement when centrosomes are attached to the nuclear envelope. Centrosomes 
move along the nuclear envelope and position themselves at opposite sides of the nucleus. (B) 
Centrosomes are not attached to the nucleus during separation. Centrosome separation results in 
physical separation of centrosomes from the nucleus and, subsequently, the DNA is not positioned in 
between centrosomes. 
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2) Centrosome separation 
 In addition to a role in keeping centrosomes in close proximity of the 
nucleus, it is possible that nuclear envelope-associated dynein promotes the process 
of centrosome separation as well. In most cell types centrosomes already separate 
before NEB, but it is still not completely clear what drives centrosome separation 
during this stage. In some systems, the kinesin-5 motor is essential34,84,196, while in 
others, like early drosophila embryos it is not required, but rather actin appears to 
promote centrosome separation before NEB36,49. In addition, several studies revealed 
a role for dynein in centrosome separation in prophase19-21.  At the nuclear envelope, 
dynein could pull on microtubules emanating from the centrosomes, thereby pulling 
centrosomes apart. Direct evidence for such a model is currently lacking, as in these 
studies it was unclear whether the nuclear envelope-associated pool of dynein was 
contributing to centrosome separation. Clearly, more work is required to fully 
elucidate the role of dynein in prophase centrosome separation. 
 
Nuclear envelope breakdown 
 Finally, dynein has also been implicated in NEB. Two elegant studies 
showed that microtubules can tear apart the nuclear envelope as cells enter 
mitosis27,61. One possibility is that microtubules simply grow towards the nuclear 
envelope and push into it, thereby contributing to its breakdown. Alternatively, 
dynein associated with the nuclear envelope may walk along centrosomal 
microtubules and thereby pull on the nuclear envelope which results in nuclear 
envelope shearing. It should be noted that a direct test of the role of dynein in this 
process may be complicated by the fact that in cells lacking dynein activity, 
centrosomes detach from the nuclear envelope. Thus, it is difficult to discriminate 
whether dynein has a direct role in nuclear envelope shearing, or whether it simply 
acts to keep centrosomes closely associated with the nuclear envelope, which allows 
microtubules from the centrosome to poke into the nuclear envelope. It should also 
be noted that dynein function or microtubules in general are not essential for NEB, 
as cells will still break down their nuclear envelope in the presence of microtubule 
inhibitors that completely block microtubule assembly. 
 
Function  of kinesin-1 at the nuclear envelope 
 While the function of dynein at the nuclear envelope may seem logical, it is 
less clear what the function of kinesin-1 at the nuclear envelope during mitotic entry 
may be. As outlined above, it is likely important to keep centrosomes closely 
associated with the nuclear envelope during G2/prophase when centrosome 
separation occurs. Why then would a motor be activated at this time that actively 
pushes the centrosomes away from the nucleus? One possible explanation may be 
that, for centrosomes to migrate efficiently along nucleus, they need to be loosely 
coupled to the nuclear envelope. If they are pulled onto the nuclear envelope too 
tightly by the unbalanced action of dynein, a high amount of friction between 
centrosomes and nuclear envelope may be generated during centrosome migration, 
which will prevent efficient movement of centrosomes along the nuclear envelope. 
This implies that loss of kinesin-1 should slow down centrosome migration 
dynamics, a hypothesis that could be tested in the future. Similarly, the action of 
kinesin-1 might prevent mechanical damage to the nuclear envelope or centrosome 
due to unbalanced dynein activity pulling the centrosome into the nuclear envelope. 
Alternatively, it is now becoming clear that most cellular transport cargoes associate 
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simultaneously with motors of opposite directionality280, even though the majority of 
cargoes undergo mostly unidirectional movement, suggesting that only one of the 
two motors is active at any given time. However, it is possible that “unidirectional 
transport” in fact consists of predominant movement in one direction, but with short 
intermittent episodes of movement in the opposite direction, for example when a 
blockage is encountered on a microtubule, and that the possibility for bidirectional 
movement improves the efficiency of cargo transport. Perhaps this type of biased, 
bidirectional transport is such a fundamental aspect of all transport that every cargo 
associates with motors of opposite polarity, even when one of the motors is very 
dominant over the other. In agreement with this view, both dynein and kinesin-1 
were implicated in nuclear migration in such diverse processes as neuronal migration 
in mammals300,369 and epithelial morphogenesis in worm embryos365. This idea is 
further supported by observations in cultured insect cells, which show that inhibition 
of a motor of one polarity can completely block organelle movement in both 
directions370.  
 
Summary and future directions 
 While microtubule motors clearly fulfill important functions at the nuclear 
envelope, we are still very far from understanding the molecular basis of the function 
of these motors function at the nuclear envelope. It is especially unclear why there 
are so many different ways in which motors can be recruited to the nuclear envelope.  
It is tempting to speculate that different recruitment pathways of the motors are 
involved in different processes. For example, SUN-KASH domain containing 
proteins may be involved in linking dynein to the nuclear envelope during cell 
migration and meiotic chromosome pairing, while nuclear pore complexes may 
target dynein to the nucleus to facilitate the cell division-related functions of dynein. 
Direct comparison of the contribution of the different recruitment pathways to the 
different functions (i.e. using different experimental systems) may provide more 
information about their relative importance in these different processes.  
Alternatively, multiple recruitment pathways may simply act together to promote all 
functions of dynein, for example to allow for very precise regulation of dynein 
recruitment or activation. In vitro reconstitution of protein complex formation of 
complicated interaction networks (like those between BICD2, Kinesin-1 and 
RanBP2) will hopefully yield a better understanding of how these protein complexes 
are built up and whether certain interactions are competitive or rather co-operative. 
Once the protein complex assembly is understood in more detail, the next challenge 
will be to determine how these protein complexes are regulated in space and time. 
 Similarly, much can still be learned about the different functions of motors at 
the nuclear envelope. As motors like kinesin-1 and dynein have many different 
localizations and functions in the cell, it is often difficult to ascribe an observed 
phenotype in a loss-of-function approach to a specific pool of the motor, like the 
nuclear envelope-associated pool. Therefore, new perturbations are needed that 
specifically deplete the motors from the nuclear envelope, as has been done with 
dynein at the kinetochore30. These will be challenging experiments, as it is often 
difficult to remove proteins from a specific localization without perturbing other 
processes as well.  
 Finally, it will be interesting to determine whether additional motors localize 
to the nuclear envelope that might also affect motor balances at the nuclear envelope. 
Systematic analysis of motor localization and function in nuclear positioning is now 
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possible due to the development of large scale RNAi screens and recent 
developments in high throughput GFP-tagging of proteins371. 
 
 
2. Parallel pathways, redundancy and antagonisms in spindle assembly: what is 
it good for? 
 
 One of the most striking features of the work described in this thesis is that 
we have uncovered several novel redundant as well as antagonistic regulators that 
control the process of spindle assembly. At first glance, this may seem very strange. 
Why would multiple proteins perform the job that a single protein can do? Even 
more surprising is that fact that several proteins appear to be opposing each others 
function. When one of the two proteins is removed, spindle assembly fails, however 
when both are removed, spindle assembly occurs relatively normally. So why would 
such proteins with opposing activities exist if spindle assembly can occur normally 
in their absence? In the following section, I will discuss different explanations for 
the existence of the types of redundant and opposing protein activities that are 
described in the experimental chapters of this thesis. 
 
2.1 Redundant mechanisms driving kinetochore-microtubule attachments 
Obtaining correct kinetochore-microtubule attachments is one of the most important 
aspects of cell division. This is clear from the fact that an entire, highly sophisticated 
surveillance mechanism is in place (called the spindle assembly checkpoint), which 
has the sole purpose of preventing cell division before all kinetochores are properly 
attached to microtubules. Defects in kinetochore-microtubule attachments can lead 
to chromosome missegregations, which are thought to contribute to both 
developmental defects and carcinogenesis318. Besides these obvious detrimental 
conditions, it is very well possible that chromosome missegregations also lead to 
more minor defects in cellular homeostasis in a much larger population of cells in 
every adult organism372. Thus, it is of great importance to correctly segregate 
chromosomes during cell division.  
 Chromosome movement and segregation occurs mainly through pushing and 
pulling forces generated at kinetochore by microtubules and microtubule-associated 
proteins373. This means that correct control of the kinetochore-microtubule interface 
is essential for proper chromosome segregation. Kinetochores have the remarkable 
ability to stay attached to microtubules for prolonged periods of time, much longer 
than the half-life of individual microtubules in a kinetochore fibre. Furthermore, 
kinetochores can stay attached to microtubules as microtubules grow and shrink, 
demonstrating that these interactions must be both extremely strong to stay attached 
for long periods of time, but at the same time very flexible to allow kinetochores to 
track growing and shrinking microtubules. It is therefore not surprising that the 
kinetochore-microtubule interface is very complex.  
Much work from systems ranging from yeast to human cell culture cells has shown 
that the NDC80 complex is a central player in kinetochore-microtubule 
attachments229. Loss of any subunit of this 4 subunit complex dramatically reduces 
the ability of a kinetochore to remain stably attach to microtubules in all organisms 
tested229. Furthermore, in vitro experiments have shown that the NDC80 complex 
can form load-bearing attachments to both growing and shrinking microtubules124, 
demonstrating that it has all the necessary capabilities to form the core attachment 
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site for microtubules. Why then are there so many additional proteins located at the 
kinetochore with the ability to bind microtubules?  
Possibly, there are multiple modes of interaction between kinetochores and 
microtubules. Indeed, kinetochores are known to bind to microtubules both through 
“end-on” interactions, in which the microtubule plus-end is embedded in the outer 
plate of the kinetochore, as well as through interactions with the microtubule 
lattice7,208,230. In mammalian cells, interactions with the lattice are thought to be 
mediated by the microtubule motors Cenp-E and dynein, which could transport the 
chromosomes towards the metaphase plate and spindle pole, respectively7,30. 
However, for the vast majority of microtubule-binding proteins that localize to 
kinetochores, it is unclear if they have a preference for a specific type of microtubule 
interaction.  

An alternative explanation could be that many kinetochore proteins bind 
simultaneously to a microtubule. This type of binding could vastly increase the 
strength of the kinetochore-microtubule interaction. Indeed, strong cooperative 
binding has been observed for several kinetochore protein complexes153,174. Using 
multiple simultaneous attachments to a single microtubule allows kinetochores to 
attach much more robustly to a microtubule, as loss of any individual protein 
attachment to a microtubule will not result in loss of the attachment as a whole. In 
this way, the half-life of a kinetochore microtubule attachment can become much 
longer that the half-life of an individual protein-microtubule interaction. However, 
this does not explain per se why many different types of microtubule-binding 
proteins must exist at the kinetochore; the kinetochore could also use a single type of 
protein of which many copies bind to an individual microtubule at any given time. It 
has indeed been suggested that many NDC80 complexes bind to each 
microtubule374. Perhaps the number of binding sites on a microtubule is limited for a 
single type of protein, which means that using multiple types of proteins increases 
the total number of possible binding sites and with that the robustness of the 
kinetochore-microtubule attachment.  

In this context, the chapter on RAMA1 can also be interpreted. Depletion of 
RAMA1 results in a very severe kinetochore-microtubule attachment defect, similar 
to loss of components of the NDC80 complex173. However, depletion of RAMA1 
does not displace NDC80 from kinetochores, so why is kinetochore-microtubule 
attachment so severely impaired in the absence of RAMA1? RAMA1 is part of a 3-
protein complex called the Ska complex170-172,375 that can directly bind microtubules 
and can track with depolymerization microtubules172, suggesting it could link 
kinetochores to shrinking microtubules. A very similar role has been proposed for 
the yeast Dam1 complex126. Interestingly, several recent studies have found that the 
Dam1 complex and the NDC80 complex show strong cooperative binding to 
microtubules174. Thus, loss of one of the two components could result is a significant 
reduction of the activity of the other. As the Ska complex has many similarities to 
the Dam1 complex and has even been proposed to be the human homolog of the 
Dam1 complex172 (which has so far only be unambiguously identified in yeast), it is 
possible that the Ska complex acts in concert with the NCD80 complex to achieve 
maximal microtubule binding affinity. 

A third possible explanation for the large number of microtubule binding 
proteins at the kinetochore is that many proteins fulfill a specific function within the 
formation of kinetochore-microtubule attachments. The NDC80 complex could 
serve as the core load-bearing attachment, while for example MCAK might regulate 
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the dynamics of individual microtubules within the kinetochore fiber. Similarly, 
CLASP was shown to promote elongation of microtubules attached to 
kinetochores167,168, while the inner kinetochore component Cenp-H was suggested to 
co-ordinate the dynamics of sister-k-fibres376. In this way, many specific functions 
could be fulfilled by specialized microtubule-binding proteins located at 
kinetochores. This is highlighted by the fact that many kinetochore proteins localize 
to kinetochores at a specific time. For example, CLIP-170 and dynein localize to 
unattached, but not stably end-on attached kinetochores (it is unclear whether they 
localize to laterally attached microtubules), while Kif18a and EB1 only localize to 
attached kinetochores158,159,166,221,237. In the case of CLIP-170, this suggests that 
CLIP-170 is not involved in maintaining stable kinetochore-microtubule 
attachments, but rather is involved in an initial step in the formation of kinetochore-
microtubule attachments. It is possible that CLIP-170 could promote the initial 
capture of microtubules by kinetochores, subsequently allowing other proteins, like 
the NDC80 complex to form a stable tether. Alternatively, CLIP-170 might act to 
modulate the dynamics of microtubules after the initial interaction, as CLIP-170 was 
shown to be a microtubule rescue factor165. If a kinetochore interacts with a 
microtubule lattice and the microtubule depolymerizes past the point at which the 
kinetochore is bound, the kinetochore will detach from the microtubule. Perhaps 
when a microtubule depolymerizes to the point where the kinetochore is attached to 
its lattice, local high concentrations of CLIP-170 at the kinetochore (assuming CLIP-
170 does localize to kinetochores that are laterally associated with microtubules) will 
increase the chance of a rescue, thereby preventing microtubule shrinkage past the 
point at which the kinetochore is attached, and with that detachment of the 
kinetochore from the microtubule. In this way, CLIP-170 could make a minor, but 
highly specific contribution to the overall kinetochore-microtubule attachment 
machinery. 

Similarly, it is likely that GAK fulfills a very specific niche in kinetochore 
functions. Two types of mechanisms have been proposed to contribute to the 
formation of kinetochore-microtubule attachments. First, microtubules growing from 
the centrosome can be captured by kinetochores and second microtubules can be 
generated directly by kinetochores, which are subsequently incorporated in the 
mitotic spindle by microtubule organizing proteins227. While GAK itself does not 
localize to kinetochores, it is clearly involved in kinetochore function, as in the 
absence of GAK this second pathway is completely eliminated. Loss of GAK 
strongly delays mitotic progression and chromosome alignment, demonstrating that 
this function of GAK is very important in cells. The direct microtubule capture 
model has long been considered the major mechanism by which kinetochore-
microtubule attachments occur in intact cells, as centrosomes are the dominant 
microtubule nucleating centers in these cells and most microtubules grow from 
centrosomes towards the DNA. However, it is now becoming clear that this 
mechanism is most likely not sufficient to explain the rapid formation of 
kinetochore-microtubule attachments observed in cells. Kinetochores are very small 
compared to the volume of the cell and the chance that a randomly growing 
microtubule will encounter a kinetochore is small. Microtubules formed at 
kinetochores can grow away from kinetochores and they only need to interact with 
another microtubule along their lattice to be incorporated into the spindle168,245. 
While it is currently unclear how exactly GAK contributes to the formation of 
kinetochore-microtubule attachments, it is clear that this function of GAK is 

194



General discussion 
 

important, in conjunction with direct microtubule capture mechanisms, to ensure 
efficient formation of kinetochore-microtubule attachments. 

In conclusion, it is clear that many microtubule-binding proteins localize to 
kinetochores. We speculate that this multitude of microtubule-binding proteins 
serves three goals: First, they allow multiple types of interactions between 
kinetochores and microtubules. Second, simultaneous binding of multiple proteins to 
the kinetochore could enhance the overall binding affinity of the kinetochore to a 
microtubule. Third, many microtubule-binding proteins likely fulfill a highly 
specific function in the kinetochore microtubule interface, ensuring that this 
interaction is very robust, but at the same time highly dynamic to allow chromosome 
movement and segregation. 
 
 
2.2 Multiple motors in bipolar spindle assembly 
 
Redundancy in bipolar spindle assembly 

During every cell cycle the DNA is duplicated exactly once, to form two 
identical copies of each chromosome. This means that the cell must divide in exactly 
two daughter cells so that each daughter cell receives a complete set of all the 
chromosomes. Inherent to this process is that a mitotic spindle must become bipolar 
to allow separation of the chromosomes into two sets, one for each daughter cell. 
Although the necessity to form a bipolar spindle is clear, it is much less obvious how 
such a structure is formed during mitosis. A major breakthrough in the 
understanding of spindle bipolarity was the discovery of the kinesin-5 motor, which 
forms a tetrameric structure allowing it to walk over two anti-parallel microtubules 
at the same time and slide them apart41,65,66,71,377. This anti-parallel sliding activity is 
thought to push microtubules within the anti-parallel overlap region in the middle of 
the spindle apart, with the minus-ends of the microtubules moving away from the 
spindle midzone. In this way, two regions are created, on either side of the spindle 
midzone, where the microtubules minus-end are concentrated and these regions form 
the spindle poles, due to microtubule focusing activity. While this very simple and 
elegant model holds true to a certain extent, as inhibition of kinesin-5 motors 
essentially blocks the formation of two poles in most experimental systems of 
spindle assembly41,65,66, there is now a substantial amount of evidence that force 
generation in the spindle is much more complex. First, the discovery of the 
C.elegans kinesin-5 has revealed that this gene is non-essential for bipolar spindle 
assembly68, demonstrating that, at least in this organism, other pathways much be in 
place that can drive bipolar spindle assembly. Second, simultaneous inhibition of 
minus-end directed motors, like dynein or kinesin-14 (see below), with kinesin-5 
allows bipolar spindle assembly34,49,86,92,129. Third, overexpression of a kinesin-12 
motor called Kif15 or Hklp2 can fully rescue bipolar spindle assembly in the 
absence of kinesin-5 activity84. Finally, inhibition of kinesin-5 in a fully formed 
mitotic spindle does not results in spindle collapse, even though inward force 
generators are present in the spindle, again suggesting that additional components 
contribute to outward force generation45,84,85,93.  
 In this thesis, we have identified one such additional outward force generator, 
Kif15. Loss of Kif15 by itself does not block centrosome separation or bipolar 
spindle assembly in human cells, indicating that the function of Kif15 in spindle 
assembly is redundant. However, in the absence of Kif15, cells are hyper-sensitive to 
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inhibition of the human kinesin-5, Eg5. Furthermore, as noted above, overexpression 
of Kif15 can restore normal bipolar spindle assembly in the absence of Eg5 activity, 
suggesting that like Eg5, Kif15 can generate an outward force. This raises the 
question what would be the true function of Kif15? Is it merely the smaller cousin of 
Eg5, that performs an identical function, but to a lesser extent? If so, what is the 
advantage of having Kif15 instead of simply having more Eg5? One possibility is 
that these two motors in fact have non-overlapping functions in spindle assembly. 
Eg5, for example, has a clear role in centrosome separation during prophase, while 
Kif15 does not34,39,84. This can be explained by the fact that Kif15 requires TPX2 for 
its function84,102, a protein that is mostly nuclear until nuclear envelope breakdown 
(NEB). Furthermore, while Eg5 is needed for initial centrosome separation, it is not 
essential for bipolar spindle maintenance45,84,85,93. In fact, Kif15 and Eg5 appear to 
have a fully redundant function during bipolar spindle maintenance. Thus, while Eg5 
becomes less important as spindle assembly advances, Kif15 becomes more 
important. These results suggest that Eg5 is the driving force during the early stages 
of bipolar spindle assembly, while Kif15 contributes mainly to bipolar spindle 
elongation and maintenance. We hypothesize that the biochemical and structural 
differences between Eg5 and Kif15 specialize the two motors for related, but 
nonetheless distinct aspects of bipolar spindle assembly. 
 An even clearer example of proteins that appear to have a redundant function 
with Eg5, but at the molecular level, in fact have very different functions, are 
MCAK and Kif18b. Loss of both proteins results in a dramatic enhancement of 
monopolar spindle formation after partial Eg5 inhibition, suggesting that these 
proteins, like Eg5 and Kif15, are involved in outward force generation. However, 
molecular analysis of these proteins has revealed that their primary role is to regulate 
microtubule dynamics and not to slide microtubules apart(189,190 and this thesis). 
Somehow, defects in microtubule dynamics perturbs centrosome separation, 
consistent with a recent report that made similar observations83. The precise 
mechanism of this phenomenon is unclear, perhaps centrosomes do not separate 
efficiently when they are attached to an array of very long microtubules. 
Independent of the exact mechanism of monopolar spindle formation, it is clear that 
the molecular function of Kif18b and MCAK is very different from that of Eg5, but 
nonetheless they appear to be redundant with Eg5, further supporting the idea that 
redundant proteins can have distinct functions. 
  
Motor antagonisms during bipolar spindle assembly 
 During bipolar spindle assembly, Eg5 and Kif15 push centrosomes apart, but 
at the same time centrosomes are continuously drawn back together by minus-end 
directed motors, dynein and kinesin-1434,49,86,92,129. This means that the outward 
sliding motors must continuously work not only during initial centrosome separation 
and bipolar spindle assembly, but also for maintenance of spindle bipolarity. This is 
clear from experiments in which Kif15 and Eg5 are inhibited in metaphase, which 
results in immediate spindle collapse84,85. But why are inward sliding activities 
needed for spindle assembly? One possibility is that they limit the extent of 
centrosome separation, to prevent the formation of excessively long spindles. 
However, this does not appear to be the case, as inhibition of kinesin-14 does not 
have a major impact on spindle length137. Some studies have found a slight increase 
in spindle length after dynein inhibition137-139, but this has mainly been attributed to 
the role of dynein in transporting microtubule depolymerases to spindle poles and to 
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defects in centrosome attachment to microtubule minus-ends, rather than dynein’s 
role in inward microtubule sliding138,139. It is, however, striking that inhibition of 
either kinesin-14 or dynein results in major defects in spindle organization and 
spindle pole focusing. While in the case of dynein this may in part be due to defects 
in transport of the microtubule cross-linking protein NuMA to the spindle poles89,90, 
it is likely that these defects are also due to lack of inward sliding activity. Kinesin-
14 motors are able to organize microtubules in vitro using there minus-end directed 
sliding activity132,133. Furthermore, inhibition of kinesin-5 together with dynein can 
partially restore spindle organization92, suggesting that a correct balance in inward 
and outward sliding is needed for proper spindle pole organization. Thus, perhaps 
the role of inward sliding proteins is important on the single microtubule level within 
a spindle half to correctly organize microtubules in the spindle pole, rather than to 
antagonize kinesin-5 in centrosome separation on a whole spindle level. Combining 
the additive effect of many small minus-end directed sliding events during this type 
of spindle pole organization could pull centrosomes toward each other in the absence 
of kinesin-5, but this would simply be a side-effect of the role of inward sliding 
motors in spindle pole organization, rather than a goal on itself. 
 Taken together, we would like to conclude that the large amount of 
redundancy, parallel pathways and antagonisms within bipolar spindle assembly may 
appear wasteful and even useless at first glance, but upon closer examination every 
component has a very unique, non-redundant role, which is perfectly adapted to 
function within the magnificent machine called the mitotic spindle.  
 
Concluding remarks 

Large scale loss of function screens have been performed for decades in 
many model organisms, like yeast, C. elegans and Drosophila. More recently, the 
application of the RNAi technology has enabled similar screens to be performed in 
human cells. These type of large scale RNAi screens have been, and continue to be, 
a very powerful tool to identify key components in specific processes. As more and 
more laboratories are performing such screens, the essential players in many 
pathways have now been identified. However, it is very likely that most human 
genes do not perform an essential function, as in yeast where ~75% of genes are 
non-essential. Therefore the major challenge over the coming years will be to 
annotate a function for all these non-essential genes. This will be especially 
challenging in the field of cell biology as loss-of-function phenotypes are often 
complex and therefore not easily amenable to high-throughput analysis.  Sensitized 
screens such as the ones described in this thesis can contribute to the discovery of 
many new regulators in the future that have important functions in bipolar spindle 
assembly, and perhaps other aspects of cell biology as well.  
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Elk mens onstaat uit een enkele bevruchte eicel, die door miljarden delingen zich 
ontwikkelt tot een volwassen persoon. Tijdens al deze deling moet de cel telkens zijn 
genetisch materiaal (de 46 chromosomen, bestaande uit DNA) verdubbelen en 
ervoor zorgen dat tijdens de deling elke dochter cel exact 1 kopie van al de 
chromosomen ontvangt. Foutieve verdeling van de chromosomen tijdens de cel 
deling kan zeer ernstige gevolgen hebben tijdens de ontwikkeling van een mens, een 
bekend voorbeeld hiervan is het syndrome van Down. Echter, ook in elk volwassen 
persoon vinden er dagelijks vele (honderden) miljoenen celdeling plaats en een 
correcte verdeling van de chromosomen tijdens deze delingen is ook zeer belangrijk. 
Fouten in de verdeling van de chromosomen kunnen leiden tot cel dood van de 
gedeelde cellen en kunnen mogelijk ook bijdragen aan de ontwikkeling van kanker. 
De celdeling is ook een zeer belangrijk proces in de behandeling van kanker. Vele 
medicijnen die worden gebruikt in de kliniek voor de behandeling van kanker 
werken door de celdeling te blokkeren. Een dergelijke behandeling heeft een zeer 
logische basis, aangezien kanker een ziekte is van te veel celdelingen. 

De correcte verdeling van chromosomen is een zeer ingewikkeld process. 
Tijdens de celdeling ontstaan er trekdraden (microtubuli genoemd) die aan de 
chromosomen binden en de chromosomen door de cel heen kunnen bewegen. Op 
deze manier kunnen de twee identieke kopieen van elk chromosoom in 
tegenovergestelde hoeken van de cel worden geplaatst, waarna de cel door het 
midden in tweeen deelt. Dit heeft tot gevolg dat de twee dochter cellen die hierdoor 
gevormd worden elk 1 kopie van ieder chromosoom ontvangen, net zoals de moeder 
cel. Hierna dupliceren de dochter cellen ook weer elk chromosoom en worden deze 
identieke kopieen van elk chromosome wederom verdeeld over de nieuwe dochter 
cellen en dit proces kan oneindig worden herhaald om nieuwe cellen te vormen. 

Hoewel het al meer dan 100 jaar bekend is dat de chromosomen tijdens de 
celdeling eerlijk worden verdeeld over de twee dochter cellen, zijn de moleculaire 
fundamenten hiervan nog grotendeels onbekend. Belangrijke onbeantwoorde vragen 
in het onderzoek naar de celdeling zijn: Hoe binden de trekdraden of microtubuli aan 
de chromosomen? Hoe wordt de krachten gegenereerd die verantwoordelijk zijn 
voor de beweging van de chromosomen door de cel? En hoe worden de microtubuli 
zelf zo georganizeerd dat zij de chromosomen naar de juiste plek toe trekken? In dit 
proefschrift wordt onderzoek gedaan naar deze vragen en worden enkele nieuwe 
eiwitten ontdekt en bestudeerd die hierbij een rol spelen.  

 
In hoofdstukken 2 en 3 wordt onderzoek gedaan naar de eiwitten CLIP-170 en 

RAMA1  (vernoemd naar de mede-ontdekker, Jonne RAaijMAkers). Zowel CLIP-
170 en RAMA1 binden aan chromosomen tijdens de celdeling, maar beide kunnen 
tegelijkertijd ook aan de microtubuli binden (CLIP-170 direct en RAMA1 indirect 
via een ander eiwit). Hierdoor zijn het uitermate geschikte kandidaten om de 
microtubuli aan de chromosomen aan te hechten. Experimenten in hoofdstukken 2 
en 3, waarbij CLIP-170 en RAMA1 worden verwijderd uit cellen, laten zien dat de 
microtubuli minder efficient binden aan chromosomen in hun afwezigheid. Dit 
suggereert dat zowel CLIP-170 en RAMA1 inderdaad een belangrijke rol hebben in 
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de aanhechting van microtubuli aan chromosomen, maar laat ook zien dat deze 
functie niet door een enkel eiwit vervult, maar dat meerdere eiwitten tegelijkertijd de 
microtubuli aan chromosomen kunnen koppelen. 

In hoofdstuk 4 wordt gezocht naar additionele eiwitten die mogelijk betrokken 
zijn in de koppeling van chromosomen aan microtubuli. In dit hoofdstuk wordt op 
systematisch wijze getest of 1 van de ~750 enzymen van de kinase family een rol 
hierbij speelt. Hierbij wordt het eiwit GAK ontdekt wat ook nodig is voor correcte 
aanhechting van microtubuli aan chromosomen. GAK werkt echter anders dan 
CLIP-170 en RAMA1; GAK zorgt er niet voor dat bestaande microtubuli worden 
“gevangen” door chromosomen, maar zorgt er juist voor dat nieuwe microtubuli 
worden gevormd in de buurt van chromosomen, zodat deze gemakkelijk aan de 
chromosomen kunnen binden. 

In de hoofdstukken 5-7 wordt de organizatie van de microtubuli bestudeerd. 
Deze organizatie wordt grotendeels teweeg gebracht door de zogenaamde 
moleculaire motoren. Dit zijn speciale eiwitten die langs de microtubuli kunnen 
lopen door middel van hum motor activiteit en op deze manier de microtubuli 
kunnen laten bewegen. In hoofdstukken 5-7 worden berschillende motoren 
bestudeerd die samen de microtubuli organizeren. In hoofdstuk 6 wordt een nieuw 
ontdekt motor eiwit beschreven die samen met de belangrijke motor Eg5 er voor 
zorgt dat microtubuli uit elkaar geduwd worden tijdens de celdeling, terwijl in 
hoofdstuk 5 een andere motor wordt gekarakterizeerd die de microtubuli juist naar 
elkaar toe brengt. Uit dit werkt blijkt dat deze motoren continu tegen elkaar 
“vechten” om een balans te vinden waarin de microtubuli exact op de juiste plek 
gepositioneerd zijn. Ook in hoofdstuk 7 worden twee motoren beschreven die 
tegenovergestelde activiteit hebben in de positionering van de microtubuli, deze 
motoren werken echter net voordat de celdeling begint en zorgen ervoor dat de 
microtubuli goed gepositioneerd zijn zodra de cel begint met delen. 

In hoofdstukken 8-10 wordt ook een tweetal motoren bestudeerd. Deze motoren 
zijn echter anders dan de motoren beschreven in hoofdstukken 5-7, omdat zij de 
energie van hun motor gebruiken om de lengte van de microtubuli aan te passen en 
daarmee ervoor zorgen dat de microtubuli optimaal kunnen functioneren.  
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Promoveren was een geweldig leuke en leerzame tijd voor mij en daar hebben enorm 
veel mensen aan bijgedragen: 
 
Allereerst mijn promoter René, toen ik tijdens mijn eerste stage vertelde dat ik in 
jouw lab ging werken, wist iemand me te vertellen dat je “prettig gestoord” zou zijn. 
Toen ik met zweet in mijn handen op interview kwam en je als eerste tegen me zei: 
“Wacht even hier, ik moet eerst ongelofelijk schijten” wist ik dat daar wellicht iets 
waar van zou kunnen zijn, gelukkig bleek al snel dat de nadruk meer op prettig dan 
gestoord ligt.  
Over de jaren, ben ik je steeds minder als baas en steeds meer als vriend gaan 
beschouwen. Je hebt mij enorm veel geleerd over hoe je van één gelukte proef naar 
een paper gaat en hoe je dat vervolgens goed opschrijft, qualiteiten waar ik nog veel 
aan zal hebben in het vervolg van mijn carriere. Ook heb je mij altijd alle ruimte en 
vertrouwen gegeven om mezelf te ontwikkelen en je hebt vaak mijn belang boven 
dat van jezelf hebt gesteld, wat veelzeggend is voor de manier waarop jij met 
mensen in je lab omgaat. Ik ben er dan ook van overtuigd dat de goeie sfeer in ons 
lab voor een groot deel jouw verdienste is en ik voel me bevoorrecht dat ik in jouw 
groep mijn promotie heb mogen doen! 
 
Mijn paranimfen: Lieve Aniek, een betere collega kon ik me niet wensen. Jouw 
nieuwsgierigheid en enthausiasme voor het onderzoek zijn ongevenaard! Het is voor 
mij een mysterie dat je zelf nog niet door hebt dat je een absolute top-wetenschapper 
bent, maar die oprechte bescheidenheid siert je! Ook buiten het lab, hebben wij 
ontzettend veel lol gehad, samen met Coen, Renske, Ten en Matilde elk jaar skieen 
en vele avondjes (eten en) drinken. Ik hoop heel erg dat we straks samen onze 
postdoc in San Francisco gaan doen! Lieve Jonne, als ik alle uren optel die wij aan 
onze bureau’s/ benches/congressen hebben zitten ouwehoeren, hadden we samen 
nog 2 papers bij elkaar kunnen pipetteren. Niet alleen persoonlijk, ook 
wetenschappelijke is het heel leuk met je samen werken. Het is ongelofelijk te zien 
hoe snel je je ontwikkeld hebt als AIO, maar het blijft wel wennen dat er nu iemand 
op het lab is die meer van dynein weet dan ik…  
 
Beste Erica, bedankt voor al je hulp en inzet tijdens mijn promotie. Mijn 
samenwerking met jou was altijd heel prettig en ik hoop dat er nog een mooi artikel 
komt uit jouw STLC-resistente cel lijnen! Dear Belén, you always give 110% in 
everything you do. It’s great to work with you and let’s hope you find a very cool 
compound in the end. And remember: Think positive! 
 
I also want to thank the three students that worked with me: Julia, Marlon and Sam. I 
don’t think it’s possible to have three students that are more different from each 
other, or as one could say: your characters were reproducibly inconsistent. I learned 
a lot from all three of you. I hope you enjoyed your time in the lab and I wish you all 
a bright future. 
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I also had a fantastic time with all the foreign postdocs that came through our lab. 
Libor, you were not only the pipetting king of the lab, you also ruled many borrels 
(both with and without vacuum-cleaner hose). It’s just not the same without you in 
the lab (especially in the weekends). Monica, it is always difficult to walk past your 
office without coming in for a chat. It is great to have you as a friend, even though 
you don’t share my enthusiasm for bad word jokes. Arne, you were always in for a 
good discussion or a game of chess (both with and without a few ½ liter 
Weihenstephaners). I wish you the best of luck with the startup of your own lab, 
which I have no doubt will be successful. Vincent, thanks for the good times and 
your help with my Kif18b project! André you are a great colleague and roommate, 
your project is now really starting to take off, best of luck with the worms. Jamila, it 
was great being your labmate and I’m happy you came back to the stratenum, enjoy 
work and motherhood. Claudio, we share our love for Italy, I hope there will be a 
time I finally dare to practice my Italian with you. Finally, I also overlapped shortly 
with Veronica, Alexandra, Marc and Yanjuan, thanks for all your help 
 
Ook alle Nederlanders in het lab wil ik heel graag bedanken. Lieve Renske, met jou 
kon ik het vanaf het begin al heel goed vinden. Ik vond het een hele eer om jouw 
paranimf te mogen zijn en ben heel blij dat we elkaar nog steeds vaak zien. Ik 
verheug me alweer op onze volgende ski-vakantie, dan met z’n 7’en! Mijn oud-stage 
begeleider Marcel, toen ik bij jou begon, voelde ik me gelijk thuis in de groep. Ook 
heb je mij enorm veel geleerd en mij nog enthausiaster gemaakt voor de wetenschap, 
bedankt hiervoor! Mijn AIO-voorgangers Barbara en Marie, thanks for your help in 
the lab at the start of my PhD. Mijn oud-kamergenoten Rob en Dorus, wij hadden de 
mannenkamer samen met Marcel en daarna Libor. Wij hebben heel wat afgegrapt in 
die jaren en Rob, bedankt dat je me af en toe ook de Dirkjan nog wil uitleggen… 
Livio, zonder jouw hulp met de microscopen was dit proefschrift waarschijnlijk 
maar 4 pagina’s dik geweest (elleen het dankwoord) en ik vind het echt tof dat je je 
zoon naar mij vernoemd hebt! Wietse, Lenno en Indra, teabaggen is gewoon niet 
hetzelfde zonder jullie. Melinda, Jolanda and since recently Benjamin, thanks for the 
relaxed atmosphere you brought to the lab. Ook wil ik de secretaresses bedanken die 
mij de afgelopen jaren veel hebben geholpen. Marianne, Nicolien, Claudia en 
Christine, bedankt! 
 
De Lens-Lab-Leden heb ik ook van dichtbij meegemaakt. Susanne, bedankt voor al 
jouw hulp, reagentia en input tijdens mijn promotie! Gerben, er zijn mensen die 
beweren dat jouw literatuur kennis completer is dan die van Pubmed, het is in elk 
geval altijd geweldig geweest om met jou te discussieren. Ik ben ook blij dat je een 
project hebt gevonden waar je zo enthausiast over bent, succes met het uitbouwen 
van je eigen lijn en tot snel weer. Martijn, jouw lab-qualiteiten worden alleen 
geevenaard door je borrel-qualiteiten, hoewel ik je na je 5de biertje meestal niet meer 
kan verstaan, geniet ik toch altijd van je aanwezigheid. Maike, jij hebt de unieke 
qualiteit om een enorm ingewikkeld probleem samen te vatten in een volledig 
onbegrijpbare vraag. Desondanks vond ik het altijd heel leuk om met jou van 
gedachte te wisselen over (hoe kan het ook anders) Aurora B. I would also like to 
thank the other past and new members of the Lens lab, Rutger, Carin, Silvie and 
Armando for good times and good advice.  
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Ook wil ik het Kops-lab bedanken. Geert, jouw aankomst op het stratenum was een 
enorme toegevoegde waarde voor iedereen. Jouw scherpe input en nieuwe 
technieken zijn bijzonder belangrijk geweest tijdens mijn promotie. Ook ben je altijd 
in voor een stevige discussie of een mooie dooddoener, dus…And to all the Kops lab 
members, thanks for never getting mad when I came up to the 3rd floor to “borrow” 
some reagents! Nannette, bedankt voor je advies in de aanloop van mijn promotie en 
Peeps, wanneer gaan we weer een paar baantjes trekken? 
 
Dan het Derksen lab wat halverwege mijn promotie erbij is gekomen. Patrick, het 
golfen was bijzonder leuk, als ik terugkom uit de VS, verwacht ik een handicap van 
<10 van jou! Annelieke, elke week voor het werk een uurtje tennissen was altijd erg 
ontspannend! Ron, Eva, Rhandy en Miranda bedankt voor de gezelligheid in en rond 
het lab. 
 
Er is ook een hele groep mensen (“de artsen”) die ik wil bedanken: Onno en zijn 
mannen, Emile en zijn vrouwen (Joost, ik bedank jou even apart ten behoeve van de 
vergelijking) en Judith en Staphanie. Bedankt voor de leuke sfeer die jullie hebben 
gecreeerd op het lab! En Emile, bedankt dat ik een keer een dag met jou mocht 
meelopen in de kliniek, dat heeft veel indruk op mij gemaakt! Rachel, it was great to 
have a fellow American around, thanks for the moral support! Sander, hoop dat het 
bevalt in SF en tot snel weer! 
 
Ik wil ook alle mensen van de Burgering, Bos, Holstege en Timmers bedanken voor 
een leuke tijd op het stratenum. Ik weet nog (vaag) dat ik op mijn eigen paper-borrel 
laat op de avond als enige vertegenwoordiger van de 2de was met een hele groep 
derde-verdiepingers, bedankt dat jullie altijd bereid waren naar beneden te komen 
om ons bier op te drinken (en vice versa).  
 
Dan zijn er ook een heleboel mensen buiten het stratenum die op de een of andere 
manier hebben bijgedragen aan dit proefschift. Op het NKI achtergebleven, Rob en 
Wouter. Ik vond het erg jammer dat jullie niet mee waren gekomen naar Utrecht. 
Rob, bedankt voor de talloze discussies die wij in korte tijd hebben gehad en succes 
met de uitbereiding van je lab. Wouter, bedankt voor al je mooie verhalen, ik zal je 
verhaal over Johnny Heitinga en zijn fristi niet snel vergeten. Als Amsterdammer 
doet het me pijn in het hart om te zeggen, maar als het op microtubules aankomt is 
Rotterdam the place to be. Niels, jij was de eerste buiten mijn eigen lab waar ik mee 
heb samengewerkt. Bedankt voor al je hulp met de CLIPs en ik hoop je nog vaak 
tegen te komen. Beste Anna, het is altijd een plezier geweest om met jou samen te 
werken! Bedankt voor al je hulp en de vele email discussies. Ik hoop in de toekomst 
nog veel projecten samen te doen. Daniel, ik vond het erg leuk om met jou samen 
aan het BICD project te werken. Ik heb een voorraad van ~100 piepschuimen 
doosjes opgebouwd door alle constructen en antilichamen die je me over de jaren 
hebt gestuurd. Succes in je nieuwe carriere! Babet, bedankt voor al het werk aan 
Kif18b dat je doet en succes met het afronden van jouw promotie.  
 
My foreign collaborators. Raimundo, your visits to Utrecht were always a highlight 
of the year. I was very happy to hear (with the birth of your beautiful twins Noa and 
Miguel) that you managed not to lose your testicles after all those late nights in the 
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lab in Utrecht.. I hope we can visit you, Veronique and the twins again in Tenerife in 
the near future.   
 
My thanks also goes out to Tea and Tomi. My visits to your lab in Helsinki were 
always a lot of fun, thanks for teaching me high-throughput microscopy and showing 
me around Finland! 
 
I also want to thank Thomas, Christian and the other Surrey-lab members at the 
EMBL for allowing me to work in their lab and for teaching me in vitro 
kinesinology. It has truly been a great experience for me, thanks for all your help and 
I hope to visit again soon! 
 
Dan zijn er ook nog een heleboel niet wetenschappers die ik graag wil bedanken. De 
Absoluters (en ex-appendix), Koos, Guido, Bart, Bastiaan, Ivo en Remco. Ons 
laatste weekendje Madrid was weer tekenend voor de fantastische tijd die wij de 
afgelopen jaren samen hebben gehad. Ook wil ik Pauline en Lambert en Wouter, 
Jethro, Pim en Jeroen bedanken. Jullie hebben nooit ook maar enige interesse in mijn 
werk getoond, wat de avonden in de kroeg en weekendjes weg met jullie maakten tot 
wat van de weinige momenten in de afgelopen jaren waar ik echt totaal niet aan mijn 
werk dacht, zonder die tijden had ik het waarschijnlijk niet gered.  
 
Meer dan wie dan ook heeft mijn familie bijgedragen aan dit proefschrift. Lieve 
ouders, mama en daddy, jullie hebben van jongs af aan altijd mijn nieuwsgierigheid 
naar hoe dingen werken gestimuleerd. Ook hebben jullie mij geleerd altijd het 
allerbeste uit mijzelf te halen. Maar misschien nog belangrijker, jullie hebben mij 
altijd enorm gesteund. Zonder jullie had dit proefschrift hier nooit kunnen liggen. 
Lieve Barbara, Daniel en kleine Aron, bedankt voor al jullie steun en moral support. 
Ik hoop jullie nog vaak te zien, ook als we in het buitenland wonen! Cari Paolo, 
Stefania e Giacomo, molte grazie per tutta l’ospitilita! Le vacanze con voi erano 
sempre divertissime. Mi piace molto diventare una parte della vostra famiglia! 
 
Dan de allerbelangrijkste persoon, Matilde, mijn lieve verloofde. Al 9 jaar steun je 
mij door dik en dun. Jij hebt mij geleerd problemen te relativeren en van successen 
te genieten. Jij begrijpt me, troost me en bent er altijd voor me als het tegen zit. Jij 
maakt mij een completere AIO en een completer persoon. Er bestaat voor mij geen 
toekomst zonder jou. Ti amero per sempre! 
 
Marvin 
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