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Chapter 1
General Introduction

Roy G.H.P. van Heesbeen, René H. Medema

Division of Cell Biology, The Netherlands Cancer Institute, Amsterdam, The Netherlands.
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The cell cycle

Every human being consists of trillions of cells that all descend from a single fertilized oocyte. This 
extraordinary number of cells can only be reached by multiple rounds of cell division of a preexisting 
cell into two identical daughter cells. The series of events, required for cell division is known as the 
cell cycle (Figure 1). Cell division is not only required for the development of an organism, but also for 
its reproduction and the maintenance and regeneration of tissues in the body; while most cells in an 
adult body are in an quiescent state, about 300 billion cells are newly produced every day.
The cell cycle consists of four phases, in addition to a resting phase that is referred to as G0. The 
first phase of the cell cycle, G1 or Gap 1 phase, starts when quiescent or G0 cells are triggered by 
external signals to divide. During this G1 phase, the cell grows in size. The duration of this phase is 
highly variable and depends on many different factors. In G1, the cell can increase the number of 
organelles, including ribosomes and mitochondria, such that the respective daughter cells not only 
inherit a complete copy of the genome, but also sufficient organelles to function. After the G1 phase, 
cells enter S (synthesis) phase. During this phase, a complete replicate of each chromosome is made 
during a process called DNA replication. Precise replication of the DNA is essential to ensure genome 
integrity through multiple generations of cell division and to prevent genetic abnormalities that can 
lead to cell death or disease. After S phase, the cells enter a second, short growth phase, known as G2 
or Gap 2 phase. In this phase, cells prepare for the actual act of cell division by upregulating expression 
of mitotic regulators and ensure that the genome is intact and fully replicated. During the final phase 
of about one hour, known as mitosis, the cells physically divide in two identical daughter cells. This 
phase will be explained in more detail below.

Molecular control of the cell cycle

The molecular events driving the cell cycle are highly conserved in eukaryotic cells and involve 
two classes of proteins called cyclins and cyclin-dependent kinases (Cdks). These proteins ensure 
that the cell cycle occurs in a directional and irreversible manner. While the levels of Cdks remain 
largely constant during the cell cycle, the cyclins accumulate during the different cell cycle phases 
and form a complex with Cdks. The cyclin-Cdk complexes promote the progression to the next cell 
cycle phase through phosphorylation of target proteins, hereby inducing essential programs for each 
cell cycle phase, including transcription, DNA replication, and morphological changes during mitosis. 
D and E-type cyclins accumulate sequentially as the cells progresses through G1 phase. A-type cyclins 
accumulate from S phase until mitosis and B-type cyclins accumulate during G2 phase, peak during 
mitosis and rapidly disappear upon exit from mitosis.

Mitosis

The most dramatic events of the cell cycle take place during mitosis. During this phase, the duplicated 
chromosomes are segregated from each other in a carefully controlled manner to end up in the newly 
formed daughter cells. The transport of chromosomes is mediated by a highly dynamic structure 
known as the mitotic spindle. The formation of this microtubule-based structure will be discussed in 
more detail below. Mitosis is a complex process and similar to the cell cycle, divided into phases that 
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are executed in an irreversible manner. The diff erent phases are mainly based on visible morphological 
changes that the chromosomes undergo during mitosis (Figure 1).
The fi rst phase of mitosis is prophase. During this phase, the duplicated chromosomes, ti ghtly held 
together by a ring-shaped protein complex called cohesin (reviewed in1), start to condense due to the 
increased acti vity of B-type cyclin-Cdk1 complexes. The condensati on of chromosomes is mediated by 
the condensin complex (reviewed in2) and together with cohesin, this results in the classical X-shaped 
morphology of mitoti c chromosomes. Another important process during prophase is the separati on 
of the centrosomes. The centrosomes are the main microtubule-organizing center in cells, which form 
the spindle poles during mitosis. Similar to chromosomes, the centrosome is duplicated in S phase, 
hereby giving rise to a mother and daughter centrosome. The centrosomes stay close together unti l 
the onset of mitosis and move to opposite sites of the nucleus in prophase. This step is important for 
bipolarizati on and assembly of the mitoti c spindle. The molecular details of centrosome functi on and 
separati on will be explained in more detail below.
Aft er prophase, the cell enters prometaphase. This phase is initi ated by the full acti vati on of B-type 
cyclin-Cdk1 complexes, triggering the dramati c morphological changes of the cell that occur during 
mitosis. Upon entry into prometaphase, the cell starts to round up and the nuclear envelope breaks 
down. Simultaneously, the microtubule cytoskeleton changes in its morphology and dynamics, to be 
able to build the mitoti c spindle. During prometaphase, the condensed chromosomes interact with 
the microtubules from the mitoti c spindle and the chromosomes migrate towards the equator of 
the cells. The interacti ons between microtubules and chromosomes are mediated via a specialized 
protein platf orm, known as the kinetochore, which is assembled on the centromeric region of each 
chromosome. The molecular details of this process will be explained in more detail below.
Metaphase is achieved when all chromosomes are correctly att ached to the mitoti c spindle and 
lined up along the so-called metaphase plate. Aft er full alignment of all chromosomes, the anaphase 
promoti ng complex / cyclosome (APC/C) becomes acti vated. This protein complex marks B-type cyclins 
for destructi on and initi ates anaphase by inducing cleavage of the cohesion rings, hereby triggering 
the physical separati on of the sister chromati ds. The mitoti c spindle subsequently drags the separated 
sister chromati ds towards the spindle poles. Aft er this process, the mitoti c spindle elongates further 
and the cell stretches into an oval-like form.
Aft er the completi on of anaphase, the cell enters telophase. During this fi nal stage, the separated 
chromosomes decondense and the nuclear envelope reforms around the segregated chromosomes. 

Prophase Prometaphase Metaphase Anaphase Telophase

S G2 MG1

Figure 1. The cell cycle and the phases of mitosis.

Schemati c model of the cell cycle. Each cycle starts with G1 phase, followed by a synthesis phase (S), in which the DNA is 
replicated. During G2, the cell prepares itself for division. The last phase of the cell cycle is mitosis (M). During this phase, the DNA 
is divided over two new identi cal daughter cells.
Mitosis itself is a complex phase and highly regulated. The microscopic images display the diff erent phases of mitosis. DNA is 
shown in red, microtubules from the mitoti c spindle are shown in green.
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In addition, the mitotic spindle starts to disassemble and cytokinesis is initiated. During this step, 
abscission of the cell membrane takes place and two new daughter cells arise.

The mitotic spindle

Microtubule structure and behavior during mitosis
As mentioned above, the mitotic spindle plays a key role in chromosome segregation. This structure 
is build up of a bipolar array of microtubules and many microtubule-associated proteins (MAPs). 
Microtubules are polymers that form the main component of the mitotic spindle and their behavior 
is essential for proper function of the mitotic spindle. The building blocks of the microtubule polymer 
are dimers of two highly conserved proteins known as α- and β-tubulin. The tubulin dimers are 
stacked into large, linear protofilaments that are aligned in parallel to form the microtubule. The 
microtubule ends are structurally distinct from each other and we discriminate plus and minus ends 
of microtubules. The minus ends of microtubules are usually stable, non-dynamic and embedded into 
the centrosomes. In contrast, the plus ends of microtubules are highly dynamic and are continuously 
growing and shrinking due to the addition and removal of tubulin dimers. This process is driven by 
hydrolysis of GTP by β-tubulin and the conversion between a rapid shrinking state (catastrophe) and 
rapid growing state (rescue) is known as dynamic instability (reviewed in3).
The mitotic spindle consists of three different populations of microtubules (reviewed in4). The 
first population, kinetochore-microtubules, are usually parallel bundles of microtubules that are 
embedded with their minus end in the centrosome and attach end-on with their plus ends to the outer 
region of the kinetochore. The number of microtubules in a kinetochore bundle varies depending on 
the organisms and cell type. Kinetochore-microtubules play an essential role in positioning of the 
chromosomes at the metaphase plate and the segregation of the chromosomes during anaphase. 
Kinetochore-microtubules bundles are very stable by themselves. However, they continuously 
depolymerize at their minus ends and incorporate new subunits at the plus ends, attached to 
the kinetochore. This process is known as microtubule flux and is driven by MAPs that localize to 
centrosomes and kinetochores. When the loss of subunits at the minus ends equals the addition of 
subunits at the plus ends, the kinetochore-microtubule length remains constant. During anaphase, 
the removal of subunits at the minus ends exceeds the addition of subunits at the plus end, hereby 
moving the chromosome poleward.
The second population of microtubules are known as interpolar microtubules. This population of 
microtubules originate from the spindle poles and invade the opposite aster. Interpolar microtubules 
from opposite poles will interact in an antiparallel fashion near the midzone due to the action of 
MAPs, including the motor protein Eg5. They have been shown to play an essential role in mediating 
the bipolarity of the spindle and are the main component of the central spindle during anaphase 
(reviewed in5). The molecular details how interpolar microtubules participate in spindle bipolarization 
are discussed below in more detail.
The third population of microtubules are astral microtubules. This population of microtubules extend 
away from the centrosomes towards the cell cortex, where their plus tips can interact with cortical 
MAPs. While they seem not be required for chromosome segregation, they do play a key role in 
positioning and orientation of the mitotic spindle many different cell types (reviewed in 6).
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Centrosome function during mitosis
The centrosomes play a key role during mitosis in organizing the microtubules of the mitotic spindle 
(reviewed in 7). Although the mitotic spindle can form relatively normal without centrosomes, 
centrosomes are thought to enhance the robustness of mitotic spindle assembly8. Aberrant 
centrosome numbers can lead to severe defects in mitotic spindle assembly and errors in chromosome 
segregation9,10. In addition, centrosome amplification can lead to tumor progression11.
The centrosomes are composed of an organized matrix of pericentriolar material that embeds a pair of 
centrioles12,13. The centrioles are positioned orthogonally to each other and are composed of a short 
cylindrical array of microtubules. The exact function of the centrioles in centrosome function is still 
poorly understood, but they play a key role in the recruitment of ϒ-tubulin ring complexes (ϒ-TuRC,14). 
This complex plays an essential role in microtubule nucleation (reviewed in15). At the onset of mitosis, 
large numbers of ϒ-TuRC are recruited to the centrosomes by the action of mitotic kinases, including 
Aurora A and Plk1 (a process known as centrosome maturation (reviewed in16). The ϒ-TuRC acts as 
a seed for microtubule outgrowth by stabilizing and capping minus ends of microtubules, hereby 
preventing depolymerization from this end. The highly dynamic plus end of the microtubule extends 
away from the centrosome in order to search and capture kinetochores and other components of the 
mitotic spindle. Due to its function in focusing microtubule minus ends, centrosomes help to maintain 
the integrity of the spindle poles (reviewed in17). In addition, centrosomes play an essential role in 
spindle positioning and orientation by embedding and nucleating astral microtubules (reviewed in6).

Assembly of the mitotic spindle

Centrosome separation in prophase
As mentioned above, one of the first steps in mitotic spindle assembly is the separation of the two 
centrosomes to opposite sides of the nucleus. After duplication in S phase, the duplicated centrosomes 
remain in close proximity of each other during G2 phase due to the connection of a cohesive link 
between the two centrosomes (reviewed in18). Two proteins have been identified as components of 
this cohesive link: C-Nap1 and rootletin19,20. Depletion of C-Nap1 or rootletin results in premature 
centrosome separation, indicating that these proteins help to maintain the centrosomes in close 
proximity21. Both proteins are phosphorylated in late G2 phase / prophase by the NIMA-related kinase 
Nek2A, hereby triggering their displacement from centrosomes and allowing centrosome separation22. 
Several other factors have been implicated in maintenance of centrosome cohesion, including Cep68, 
Cep215, and β-catenin23,24, but the exact contribution of these factors remains to be determined.
After removal of the cohesive linker in prophase, the centrosomes move apart to opposite sides of the 
nucleus. This process is known as prophase centrosome separation (reviewed in25). Multiple factors 
have been implicated in this process, including microtubule motors, actin, and microtubule pushing 
forces (Figure 2,25).
One of most intensively studied proteins involved in centrosome separation is the microtubule motor 
protein Eg5 (kinesin-5,26). Eg5 forms a unique, tetrameric configuration, with two motor domains on 
both sides of its long axis27, hereby allowing it to crosslink and slide microtubules in an antiparallel 
direction (Figure 2,28). During prophase, Eg5 localizes to centrosomes and microtubules29, making it an 
attractive candidate to promote centrosome separation. Indeed, inhibiting Eg5 function in mammalian 
cells blocks prophase centrosome separation30-32. Although Eg5 is highly conserved from mammals to 
yeast, inhibition of Eg5 homologs in C. elegans and Drosophila does not affect prophase centrosome 
separation33,34, indicating that Eg5-indepedent pathways for prophase centrosome separation exist. In 
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addition, it has been shown in mammalian cells that the centrosomes move independently from each 
other during prophase32,35, which would be unlikely a consequence of Eg5-mediated forces.
Another factor involved in prophase centrosome separation is the minus-end-directed motor dynein. 
Dynein consists out of multiple subunits and is structurally distinct to kinesins36,37. Dynein is involved in 
many cellular processes, including vesicle and organelle transport, microtubule organization and cilia 
function (reviewed in37). Indeed, dynein plays a complex role during mitosis and is involved in multiple 
mitotic processes36. Dynein has been shown to contribute to prophase centrosome separation in 
C. elegans and Drosophila, and recently also in mammalian cells32,38,39. The molecular details how 
dynein promotes prophase centrosome separation differ depending on the organism.
Dynein has been shown to localize to the cortex and this pool of dynein can pull on astral microtubules 
using its minus-end-directed motility to position the mitotic spindle during mitosis6. A study 
in Drosophila embryos indicated that this pool of dynein is also responsible for separation of the 
centrosomes during prophase40. However, there are some caveats with this model, since it requires 
an asymmetric distribution of dynein on the cortex41, for which evidence is still lacking. In addition, 
pulling forces from the cortex would rather pull the centrosomes away form the nuclear envelope, 
instead of moving them along the nuclear envelope, suggesting that additional dynein-mediated 
centrosome separation pathways exist.
In addition of the cortex, dynein also localizes to the nuclear envelope and this pool is recruited in late 
G2 phase, just before the initiation of centrosome separation38,42,43. It has been shown that this pool 
of dynein is required to keep the centrosomes in close proximity of the nucleus42,43, and to support 
nuclear envelope breakdown44. In addition, a model was proposed in which specifically this pool of 
dynein drives prophase centrosome separation in C. elegans embryos38. Follow-up studies in human 
cells showed that this pool of dynein indeed supports prophase centrosome separation (Figure 2, 32,45). 
These studies made use of Eg5-independent cells (EICs), in which dynein is main driver of prophase 
centrosome separation32. Prophase centrosome separation was blocked in these cells when dynein 
was specifically removed from the nuclear envelope, while leaving other pools of dynein intact 32.
Besides Eg5 and dynein, other pathways have been proposed to contribute to prophase centrosome 
separation, including the actin cytoskeleton and forces generated by individual microtubules growing 
from one centrosome, pushing on the opposing centrosome41,46. However, experimental evidence for 
a direct role of these pathways in prophase centrosome separation is still lacking.
Based on the current literature regarding prophase centrosome separation, it is clear that multiple 
pathways contribute to this process and the importance of individual pathways differs per cell type 
and organism.

Centrosome separation and mitotic spindle assembly in prometaphase
The most dramatic events in mitotic spindle assembly occur after nuclear envelope breakdown. Many 
different pathways contribute to robust mitotic spindle assembly in prometaphase and several of 
these pathways will be discussed below. The two major steps in mitotic spindle assembly are first, 
the construction of a bipolar array of microtubules that surround the duplicated chromosomes and 
second, attachment of the chromosomes to the bipolar array of microtubules in a correct manner 
(biorientation). An important feature of mitotic spindle components is their ability to self-organize. 
This requires complex interactions between microtubules and MAPs47. The contribution of several 
important MAPs for mitotic spindle assembly will be discussed below in more detail.

Similar to prophase centrosome separation, Eg5 plays a central role in the separation of centrosomes 
and mitotic spindle assembly in prometaphase. Eg5 is thought to act on interpolar microtubules 
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and with the exception of C. elegans and Dictostelium48,49, depletion or inhibition of Eg5 prevents 
bipolarization of the mitotic spindle and results in the formation of monopolar spindles, in which 
the two centrosomes remain in close proximity with chromosomes scattered around them29,50-52. 
As mentioned above, the unique tetrameric configuration of Eg5 allows it to crosslink and organize 
spindle microtubules in an antiparallel configuration27,28,53. Due to the plus-end-directed motility, 
Eg5 motors move towards the plus-ends of microtubules and slide the minus-ends outward, hereby 
providing a key step in the construction of a bipolar array of microtubules (Figure 2).
Recently, a second plus-end-directed motor was identified to cooperate with Eg5 to drive mitotic 
spindle bipolarity. Kif15 (Kinesin-12/Hklp2) was shown in Xenopus egg extracts to localize on the 
mitotic spindle by binding to a cofactor, Tpx254. Inhibition of Kif15 in Xenopus egg extracts using 
inhibitory antibodies, blocked mitotic spindle formation54. In addition, studies in C. elegans and 
human cell lines also showed a role for Kif15 in mitotic spindle assembly (Figure 2,55-58). Although not 
essential for mitotic spindle assembly in human cells, loss of Kif15 sensitized cells to Eg5 inhibitors57-59. 
Interestingly, overexpression of Kif15 allows normal mitotic spindle assembly in the complete absence 
of Eg5 activity57, indicating that Kif15 can produce outward-directed sliding forces on spindle poles 
that drive bipolarization of the mitotic spindle. In addition, Eg5-independent cells, require Kif15 for 
assembly of a bipolar mitotic spindle32,60. A comprehensive review regarding Kif15’s function in mitotic 
spindle formation is described in chapter 5 of this thesis.

A consequence of continuous antiparallel microtubule sliding by Eg5 and Kif15 would eventually be 
loss of the antiparallel overlap between the two spindle halves. In order to build a functional bipolar 
mitotic spindle, minus-end-directed motors have been shown to counteract the activity of Eg5, by 
sliding antiparallel microtubules inward (Figure 2,31,33,59,61-65). While Eg5 is the dominant outward-
sliding force in nearly all organism tested, the contribution of antagonistic motors seems to differ per 
organism. The minus-end-directed motor kinesin-14 has been shown to counteract Eg5 in several 
experimental systems, including yeast61, Drosophila33 and human cells62. In addition to kinesin-14, 
dynein has also been shown to counteract Eg5 activity during prometaphase in different experimental 
system, and seems to be major Eg5-counteracting force in human cells31,59,63-66. While Eg5 is able to 
crosslink microtubules due to its tetrameric configuration, kinesin-14 is a dimeric motor and harbors 
a second microtubule binding domain in its C-terminus, hereby allowing it to crosslink and slide 
microtubules in an opposing direction of Eg567-69. The mechanism by which dynein crosslinks and slides 
antiparallel microtubules is still under debate. Dynein has been shown to bind multiple cofactors, from 
which several have been shown to have microtubule binding affinity, including CLIP-170, NuMa, and 
dynactin70-72. Some of these factors might act together with dynein to crosslink microtubules, but a 
recent study showed that the two motor domains of dynein can simultaneously bind two microtubules, 
and slide these microtubules apart without the requirement of any cofactor65.
Besides antagonizing outward directed forces, minus-end-directed motors also play an important 
role in focusing and anchoring microtubule minus-ends to the centrosomes, hereby giving rise to the 
characteristic diamond shape of the mitotic spindle (Figure 2,69,73-75). Although centrosomes contribute 
to the formation of tightly focused poles, spindle microtubules also become focused in the absence 
of centrosomes76. Minus-end-directed motors are thought to promote spindle pole focusing by two 
different mechanisms. First, they counteract outward-directed forces from Eg5 and Kif1559. Second, 
they bind to microtubule minus-ends via MAPs and subsequently transport these microtubules 
towards the minus-end of another microtubule66,75,77. In addition to motors, microtubule crosslinking 
proteins such as NuMa, Asp, and Tpx2, also promote spindle pole focusing70,78,79.
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Figure 2. Pathways contributi ng to mitoti c spindle assembly.

Upper left  image illustrates the fi rst steps in mitoti c spindle assembly during prophase. During this phase, the centrosomes are 
separated to opposite sites of the nucleus by the acti on of diff erent motor proteins. Inset 1 depicts dynein-mediated centrosome 
separati on. Nuclear envelope-associated dynein can pull on centrosomal microtubules, hereby moving the centrosome along the 
nuclear envelope. Inset 2 depicts Eg5-mediated centrosome separati on. Eg5 crosslinks anti parallel microtubules in the spindle 
midzone and subsequently slide them apart, hereby driving centrosome separati on.
Upper right image illustrates mitoti c spindle assembly pathways during prometaphase. Inset 3 depicts the major force-
generati ng motor proteins that control bipolar spindle formati on. Eg5 and Kif15 generate outward-directed forces. Dynein acts 
antagonisti cally by sliding anti parallel microtubules inward. The balanced acti vity of these motors is important for assembly 
and maintenance of a robust bipolar mitoti c spindle. Inset 4 depicts the nucleati on and stabilizati on of microtubules near the 
centrosomes. Factors like γ-tubulin and Augmin are recruited and acti vated at and near centrosomes to promote microtubule 
nucleati on and stabilizati on upon mitoti c entry. Aurora A plays a criti cal role in this process. In additi on, centrosomes and 
microtubule-crosslinking factors like NuMa and dynein also play an important role in focusing microtubule minus ends 
to maintain proper mitoti c spindle structure and functi on. Inset 5 depicts nucleati on and stabilizati on of microtubules near 
chromosomes. A local Ran-GTP gradient in the vicinity of chromosomes triggers the release of spindle assembly factors from 
importi ns. The released factors support mitoti c spindle formati on near chromosomes.
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Besides centrosomal microtubule nucleation, also non-centrosomal microtubule nucleation pathways 
exist and these pathways have been shown to play an important role in mitotic spindle assembly in a 
variety of different systems. One of these pathways is the Ran-GTP pathway (Figure 2). Ran is a member 
of the small GTPases that act as regulatory switches in various cellular processes80. Experiments in 
Xenopus egg extracts showed that the presence of the guanine-nucleotide exchange factor (GEF) RCC1 
on chromosomes produces a local gradient of active Ran-GTP in the vicinity of mitotic chromosomes 
which stimulates microtubule nucleation and organization81,82. Ran-GTP is thought to promote mitotic 
spindle assembly by releasing substrates from importins, thereby enabling them to perform their 
function in mitotic spindle assembly. Several important spindle assembly factors that are targets of 
Ran-GTP have been identified, including Tpx283, HURP84, NuMa85, and TOGp86.
Another important non-centrosomal pathway for microtubule nucleation and mitotic spindle 
assembly is nucleation from existing microtubules within the spindle. This pathway relies on the eight-
subunit Augmin complex (Figure 287). The Augmin complex binds laterally along existing microtubules 
and recruits the ϒ-TuRC to stimulate nucleation of new microtubules87-89. The exact molecular details 
how Augmin functions are still not fully understood, but in vitro experiments indicate that its function 
depends on Ran-GTP and TPX289. Interestingly, microtubules nucleated by Augmin grow at a low branch 
angle and with the same polarity of as the existing microtubule89, hereby making Augmin an efficient 
factor to promote amplification and maintenance of spindle organization and for the formation of 
robust parallel bundles of microtubules, like kinetochore-microtubules. In addition, Augmin also plays 
a crucial role in the assembly of the central spindle during anaphase, by nucleating and organizing the 
dense network of interpolar microtubules90.
Besides microtubule nucleation, chromosomes and centrosomes also promote mitotic spindle 
assembly by stimulating microtubule stabilization (Figure 291). This is mediated in large extent by 
Aurora kinases. Higher eukaryotes have three Aurora family members and two of them, Aurora A 
and Aurora B, regulate many essential processes during mitosis92. While Aurora A mainly localizes 
to centrosomes and spindle microtubules, Aurora B is part of the chromosomal passenger complex 
(CPC), that localizes to centromeric chromatin92. The specific localization of both kinases is thought 
to create a spatial signaling gradient of active kinase around centrosomes and chromosomes that 
can either inhibit or activate proteins by phosphorylation92. Both Aurora A and B have been shown 
to inactivate microtubule catastrophe factors like MCAK, Kif18b, and OP18/Stathmin93-95, hereby 
promoting microtubule growth in the vicinity of centrosomes and chromosomes.

Attachment of chromosomes to the mitotic spindle by kinetochores
The construction of the bipolar mitotic spindle is followed by the attachment of the sister chromatids 
to microtubules of opposing spindle poles. Immediately after nuclear envelope breakdown, the 
condensed chromosomes undergo different patterns of movement, including poleward movements 
or movements away from spindle poles. Eventually all chromosomes have to be correctly aligned at 
the spindle equator and this collective movement process is known as chromosome congression. As 
mentioned previously, the attachment of chromosomes to microtubules of the spindle is mediated 
by the kinetochore. The kinetochore is a specialized multiprotein complex that is assembled on the 
centromeric region of each sister chromatid (Figure 3,96). The kinetochore is assembled on nucleosomes 
that contain a centromere-specific variant of histone H3, CENP-A96-98 and a nucleosome-like structure, 
composed of CENP-T-W-S-X99-101. The kinetochore consists of a stable inner kinetochore structure, 
known as the constitutive centromere-associated (CCAN) network, that is directly assembled on 
CENP-A and CENP-T-containing nucleosomes100,102. In addition, it includes an outer plate making 
direct contact with the microtubules of the mitotic spindle103. The microtubule-binding interface on 
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the kinetochore is formed by the KNL-1, Mis12 and NCD80 complexes that together form the KMN 
network103. The Mis12 complex consists of Dsn1, Nnf1, Nsl1 and Mis12104, and is important for the 
integrity of the outer kinetochore by binding directly to the KNL-1 and NDC80 complex and linking 
both complexes to the inner kinetochore105,106. KNL-1 can interact directly with microtubules and is 
essenti al for the recruitment of diff erent components of the spindle assembly checkpoint (SAC). This 
checkpoint monitors the att achment of the kinetochore with microtubules and prevents the onset 
of anaphase unti l all of the chromosomes are correctly att ached to the mitoti c spindle103,107-111. The 
Ndc80 complex consists of four proteins, Spc24, Spc25, Hec1 and Nuf2112. Ndc80 directly interacts 
with microtubules via Hec1 and Nuf2 and serves as the main microtubule-binding platf orm of the 
KMN network113-116. In additi on to Ndc80, the Ska complex, composed of Ska1-3 is also involved in 
microtubule capture117-119. This complex directly binds to microtubules and the Ndc80 complex. Similar 
to its proposed functi onal homolog Dam1 in yeast, the Ska complex allows kinetochores to track 
depolymerizing microtubules120-122.
Before chromosomes att ain stable kinetochore-microtubule att achments from opposing spindle poles 
in prometaphase, intermediate att achment states are formed (Figure 4). Att achments usually start 
with the formati on of a monotelic att achment, in which only one kinetochore of a sister chromati d 
pair is att ached. When the second kinetochore subsequently att aches to microtubules from the 
opposing pole, biorientati on or amphitelic att achment is achieved (Figure 4), which is a prerequisite 
for correct segregati on of the sister chromati ds during anaphase. However, the second att achment 
is not always correct and sister kinetochores can att ach to microtubules from the same spindle pole. 
This status is known as a synthelic att achment (Figure 4). In additi on, a single kinetochore can att ach 
to microtubules from both spindle poles and this status is known as a merotelic att achment (Figure 4). 
Incorrect att achment presents a danger to the cells, since they can result in unequal segregati on 
of chromosomes, resulti ng in aneuploidy. Formati on of incorrect att achments is prevented to some 
degree by the back-to-back geometry of sister kinetochores. In additi on, incorrect att achments can be 
sensed by the error-correcti on machinery, which can destabilize them and hereby allowing the cell to 
correct the errors (discussed below in more detail). In contrast, bioriented att achments come under 
tension due to the pulling of microtubules, leading to stabilizati on of correct kinetochore-microtubule 
att achments.
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The kinetochore is built on centromeric chromati n that contains 
CENP-A and CENP-T/W/S/X nucleosomes. The CCAN network is 
assembled on top of CENP-A and CENP-T/W/S/X nucleosomes 
and forms the inner-kinetochore. On top of the CCAN network, 
the mitosis-specifi c outer-kinetochore is assembled, that forms 
the core microtubule att achment site. The outer kinetochore 
is formed of KNL-1, Mis12 and Ndc80 (KMN-network) and 
associated proteins, including components of the SAC.
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Monotelic Synthelic Merotelic Amphitelic
Stable attachmentUnstable attachments

Figure 4. Kinetochore-microtubule interaction states.

Schematic representation of different kinetochore-microtubule interactions. The first three panels represent unstable 
attachment states. In a monotelic attachment only one kinetochore is attached to microtubules and the other kinetochore is 
unattached. In a synthelic attachment both kinetochores are attached to microtubules from a single spindle pole. In a merotelic 
attachment one kinetochore is correctly attached to microtubules from a single pole and the other kinetochore is attached 
to microtubules from both spindle poles. Synthelic and merotelic attachments do not activate the SAC and require the error 
correction machinery in order to be resolved and to reactivate the SAC. The last panel represents an amphitelic attachment 
status, in which the sister kinetochores are attached to microtubules from opposing spindle poles. Only this attachment state will 
become fully stabilized due to the generation of sufficient tension across the kinetochore pairs.

Chromosome congression
Besides the attachment to the ends of microtubules discussed above, kinetochores can also make 
lateral attachments, in which a kinetochores binds to the side of microtubules. Lateral attachments 
are achieved by the action of the two kinetochore-based motors, CENP-E and dynein, that both play an 
important role during chromosome congression123-127. In addition, motors localizing to chromosome 
arms (chromokinesins) also bind microtubules, hereby contributing to chromosome congression127-130. 
The exact pathways of chromosome capture and congression that eventually leads to the 
establishment of stable amphitelic attachments is still not fully understood. Recent studies showed 
that upon establishment of lateral attachments, chromosomes are transported towards the spindle 
poles by the minus-end-directed activity of dynein124,125,131,132. During this process, establishment of 
premature end-on attachments are prevented, likely by the action of Aurora kinases125, and the Rod1-
Zwilch-Zw10 (RZZ) complex133. This latter kinetochore-bound complex exists only in metazoans and 
targets spindly and dynein to kinetochores134-136. Although no direct interaction between Spindly and 
dynein has been reported, removal of Spindly displaces dynein from kinetochores134,137,138, indicating 
that spindly links dynein to the RZZ complex. Interestingly, Zw10 depletion in cells results, besides 
a SAC defect (discussed below in more detail), in only a mild chromosome congression defects132 
while both Spindly and dynein are removed from kinetochores in this condition. Depletion of Spindly 
itself causes a much stronger chromosome congression defect that mimics depletion of the Ndc80 
complex, since no stable end-on microtubule attachments are formed134,135,137. Strikingly, co-depletion 
of Spindly and RZZ in C. elegans and human cells, rescues the attachment defects of Spindly-depleted 
cells133,135,138. This suggests that that RZZ-spindly-dynein next to poleward chromosome transport, 
prevents the formation of premature end-on attachments and spindly might act as a regulatory switch 
in this process. Indeed, data from C. elegans indicate that the RZZ complex inhibits Ndc80, by binding 
to the tail of Ndc80 and the relief of this inhibition is dependent on spindly133. Thus, Spindly likely acts 
as a switch, that mediates the transition from lateral to end-on attachments when chromosomes 
are in close proximity of the spindle poles. Near the pole, kinetochores can form either monotelic 
attachments or they congress in the absence of end-on attachments139,140. Congression to the 
spindle equator is driven by CENP-E, by using existing stable spindle microtubules as its track125,127,141. 
How this functional shift between dynein and CENP-E is regulated is still unclear, but involves the 
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activation of CENP-E by Aurora kinases near spindle poles142. During this process, forces mediated by 
chromokinesins help to correctly orient the arms of chromosomes and to force the chromosomes 
back the spindle equator125,127,139,143. Chromosomes at the spindle equator also display oscillatory 
movements and this behavior is observed for both attached as well as unattached chromosomes144. 
These movements, termed directional instability, are thought to support the formation of amphitelic 
attachments, as wells as preventing overstretching of attached kinetochore pairs. Important players 
in this process are chromokinesins and the microtubule-depolymerizing kinesins MCAK and Kif18a, 
which both localize to kinetochores143,145,146. Together, the current data indicates that chromosome 
congression is a complex, multistep process. The exact contribution of each factor to this process is 
not fully clear. Redundancy between different pathways and additional mitotic functions for some of 
the factors, like dynein, make it difficult to study this process. Further studies are required to get a 
full understanding of the regulation of all of the individual factors that control the different steps of 
chromosome congression.

Error-correction by Aurora B
Although the multiple pathways mediating bipolar spindle assembly and chromosome congression 
support robust and quick formation of stable amphitelic attachments139, the formation of erroneous 
attachments cannot be completely prevented. As mentioned previously, these erroneous 
attachments mostly include merotelic and synthelic attachments and importantly, these types of 
incorrect attachment do not actively induce the SAC to stop further mitotic progression (discussed 
below in more detail). In order to correct erroneous attachments, the error correction machinery has 
evolved147. The central player of this machinery is the kinase Aurora B. As mentioned above, Aurora 
B localizes to centromeric chromatin and forms together with INCENP, Borealin, and Survivin the 
chromosomal passenger complex (CPC). Depletion of any of the CPC components disrupts the complex 
and results in the chromosome alignment defects due to high numbers of synthelic attachments148. 
Correct attachment creates a poleward force by polymerization and depolymerization of kinetochore-
microtubules. These forces generate tension on sister kinetochores with amphitelic attachments, 
resulting in stretch of the kinetochore itself as well as the chromatin structures between them, a 
phenomenon that has been observed in nearly all organisms149,150. An important feature of incorrectly 
attached kinetochores is that they are not under tension, and outer kinetochore components remain 
in close proximity of the CPC151.
Aurora B can phosphorylate multiple targets at the outer kinetochore, including the Ndc80, KLN1, 
Mis12, and Ska complexes. These phosphorylations result in decreased affinity of the respective 
complexes for microtubules, leading to an overall destabilization of the erroneous attachments113,152,153. 
The phosphorylation of these substrates has been shown to depend on the distance between the CPC 
and the outer kinetochore151, and this led to the model that error-correction by Aurora B is driven 
by lack of kinetochore tension. In addition, formation of kinetochore-microtubule attachments 
also recruits a number of phosphatases to outer kinetochores that antagonize the activity of 
Aurora B   154- 158. The recruitment of these phosphatases allows the rapid de-phosphorylation of 
kinetochore substrates after spatial displacement of Aurora B, hereby further stabilizing kinetochore-
microtubule interactions. Although kinetochore tension is an attractive model to explain how Aurora B 
drives error-correction, recent studies in yeast indicate that Aurora B can also function tension-
independent 159. This indicates that Aurora B might function via multiple mechanisms and it needs to 
be addressed if these mechanisms exist in higher eukaryotes as well.
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The Spindle assembly checkpoint

Equal segregation of sister chromatids is an essential aspect of a successful mitosis, thus anaphase 
onset should only occur when all sister chromatids formed stable, amphitelic attachments. Premature 
anaphase onset can lead to chromosome missegregation and aneuploidy, which is associated with 
cancer, aging and birth defects160. The spindle assembly checkpoint (SAC) has evolved to safeguard 
the attachment status of the kinetochores (Figure 5,161). Studies in yeast identified this evolutionary 
conserved checkpoint, in which genes (Mad1, Mad2, Mad3, Bub1, Bub2 and Bub3) were described 
that upon depletion, failed to arrest in mitosis after treatment with microtubules poisons162,163. 
Later studies in human cells showed that a single unattached chromosome was sufficient to block 
anaphase onset for longer periods of time, until it was correctly attached to the mitotic spindle164. The 
molecular components of the SAC are all recruited to kinetochores during mitosis, suggesting that the 
kinetochore acts as the main platform for the SAC, hereby spatially linking microtubule attachment 
formation to SAC signaling. However, the molecular details how every SAC component is recruited to 
and functions at kinetochore are still not fully clear.
Anaphase onset is controlled by a highly conserved multisubunit E3 ubiquitin ligase known as the 
anaphase promoting complex or cyclosome (APC/C). Upon activation, the APC/C targets the essential 
mitotic regulator cyclin B and the cohesion protector securin for proteasomal destruction165,166. In 
order to become activated during mitosis, the APC/C requires binding of its cofactor Cdc20, which 
is inactivated by the mitotic checkpoint complex (MCC,167). This complex is composed of the SAC 
components Mad2, BubR1 (Mad3 in yeast), Bub3, and Cdc20 itself167.
With the exception of C. elegans, the kinetochore-localized kinase Mps1 is thought to be the central 
regulator of the SAC168. Inhibition or depletion of Mps1 results in premature anaphase onset and 
massive chromosome missegregation and cells fail to arrest in mitosis upon treatment with microtubule 
poisons168-170. Overexpression of Mps1 in yeast, or artificially tethering Mps1 to kinetochores in human 
cells, results in a metaphase arrest, confirming that Mps1 plays a key role in the SAC171,172. Furthermore, 
Mps1 has been shown to promote error-correction by stimulating Aurora B activity169. It is currently 
not fully clear how recruitment of Mps1 to kinetochores is regulated. Interestingly, Mps1 had been 
shown to bind the microtubule-binding domain of Hec1 in yeast and human, hereby creating a direct 
link between kinetochore-microtubule attachment status and SAC signaling173,174.
The essential function of Mps1 depends on its ability to recruit SAC components to the kinetochore, 
which is a key requirement for the formation of the MCC. An important step in the formation of this 
complex is the activation of Mad2 from an inactive “open” form (O-Mad2) into an active “closed” 
form (C-Mad2) that can bind to Cdc20175,176. Subsequent studies indicated that the kinetochore is the 
main site for this conversion, and soluble O-Mad2 is activated at this location by a stably kinetochore-
bound C-Mad2177,178. This conversion depends on the SAC component Mad1, which is the kinetochore 
receptor for C-Mad2179 and is recruited to the kinetochore through the action of Mps1168,170. After 
binding of Mad2, Cdc20 undergoes a conformational change that allows it to interact with BubR1 and 
Bub3 180, but where this interaction exactly takes place and if kinetochores are required for this second 
step is still under debate. In addition to kinetochore-driven MCC formation, recent studies indicate 
that nuclear pores in interphase can also function as scaffold for MCC formation, hereby controlling a 
minimum length of time a cell will spend in mitosis181,182.
In addition to Mad1 and Mad2, Mps1 also regulates the recruitment of Bub1, BubR1 and Bub3 to 
kinetochores109,183. Mps1 directly phosphorylates the MELT and SHT motifs of KNL-1, that are 
required for the recruitment of Bub1-Bub3 dimers110,111,184-186. Bub1 and BubR1 are highly similar at 
the sequence level187, but make different contributions to the SAC. BubR1, in complex with Bub3, is 
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together with Mad2 and Cdc20, part of the MCC and is essential for inhibition of the APC/C167. Bub1 is 
not part of the MCC, but forms a complex with Bub3 that is required for the kinetochore recruitment 
of BubR1-Bub3 dimers188. Studies in yeast and C. elegans showed that Bub1 also recruits Mad1-Mad2 
to unattached kinetochores189-191. In addition, Bub1 phosphorylates histone H2A at the centromere, 
hereby stimulating centromeric recruitment of the CPC192. Centromeric accumulation of the CPC in 
turn stimulates kinetochore-recruitment and activation of Mps1, hereby creating a positive feedback 
loop between Mps1 and Aurora B169,193,194.
In addition to SAC signaling, Bub1, BubR1 and Bub3 are also important for chromosome alignment. 
In complex with Bub3, Bub1 recruits BubR1 to kinetochores and BubR1 in turn recruits the 
phosphatase PP2A-B56, which de-phosphorylates kinetochore substrates in order to counteract 
Aurora B activity155,156,195. In addition, Bub1 stimulates centromere accumulation of the CPC to prevent 
premature stabilization of erroneous kinetochore-microtubule attachments192,196.
In contrast to yeast and C. elegans, the role of Bub1 in recruiting Mad1 to unattached kinetochores in 
mammalian cells is still under debate197,198. The RZZ complex has also been implicated in kinetochore 
recruitment of Mad1 and Mad2 in metazoans, and depletion of the RZZ results in a defective SAC 
response199-201. Kinetochore localization of the RZZ complex is mediated by KNL-1 and Zwint199,202, and 
depends on Aurora B and Mps1 signaling203-205, hereby linking Mps1 to the recruitment of Mad1 in 
higher organisms. How Mad1 binds to the RZZ complex and if Bub1 stimulates the recruitment of 
Mad1 to the RZZ complex is currently not clear.
After attachment of all kinetochores to the mitotic spindle, the SAC is rapidly inactivated and 
inhibition of the APC/C by the MCC is relieved. SAC silencing is a multistep process and starts with the 
recruitment of phosphatases to kinetochores upon attachment of microtubules. These phosphatases, 
including PP1 antagonize the action of kinases like Mps1 and Aurora B, hereby stripping of SAC 
components from KNL-1154,158,206,207. An additional pathway has been described that removes Mad1 
and Mad2 from kinetochores in higher eukaryotes. This pathway involves kinetochore-bound dynein 
and Spindly. Upon attachment of microtubules, dynein transports Mad1 and Mad2 along kinetochore 
fibers, to the spindle poles208-213. Aurora B might directly regulate stripping of SAC proteins by dynein. 
The RZZ recruitment factor Zwint needs to be phosphorylated by Aurora B in order to stably bind 
to the kinetochore and expression of a phosphomimetic Zwint mutant for Aurora B sites has been 
shown to cause an delay in metaphase203. Interestingly, this mode of regulation also links dynein-
mediated stripping of SAC proteins to biorientation since tension spatially separates Aurora B from 
outer kinetochore substrates151.
SAC silencing does not only take place at kinetochores. The MCC itself is also destabilized in mammalian 
cells by p31comet, which is structurally related to Mad2214. Depletion of p31comet results in a metaphase 
arrest and overexpression overrides the SAC in cells treated with spindle poisons215-217. p31comet has 
been shown to specifically bind C-Mad2216,217, and is thought to extract C-Mad2 from the MCC that 
is incorporated in the APC/C217. How p31comet activity is controlled during SAC-silencing is currently 
not fully understood. In addition to p31comet, the APC/C itself also promotes MCC dissociation by 
ubiquitination of Cdc20218,219. Ubiquitination of Cdc20 destabilizes its interaction with Mad2, resulting 
in disassembly of the MCC219. It remains to be determined how these pathways crosstalk to each other 
to promote irreversible and fast mitotic exit.

Outline of this thesis
The research described in this thesis is focused on multiple pathways required for assembly of a bipolar 
mitotic spindle. Proper assembly of a bipolar mitotic spindle is essential for the generation of stable 
kinetochore-microtubule attachments and correct segregation of the sister chromatids. Defects in 
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pathways controlling mitotic spindle assembly can give rise to chromosome segregation defects and 
as a consequence, chromosomal instability, which is a hallmark of cancer cells. Microtubule-targeting 
drugs like the vinca alkaloids and taxanes, have been shown to be effective anti-cancer drugs220. They 
are thought to induce specific cytotoxic effect on cancer cells due to the induction of a mitotic delay221. 
However, in addition to targeting mitotically active cells, microtubule poisons also cause neurotoxicity 
due to perturbation in microtubule dynamics in general and also drug resistance is commonly 
observed in patients treated with microtubule poisons220. Due to these observations, novel targets to 
perturb mitotic progression are currently considered in the treatment of cancer, including kinases and 
motor proteins involved in mitotic spindle assembly221.
One of the promising targets for anti-cancer therapy is the mitotic kinesin Eg5. Inhibition of Eg5 
results in a mitotic arrest due to the formation of monopolar spindles. In chapter 2, we describe the 
generation of human cancer cells that can grow in the complete absence of Eg5. By studying mitotic 
spindle assembly in these Eg5-independent cells (EICs), we uncovered a novel pathway for prophase 
centrosome separation. This pathway depends on the nuclear envelope associated pool of dynein and 
enables cells to assemble bipolar spindles in the absence of Eg5 activity. In chapter 3, we performed 
a genome-wide siRNA screen in EICs to uncover essential components for Eg5-independent bipolar 
spindle formation that might promote resistance to treatment with Eg5 inhibitors. In this screen, 
we found that the mitotic kinase Aurora A and two mitotic kinesins MCAK and Kif18b are essential 
for bipolarization of the mitotic spindle in EICs and in cells with reduced Eg5 activity. In chapter 4, 
we show that in human cells, three mitotic motors act together to produce the right force balance 
for correct assembly of a bipolar mitotic spindle and chromosome segregation. Eg5 and Kif15 are in 
human cells the main outward force-generating kinesins, and their activity is antagonized by dynein. 
While loss of Eg5 and Kif15 blocks bipolar spindle formation, we show that excessive force generation 
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Figure 5. The spindle assembly checkpoint.

Upper panel depicts an unattached kinetochore, actively 
generating a SAC signal. MPS1 is thought to bind the 
microtubule-binding domain of Ndc80 in an Aurora 
B-dependent manner, hereby connecting microtubule-
attachment status to SAC signaling. Mps1 in turn 
phosphorylates KNL-1, which serves as a docking platform 
for Bub1, Bub3, BubR1, Mad1, Mad2 and the RZZ complex. 
The SAC components catalyze the formation of the MCC 
at the kinetochore that prevents anaphase onset by 
inhibiting the APC/C. The lower panel depicts silencing of 
the SAC signal upon microtubule attachment. Attachment 
of microtubules displaces Mps1 from kinetochores. 
In concert, dynein-mediated stripping displaces most 
SAC components from kinetochores, hereby stopping 
the further formation of the MCC. The recruitment of 
phosphatases, including PP1 and PP2A in turn counteracts 
Aurora B and Mps1 to stabilize the attachment.
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by these motors in the absence of dynein, results in the formation aberrant bipolar spindles with 
splayed spindle poles and unaligned chromosomes. In chapter 5, we review the function of Kif15 in 
different organisms and discuss if Kif15 might be a useful target for anti-cancer therapy. In chapter 6 
and 7, we show that human HAP1 cells can survive without a functional spindle assembly checkpoint 
(SAC). Due to the haploid nature of these cells, we used SAC-deficient HAP1 cells for a genetic screen 
to identify novel factors involved in chromosome congression. We found that loss of the condensin 
II complex, the RZZ complex and Bub1 are synthetic lethal with SAC-deficiency. We confirmed that 
these factors delay chromosome congression. In addition, we show that cells lacking the RZZ complex 
or Bub1, which both are thought to be essential SAC components, have a functional SAC response that 
is essential for the survival of these cells. Finally, in chapter 8, we summarize the results described in 
this thesis and propose future research to investigate several remaining questions.
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Abstract

The microtubule motor protein kinesin-5 (Eg5) provides an outward force on centrosomes, which 
drives bipolar spindle assembly. Acute inhibition of Eg5 blocks centrosome separation and causes 
mitotic arrest in human cells, making Eg5 an attractive target for anti-cancer therapy. Using in vitro 
directed evolution, we show that human cells treated with Eg5 inhibitors can rapidly acquire the 
ability to divide in the complete absence of Eg5 activity. We have used these Eg5-independent cells to 
study alternative mechanisms of centrosome separation. We uncovered a pathway involving nuclear 
envelope (NE)-associated dynein that drives centrosome separation in prophase. This NE-dynein 
pathway is essential for bipolar spindle assembly in the absence of Eg5, but also functions in the 
presence of full Eg5 activity, where it pulls individual centrosomes along the NE and acts in concert 
with Eg5-dependent outward pushing forces to coordinate prophase centrosome separation. 
Together, these results reveal how the forces are produced to drive prophase centrosome separation 
and identify a novel mechanism of resistance to kinesin-5 inhibitors.
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Introduction

Successful chromosome segregation in mitosis requires the formation of a bipolar spindle. In 
mammalian cells, spindle organisation is to a large extent dominated by the centrosomes. In prophase, 
centrosomes move to opposite sides of the nucleus along the NE25. After nuclear envelope breakdown 
(NEB), microtubules interact with chromosomes and the bipolar spindle is formed222. A key player 
driving centrosome separation and bipolar spindle assembly is the microtubule motor protein 
kinesin-5 (Eg5 in humans). Eg5 has a unique tetrameric configuration, which allows it to crosslink 
and slide microtubules apart27,28. In this way, Eg5 is thought to push centrosomes apart, thereby 
promoting bipolar spindle formation. This function of Eg5 is conserved from yeast to humans26,223, and 
inhibition of Eg5 activity was shown to inhibit centrosome separation in prophase30,31,224-226 and block 
bipolar spindle assembly in prometaphase27,29,30,52,227. Consequently, inhibition of Eg5 arrests cells in 
mitosis with a monopolar spindle26 and results in cell death228,229. Because of this essential role of Eg5 
in bipolar spindle assembly, much attention has focussed on Eg5 as a drug target for cancer therapy.
While Eg5 is clearly a key player in bipolar spindle assembly, recent studies identified a second 
kinesin, kinesin-12 (known as Kif15/Hklp2 in humans), which acts together with Eg5 in bipolar 
spindle assembly57,58. Normally, kinesin-12 activity is not sufficient for bipolar spindle formation, as 
acute inhibition of Eg5 results in monopolar spindles. Nonetheless, the existence of such redundant 
pathways for bipolar spindle assembly has major implications, not only for our understanding of the 
mechanism of spindle assembly, but also for the use of Eg5 inhibitors as anti-cancer agents.
To address whether redundant pathways can take over the functions of Eg5, we asked if human cells 
could be established that bypass the need for Eg5 in spindle assembly. To this end, we used an in vitro 
“directed evolution” approach to obtain human cells that can grow in the complete absence of Eg5 
activity. Characterization of these Eg5-Independent Cells (EICs) reveals that centrosome separation 
occurs relatively normal, both in prophase and in prometaphase. We show that bipolar spindle 
assembly in EICs depends on kinesin-12 in prometaphase, but that prophase centrosome separation 
does not. Rather, we show that a pathway involving dynein drives prophase centrosome separation in 
EICs and find that this pathway is essential for Eg5-independent bipolar spindle assembly. Surprisingly, 
the NE-associated pool of dynein, rather than the well-studied cortical pool of dynein, is required for 
Eg5-independent prophase centrosome separation. Finally, we show that in the parental cells, where 
Eg5 is fully active, NE-associated dynein acts in concert with Eg5 to coordinate prophase centrosome 
separation. Thus, our data have uncovered a pathway of centrosome separation in human cells that 
is driven by NE-associated dynein and may play an important role in the resistance to Eg5 inhibitors.

Results

Generation and characterization of cells that can divide independently of Eg5
In an attempt to generate human cells that grow independently of Eg5, we treated HeLa cells for 
several weeks with increasing concentrations of the Eg5 inhibitor S-trityl-L-cysteine (STLC,230. Using 
this method, we generated three different EIC clones that can grow in the presence of a high dose 
(20 μM) of STLC, sufficient to fully inhibit Eg5 activity231. Colony formation assays confirmed that 
proliferation was efficiently blocked upon STLC treatment in parental HeLa cells (hereafter referred 
to as parental cells), while the newly derived EICs survived in the presence of STLC (Fig.1A). Further 
analysis of EICs indicated that the majority of cells in all three EIC clones were able to assemble a 
bipolar spindle (Fig.1B,C) (EICs were always cultured in the presence of 20 μM STLC unless stated 
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Figure 1. Characterization of cells that grow in the absence of kinesin-5 activity.

E

α-Actin

α-Eg5

siGAPDH
siEg5 +- +-

-+ -+

Par. EICs

150

50

kDa

α-Actin

α-Hec1

siHec1
siGAPDH

+- +-
-+ -+

Par. EICs

70

50

kDa

P
ar

en
ta

l
E

IC
s

U
nt

re
at

ed
20

 μ
M

 S
TL

C
20

 μ
M

 S
TL

C

α-tubulin α-tubulin DAPIB

Figure 1. Characterization of cells 
that grow in the absence of kinesin-5 
activity.

(A) Colony formation assays of three 
different HeLa clones. Both parental 
and EICs were left untreated or treated 
for 5 days with 20 μM STLC, fixed with 
methanol and stained with crystal violet. 
(B) Representative images of parental 
and EICs (clone #1) treated as indicated. 
Cells were stained for α-tubulin to 
visualize spindles and DAPI was used 
to stain DNA. (C) Quantification of the 
percentage of monopolar spindles from 
(B) (n=300 per condition). (D) Parental 
and EIC clones were treated for 48 hours 
with either control (GAPDH), Eg5, or 
Hec1 siRNA and stained for phospho-H3. 
Mitotic index was determined as 
described in the materials and methods 
section. (E) Parental and EICs (clone #1) 
were transfected with the indicated 
siRNA’s and 48 hours after transfection, 
cells were harvested and protein levels 
were analyzed by western blot. (F) 
Parental and EICs (clone #1) were treated 
as indicated and analyzed by time-lapse 
microscopy. Time from NEB to anaphase 
was determined based on DIC (n=150 per 
condition). Results in (C), (D) and (F) are 
averages of at least three independent 
experiments. Error bars represent 
standard deviations (SD).
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otherwise). To confirm that EICs acquired resistance to STLC by bypassing Eg5 function, rather than via 
mutations in Eg5 or upregulation of multi-drug resistance genes, we depleted Eg5 from both parental 
and EICs by siRNA. Knockdown of Eg5 in parental cells resulted in a dramatic increase of the mitotic 
index, while it did not affect EICs (Fig.1D,E), demonstrating that EICs are truly Eg5-independent. As a 
control, kinetochore disruption by Hec1 depletion increased the mitotic index similarly in both cell 
lines, indicating that the EICs are not impaired in the ability to maintain a mitotic arrest (Fig.1D). While 
EICs can form bipolar spindles, mitotic timing was increased and they proliferated slightly slower than 
parental cells (Fig.1F and data not shown). Together, these results show that cells can be generated 
that form a bipolar spindle and proliferate in the absence of Eg5 activity, indicating that redundant 
pathways can take over all essential functions of Eg5.

Kinesin-12 is essential for bipolar spindle assembly in EICs
Recently, we and others showed that the plus-end-directed motor kinesin-12 (Kif15/Hklp2 in humans) 
cooperates with Eg5 in bipolar spindle assembly57,58. We therefore tested whether kinesin-12 is 
required for Eg5-independent bipolar spindle assembly in the EICs. Indeed, depletion of kinesin-12 
resulted in a dramatic increase in the percentage of monopolar spindles in all three clones of EICs, 
while it had no effect on parental cells (Fig.2A). Thus, kinesin-12 becomes essential for bipolar spindle 
assembly in human cells that divide independent of Eg5. We therefore tested if Eg5-independent 
growth of EICs is due to kinesin-12 overexpression. Interestingly, although clone #1 and #3 do not 
upregulate kinesin-12, clone #2 showed a clear upregulation in kinesin-12 protein levels (Fig.2B). 
Thus, upregulation of kinesin-12 protein levels may contribute to Eg5-independent cell growth, but 
additional mechanisms must exist.
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Figure 2. Kinesin-12 is essential for bipolar spindle assembly 
in EICs.

(A) Parental and EIC clones were treated for 48 hours with 
control (GAPDH) or kinesin-12 siRNA. Spindles were stained 
for α-tubulin and DAPI was used to visualize the DNA. 
The percentage of monopolar spindles was determined (n = 
300 per condition). Results are averages of at least three 
independent experiments. Error bars represent SD. (B) Western 
blot analysis of protein levels in parental and EIC clones.
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The dynein complex drives prophase centrosome separation in EICs
Eg5 was shown to be essential for prophase centrosome separation in human cells30,31,224-226 and 
Fig.3A,B). Surprisingly, all three clones of EICs separated their centrosomes in prophase in the absence 
of Eg5 activity to almost the same extent as parental cells (Fig.3A,B and Fig.S1A-C), indicating that an 
Eg5-independent pathway takes over prophase centrosome separation in these cells. Interestingly, 
washout of STLC in EICs resulted in excessive prophase centrosome separation (Fig.3A,B), suggesting 
that EICs have hyperactivated the Eg5-independent pathway for prophase centrosome separation.
In contrast to bipolar spindle assembly after NEB, we found that prophase centrosome separation 
is not dependent on kinesin-12 (Fig.3C), consistent with the fact that kinesin-12 does not act before 
NEB54,57,58. Previous studies implicated the minus-end directed motor dynein in prophase centrosome 
separation in certain cell types38,39,232. Furthermore, NE-associated dynein can transport nuclei along 
microtubules, indicating it is capable of producing significant forces on microtubules233. Therefore, 
we tested whether dynein was involved in centrosome separation in the EICs. Indeed, depletion of 
dynein completely blocked prophase centrosome separation in all three clones of EICs (Fig.3C and   
Fig.S1A-C). In contrast, robust centrosome separation was observed after dynein depletion in all three 
parental HeLa clones (Fig.3C and Fig.S1A,C), although a small decrease in centrosome separation was 
observed after dynein RNAi in one of the three clones (p=<0.001, Fig.S1B). Similarly, depletion of Lis1 
or dynein intermediate chain 2 (DIC), two other proteins essential for dynein function37, completely 
blocked prophase centrosome separation in EICs, while they did not inhibit centrosome separation in 
parental cells (Fig.S1A). Together, these results show that dynein is required for prophase centrosome 
separation in the absence of Eg5 activity.

The NE-associated pool of dynein drives prophase centrosome separation
How can dynein promote prophase centrosome separation? Dynein localizes to several distinct intra-
cellular compartments25,37, including the cortex, intracellular vesicles, microtubules plus-ends and the 
NE37,234 and could therefore exert force from distinct locations. Recent studies identified BICD2 and 
CENPF as independent specific recruiters of dynein and the dynein-activating proteins Nde1/L1 at the 
NE, respectively43,235, allowing us to address if the NE-associated pool of dynein is involved in centro-
some separation. Indeed, we were able to confirm that depletion of BICD2 and CENPF resulted in loss 
of dynein and Nde1/L1 from the NE, respectively (Fig. S2A,B). Depletion of BICD2 and CENPF does not 
affect localization of dynein to the centrosomes (Fig. S2C). Furthermore, Nde1/NdeL1 are not found 
at the centrosomes during prophase, indicating that its dynein activating function is restricted to the 
NE during prophase (Fig. S2C). Nde1/NdeL1 localization is not affected by BICD2 depletion  ( Fig. S2A,B.), 
consistent with previous findings43. Surprisingly, we did not observe a detectable decrease in DIC or 
p150glued levels at the NE upon CENPF depletion, while we were able to effectively deplete CENPF, as 
judged by western blot and by the strongly decreased Nde1/L1 levels at the NE after CENPF depletion 
(Fig. S2A,B and S3A). Furthermore, we found that CENPF depletion resulted in an increased distance 
between centrosomes and the NE, confirming that CENPF is likely required for dynein activity at the 
NE (Fig. S3B,43). It should be noted that, in contrast to Bolhy et al., 2011, our experiments where 
done in the presence of nocodazole to better visualize NE-dynein, and this may explain the difference 
between the two studies. In any case, these results validate siRNAs targeting BICD2 and CENPF as good 
tools to specifically inactivate dynein at the NE, either by preventing dynein recruitment to the NE, 
preventing NE-dynein activation or both.
Strikingly, depletion of either BICD2 or CENPF resulted in an almost complete block of prophase 
centrosome separation in EICs, similar to depletion of dynein itself (Fig.3D,E and Fig.S1B,C). These 
results indicate that specifically the NE pool of dynein drives prophase centrosome separation. 
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Figure 3. NE-Dynein is required for prophase centrosome separation in EICs.

(A) Representative images of parental and EICs (clone #1) treated as indicated. Cells were stained for γ-tubulin to visualize the 
centrosomes, phospho-H3 (pH3) to mark prophase cells and DAPI to visualize the DNA. Arrowheads mark the centrosomes. 
(B) Quantification of inter-centrosomal distance in prophase from (A) (n = 45 per condition). (C) Parental and EICs (clone #1) were 
treated for 48 hours with either control (GAPDH), kinesin-12 or dynein heavy chain (DHC) siRNA. Inter-centrosomal distance in 
prophase was calculated as in (B) (n = 45 per condition). (D) Parental and EICs (clone #1) were treated for 72 hours with either 
control (GAPDH), DHC, BICD2, or CENPF siRNA. Cells were stained for centrosomes (γ-tubulin), pH3 (prophase cells) and DNA 
(DAPI). Arrowheads mark the centrosomes. (E) Quantification of inter-centrosomal distance in prophase from (D) (n = 45 per 
condition). (F) Parental and EICs were treated as in (D), stained for α-tubulin and DAPI to visualize the DNA and the percentage 
of monopolar spindles was determined (n = 300 per condition). (G) Colony formation of parental and EICs (clone #1). Cells were 
treated for 7 days with either control (GAPDH), kinesin-12, BICD2, CENPF siRNA and stained as in Fig. 1A. Re-transfection was 
performed every 3 days. (H) Quantification of the colony formation in (G). Results in (B), (C), (E), (F) and (H) are averages of at least 
three independent experiments. Error bars represent SD. Scale bars represent 10 μm. See also Figure S1, S2, S3, S4.
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Interestingly, inhibition of NE-dynein by depletion of either BICD2 or CENPF not only blocked 
prophase centrosome separation, but also robustly inhibited bipolar spindle assembly in EICs (Fig.3F), 
demonstrating the importance of prophase centrosome separation for Eg5-independent bipolar 
spindle assembly. Note that dynein depletion itself did not increase the fraction of cells that formed 
a monopolar spindle, likely because dynein has a second, independent function in prometaphase in 
pulling centrosomes together31,63,64. This result also confirms that depletion of BICD2 or CENPF does 
not perturb dynein function in general, but specifically inhibits NE-associated dynein activity.
Since depletion of kinesin-12 or removal of dynein from the NE in EICs results in a dramatic increase 
in monopolar spindles, these pathways may be key to survival of EICs. Indeed, depletion of kinesin-12 
or removal of NE-associated dynein in EICs potently blocked their proliferation, while having no 
substantial effect on parental cells (Fig.3G,H). These results show that NE-associated dynein-dependent 
centrosome separation during prophase and subsequent kinesin-12 activity during prometaphase 
drive bipolar spindle assembly and long-term cellular proliferation in cells lacking Eg5 activity.

The balance of motor activities at the NE is altered in EICs
Previous studies found that during late G2 and prophase a balance of NE-dynein and kinesin-1 activity 
controls proper localization of centrosomes relative to the nucleus235. Depletion of dynein results 
in detachment of centrosomes from the nucleus in normal cells, which is dependent on kinesin-1 
activity (Fig.3D and Fig.S4A and235. Surprisingly, centrosome detachment from the nucleus was 
strongly reduced in EICs depleted of dynein compared to parental cells (Fig.S4A) Importantly, there 
was no apparent difference in the depletion of dynein when comparing both cell lines (Fig,S4B) and 
the difference effect was also not due to STLC treatment of EICs (Fig.S4A and S4C,D). These results 
indicate that the balance of forces that link the centrosomes to the NE is altered in EICs (i.e. either 
kinesin-1 activity is reduced in EICs or NE-dynein activity is increased) and could explain why dynein 
is able to drive centrosome separation in the absence of Eg5 in EICs, while it is unable to do so in 
parental HeLa cells.
To obtain further insights into the altered motor balance in EICs, we first tested the involvement 
of kinesin-1 in prophase centrosome separation. Depletion of kinesin-1 did not significantly affect 
prophase centrosome separation in EICs, nor did it affect prophase centrosome separation in U2OS 
cells treated with a low dose of STLC (Fig.S5A,B). However, depletion of kinesin-1 in cells treated with 
a high dose of STLC (20μM) promoted centrosome separation in U2OS cells (p=0.0024, Fig.S5C), 
consistent with the model that dynein promotes centrosome separation and is counteracted by 
kinesin-1.
We also examined the levels of several components of the dynein complex at the NE, including DIC, 
p150glued, CENPF and BICD2, to test if the EICs have altered the expression of these dynein components 
at the NE. However, we found that NE levels of these proteins were unchanged (Fig.S6A,B), suggesting 
that the altered motor balance is due to a change in NE-dynein activity rather than an increase in 
protein levels.

Dynein cooperates with Eg5 to drive prophase centrosome separation
Since NE-associated dynein drives prophase centrosome separation in EICs, we wondered if a 
similar pathway is active in parental cells. Depletion of dynein does not result in a significant block 
in centrosome separation in most of the parental cell lines (Fig.3C and31, suggesting that high Eg5 
activity may compensate for a lack of dynein activity during prophase centrosome separation. To 
test this, Eg5 activity was partially inhibited using increasing concentrations of STLC in U2OS and 
HeLa cells (Fig.4A and Fig.S7A). Strikingly, concentrations as low as 250nM of STLC, which barely 

Van_Heesbeen.indd   32 9-7-2015   11:10:06



Nuclear envelope-associated dynein drives prophase centrosome separati on |  33

aff ected centrosome separati on in control cells, almost completely eliminated prophase centrosome 
separati on in cells lacking dynein. Similar results were observed for depleti on of Lis1 or DIC (Fig.S7B 
and Fig.S8), confi rming the importance of the dynein complex for prophase centrosome separati on. 
These results indicate that, while dynein is not essenti al for prophase centrosome separati on in cells 
with full Eg5 acti vity, it becomes essenti al when Eg5 acti vity is slightly compromised.
Similar to dynein depleti on, BICD2 and CENPF depleti on also potently blocked prophase centrosome 
separati on in parental cells when Eg5 acti vity is reduced (Fig.4B,C and Fig.S7C), confi rming the 
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involvement of the NE pool of dynein. The block in centrosome separation was observed with 
4 different siRNA’s targeting CENPF and in case of BICD2 RNAi, the block could be reverted by 
expression of an RNAi-insensitive HA-tagged BICD2 (Fig 4D,E).
 To obtain more insights into the kinetics of centrosome separation and bipolar spindle assembly, 
time-lapse imaging was performed to follow prophase centrosome separation and spindle assembly 
in living cells. Consistent with fixed cell experiments, live-cell imaging revealed that depletion of 
dynein, BICD2 or CENPF inhibited prophase centrosome separation when Eg5 was slightly inhibited 
(Fig.5A). Furthermore, depletion of BICD2 or CENPF also increased the fraction of cells that form 
a monopolar spindle, consistent with the notion that robust prophase centrosome separation is 
important for subsequent spindle bipolarity (Fig.5B,C and Fig.3F). Again, dynein depletion did not 
increase the fraction of cells that formed a monopolar spindle (Fig.5C), likely due to loss of the inward 
force produced by dynein in the spindle in prometaphase31,63,64.
To test the contribution of Eg5- and dynein-dependent pathways in non-transformed cells, we 
inhibited Eg5 and/or dynein activity in RPE-1 cells. Surprisingly, in contrast to HeLa and U2OS cells, 
inhibition of Eg5 in RPE-1 cells did not fully block prophase centrosome separation (Fig.4F) whereas 
it did block bipolar spindle formation after NEB (data not shown). This Eg5-independent centrosome 
separation depends on NE-associated dynein, as depletion of DHC, BICD2 and CENPF resulted in a 
substantial decrease in inter-centrosomal distance in cells lacking Eg5 activity (Fig.4F). Taken together, 
these results show that NE-associated dynein cooperates with Eg5 to drive prophase centrosome 
separation in human cells, but the relative contribution of each pathway appears to differ per cell type. 
Consistent with this, depletion of dynein resulted in a decrease in prophase centrosome separation in 
one of the parental HeLa clones (Fig. S1B).
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Figure 5. Live-cell analysis of prophase 
centrosome separation in U2OS cells.

(A) U2OS cells stably expressing mCherry-α-tubulin 
and GFP-H2B were transfected with the indicated 
siRNA’s and imaged using time-lapse microscopy. 
Images were acquired every 2.5 minutes. Arrow 
indicates NEB, arrowheads mark the centrosomes. 
(B) Quantification of the inter-centrosomal distance 
from the movies in (A). Inter-centrosomal distance 
was measured one frame (2.5 min) before NEB (n = 
30 per condition). (C) Quantification of the number 
of monopolar spindles from the movie in (A).(n = 150 
per condition).
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Dynein pulls on individual centrosomes, while Eg5 acts on centrosome pairs
Eg5 is known to slide two anti -parallel microtubules apart, and this acti vity is thought to allow Eg5 to 
exert an outward pushing force on both centrosomes simultaneously. In contrast, we hypothesize that 
NE-associated molecules of dynein, by conti nuously walking towards the minus ends of microtubules 
emanati ng from either the one or the other centrosome, generate a pulling force on individual 
centrosomes. To test this, we generated cells possessing only one centrosome by depleti on of Plk4 to 
inhibit centriole duplicati on236. 48 hours post-transfecti on more than 92% of Plk4-depleted prophase 
cells contained only one centrosome (Fig.S9A,B). Time-lapse imaging of prophase centrosome 
movement in these cells showed that a large fracti on of the individual centrosomes moved substanti al 
distances along the nuclear envelope (Fig.6A,B and Movie S1). Importantly, treatment with a high 
dose of STLC did not signifi cantly aff ect these movements (p=0.251, Student’s t-test), demonstrati ng 
that Eg5 does not act on individual centrosomes (Fig.6A,B). In contrast, depleti ng DHC or BICD2 in 
cells with a single centrosome resulted in a substanti al reducti on of the total observed movement of 
the centrosome (p<0.0001, Students t-test) (Fig.6A,B and Movie S2,S3). Together, these results show 
that, while NE-associated dynein and Eg5 cooperate in prophase centrosome separati on, they act 
mechanisti cally diff erent; NE-associated dynein pulls on individual centrosomes, while Eg5 pushes 
centrosome pairs apart.
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Figure 6. NE-Dynein moves individual centrosomes.

(A-B) Cells stably expressing mCherry-α-tubulin were depleted of Plk4 and centrosome movements were analyzed by ti me-lapse 
microscopy. Time interval for each tracking point is 60 seconds for the durati on of 20 minutes prior to NEB. Movements were 
corrected for nuclear movement for the durati on of the movie. (A) Representati ve tracks from individual centrosome movements 
are shown (B) Histogram of the total movements of individual centrosomes from (A) (n >20 cells per conditi ons). See also Fig.S9 
and Movie S1, S2, S3.
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Discussion

Eg5 is thought to be the key regulator of centrosome separation and bipolar spindle assembly, 
making it an attractive drug target for cancer therapy. However, relatively little is known about Eg5-
independent pathways that contribute to spindle bipolarity. Here, we have generated human cells 
that divide and proliferate in the absence of Eg5 activity. Using this approach, we show that kinesin-12 
is essential for bipolar spindle assembly in the absence of Eg5. Furthermore, we identify a pathway 
involving NE-associated dynein that can substitute for Eg5 in prophase centrosome separation and 
find that this pathway is essential for bipolar spindle assembly in the absence of Eg5. Importantly, 
the action of this NE-dynein pathway is not restricted to EICs, but is also seen in Eg5-dependent cells, 
where it acts together with Eg5 to coordinate prophase centrosome separation.

Mechanisms of prophase centrosome separation
Initial centrosome separation occurs in late G2/prophase with the migration of the two centrosomes 
to opposite sides of the nucleus, allowing spindle assembly in prometaphase to initiate with separated 
centrosomes. However, the mechanism of prophase centrosome separation has remained unclear, 
in part due to conflicting data from various organisms concerning the involvement of different 
motors31,34,38-40,232. In this study, we show that in human cells dynein and Eg5 act together to drive 
prophase centrosome separation. Interestingly, while both Eg5 and dynein are involved in prophase 
centrosome separation in all cell types we tested, the relative importance of each pathway differs 
between cell types. Perhaps a similar effect might also explain why studies have found contradictory 
results regarding the involvement of these motor proteins in prophase centrosome separation in 
different organisms. Future experiments in other systems involving double inhibition of dynein and 
Eg5 will hopefully address this intriguing notion and lead to a unifying model of prophase centrosome 
separation.
While Eg5 and dynein have redundant functions in prophase centrosome separation, their activities 
are mechanistically distinct. Our results show that Eg5 specifically generates an outward force on 
centrosome pairs, likely by cross-linking and sliding antiparallel inter-centrosomal microtubules apart 
(Fig.7). In contrast, dynein pulls on single microtubules emanating from centrosomes, enabling dynein 
to generate forces specific to each individual centrosome (Fig.7).
An interesting question is how NE-dynein can generate asymmetric pulling forces on centrosomes, 
required for juxtaposed movement of the two centrosomes along the NE. One possibility, albeit 
speculative, is that productive microtubule interactions with NE-dynein occur stochastically, resulting 
in random walk of individual centrosomes. In this respect it is of interest to note that we observed 
discrete periods of prolonged unidirectional movement of single centrosomes (Fig.6A). In cells with 
two centrosomes, it is possible that microtubules emanating from one centrosome physically collide 
with MTs from the other aster, resulting in catastrophes specifically between the two centrosomes237. 
This would result in biased MT growth away from the opposing aster and could result in an asymmetric 
distribution of pulling forces and movement of centrosomes away from each other. Addition of the Eg5-
dependent outward sliding force between centrosomes will further skew movement of centrosomes 
in opposite directions.

Mechanisms for prophase and prometaphase centrosome separation are redundant
While most cells separate centrosomes in prophase (Figs. 3,4 and 139, in certain HeLa clones a fraction 
of cells does not undergo prophase centrosome separation and these cells can still form a bipolar 
spindle238. However, without prophase centrosome separation, subsequent chromosome segregation 
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becomes more error-prone239. Furthermore, the prophase centrosome separation becomes essential 
for spindle bipolarity, when spindle assembly in prometaphase is put under stress238. Consistent with 
this, we found that inhibition of prophase centrosome separation in cells with reduced Eg5 activity 
also decreased spindle bipolarity (Fig.5). Thus, it is likely that prophase and prometaphase mechanisms 
for centrosome separation act redundantly to allow robust bipolar spindle assembly. When such 
redundancy is removed, as is the case in EICs, grown in the presence of Eg5 inhibitor, bipolar spindle 
assembly becomes less robust and all remaining pathways become essential.

Mechanism of resistance to Eg5 inhibitors
How can EICs build a bipolar spindle in the absence of Eg5 activity? Previously, we reported that 
5- to10-fold overexpression of kinesin-12 is sufficient to establish spindle bipolarity in the absence 
of Eg557. However, EICs can form a bipolar spindle without kinesin-12 overexpression, so other 
mechanisms must exist. Dynein-dependent prophase centrosome separation in EICs allows spindle 
assembly in prometaphase to initiate with highly separated centrosomes, a situation which likely 
results in a strong bias towards spindle bipolarity57,64 and thus, relatively low kinesin-12 activity might 
be sufficient to tip the balance towards spindle bipolarity. Consistent with this, endogenous kinesin-12 
activity is not sufficient for spindle bipolarity in parental HeLa cells treated with Eg5 inhibitors, as 
these cells enter prometaphase with unseparated centrosomes.
However, other changes have likely occurred in EICs as well that could enhance spindle bipolarity in 
prometaphase, and future work will be directed towards identification of these additional changes. 
Nonetheless, eliminating prophase centrosome separation in EICs by depletion of BICD2 or CENPF, 
results in a dramatic decrease in spindle bipolarity, clearly pointing at an important role for prophase 
centrosome separation as a modulator of bipolar spindle assembly in the absence of Eg5 activity. 
Although the exact mutations/changes that allow dynein to drive prophase centrosome separation in 
EICs are currently unknown, these might involve increased activation of NE-dynein or weakening of 
the linkage that holds centrosomes together240, and could be different for each clone.

A

Eg5

Dynein

Centrosome

BICD2

CENP-F

Figure 7. Model of NE-dynein and Eg5 function in prophase centrosome separation.

Both Eg5-dependent antiparallel microtubule sliding, as well as minus-end-directed microtubule pulling forces generated by NE-
dynein mediate centrosome separation. During late G2/prophase, CENPF and BICD2 are recruited to the NE and in turn recruit/
activate dynein at the NE. NE-dynein can bind centrosomal microtubules and pull centrosomes apart through its minus-end-
directed motility. Blue and orange arrows indicate the direction of Eg5 and dynein motility, respectively. Red arrows indicate the 
movement of the centrosomes.
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Taken together, the development of EICs has allowed us to delineate multiple levels of redundancy in 
centrosome separation and bipolar spindle assembly. This approach will be useful to identify additional 
pathways involved in spindle assembly that have previously been overlooked due to redundancy. A 
similar approach can easily be adopted for other motor and non-motor proteins, allowing widespread 
identification of redundancy, as well as potential resistance to clinically relevant drugs.

Materials and Methods

Cell culture, transfection and drug treatment
HeLa and U2OS 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 with 
HiPerFect (QIAGEN) according to the manufacturer’s guidelines. DNA was transfected using 
X-tremeGENE (Roche) according to the manufacturer’s guidelines. The following siRNAs were used 
in this study: GAPDH OTP SMARTpool (Dharmacon), Eg5 OTP SMARTpool (Dharmacon), Hec1 OTP 
SMARTpool (Dharmacon), dynein HC AAGGAUCAAACAUGACGGAAU241 (Dharmacon), kinesin-12 
OTP SMARTpool (Dharmacon), Lis1 GAGTTGTGCTGATGACAAG242 (Dharmacon), dynein IC OTP 
GUAAAGCUUUGGACAACUA (Dharmacon), BICD2 SMARTpool and OTP AGACGGAGCGCGAACAGAA 
(Dharmacon), CENPF SMARTpool and OTP GAAGCUAUGCUAAGAAAUA (Dharmacon), Kinesin-1 OTP 
CGAGGAACGUCUAAGAGUA (Dharmacon) and Plk4 OTP GGACUUGGUCUUACAACUA (Dharmacon). 
The following expression construct was used: Mouse HA-BICD2243.

Generation of EICs
Different HeLa clones were treated with increasing concentrations of STLC over the course of 5 weeks. 
Cells were washed three times a week and passaged into increased STLC concentrations twice a week. 
After reaching the final concentration of 20 μM STLC, Eg5 RNAi was used to test if the cells were truly 
dividing independently of Eg5.

Immunofluorescence
Cells were grown on 10 mm glass coverslips and fixed with either 4% formaldehyde with 1% triton X-100 
in PBS at room temperature or ice cold methanol for 15 min. α-Tubulin antibody (Sigma) was used at 
1:10.000, γ-tubulin (Abcam) was used at 1:500, phospho-H3 (Ser10) (Millipore) was used at 1:1.500, 
BICD2 antibody 235 was used 1:300, P150glued antibody (BD) was used 1:500, CENPF (Novus) was used 
1:500, Dynein Intermediate Chain (70.1, Sigma) was used 1:1.000, Nde1/NdeL1 244 was used 1:100, 
HA (HA11, Covance) was used 1:1.000, Lamin B (Santa Cruz) and Lamin A/C (Santa Cruz) antibodies 
were used 1:200. Primary antibodies were incubated overnight at 4°C and secondary antibodies 
(Alexa 488 and 561, Molecular Probes) were incubated for 1h at room temperature. DAPI was added 
before mounting using Vectashield (Vectorlabs). Prophase cells were selected based on phospho-H3 
(Ser10) signal, DNA condensation status and the lack of cytoplasmic proteins in the nucleus and inter-
centrosomal distances were measured in 3D images using Zeiss LSM 510 confocal software. Images 
were acquired on a Zeiss LSM510 META confocal microscope (Carl Zeiss) with a Plan Apochromat 63x 
NA 1.4 objective. Brightness and contrast were adjusted with Adobe Photoshop.
Mitotic indexes were determined using automated image acquisition and analysis based on the pHH3 
signal using a Cellomics ArrayScan VTI (Thermo Scientific) as described previously118.
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Time-lapse microscopy
U2OS cells stably expressing mCherry-α-tubulin and GFP-H2B were plated on 8-well glass-bottom 
dishes (Labtek). Cells were imaged in a Zeiss Axiovert 200M microscope equipped with a Plan-Neofluar 
40x/1.3 NA oil objective in a permanently heated chamber in Leibovitz L15 CO2-independent medium. 
Images were acquired every 60 seconds using a Photometrics Coolsnap HQ charge-coupled device 
(CCD) camera (Scientific) and GFP/mCherry filter cube (Chroma Technology Corp.). Z-stacks were 
acquired with 3.33 μm intervals between Z-slices. Images were processed using Metamorph software 
(Universal Imaging). Centrosome movement was tracked in 3D using ImageJ. Statistical analysis was 
carried out using Prism 5 (Graphpad Software Inc.)

Colony formation
Parental and STLC-resistant HeLa cells were seeded at a density of 5.000 cells per well in a 96-well 
plate. Cells were treated with the indicated concentrations of STLC and siRNAs and grown for 7 days. 
siRNA transfections were repeated every 72 hours. Cells were fixed with methanol and stained with 
crystal violet. Colony density was quantified using ImageJ.

Western blotting
Cells were lysed with Laemmli buffer (120mM Tris (ph 6.8), 4% SDS, 20% glycerol). Protein levels were 
analysed by western blot. Kinesin-12 antibody57 was used 1:500, Actin antibody (Santa Cruz) was used 
1:1.500, BICD2 antibody38235 was used 1:1.000, Eg5 antibody (Abcam) was used 1:500, Hec1 antibody 
(Genetex) was used 1:1.000, CENPF antibody (Novus) was used 1:500 and Dynein Intermediate Chain 
(70.1, Sigma) was used 1:1.000. Actin levels served as a loading control.
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Abstract

Inhibition of the microtubule (MT) motor protein Eg5 results in a mitotic arrest due to the formation 
of monopolar spindles, making Eg5 an attractive target for anti-cancer therapies. However, Eg5-
independent pathways for bipolar spindle formation exist, which might promote resistance to 
treatment with Eg5-inhibitors. To identify essential components for Eg5-independent bipolar spindle 
formation we performed a genome-wide siRNA screen in Eg5-independent cells (EICs). We find that the 
kinase Aurora A and two kinesins, MCAK and Kif18b are essential for bipolar spindle assembly in EICs 
and in cells with reduced Eg5 activity. Aurora A promotes bipolar spindle assembly by phosphorylating 
Kif15, hereby promoting Kif15 localization to the spindle. In turn, MCAK and Kif18b promote bipolar 
spindle assembly by destabilizing the astral MTs. In the absence of MCAK and Kif18b, excessive astral 
MTs generate inward pushing forces on centrosomes at the cortex that inhibit centrosome separation. 
Together, these data reveal a novel function for astral MTs in force generation on spindle poles and 
how proteins involved in regulating microtubule growth control, indirectly control bipolar spindle 
assembly.
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Introduction

The bipolar spindle is a microtubule (MT)-based structure required for successful chromosome 
segregation during mitosis. Assembly of the bipolar spindle requires tight regulation of a wide variety 
of microtubule-associated proteins (MAPs), including MT motors from the kinesin family of proteins245. 
An essential and highly conserved protein for bipolar spindle assembly is kinesin-5 (Eg5 in humans). 
Eg5 forms a unique tetrameric configuration, hereby enabling it to crosslink and slide antiparallel 
MTs apart and thereby driving centrosome separation and bipolar spindle assembly27,28. Inhibition 
or depletion of Eg5 results in a mitotic arrest and subsequent cell death due to the formation of 
monopolar spindles in nearly all organisms tested26. Therefore, Eg5 is an attractive anti-mitotic target 
for cancer therapy246.
Recent studies reported the existence of redundant pathways, cooperating with Eg5 to drive 
centrosome separation and bipolar spindle assembly. In human cells, kinesin-12 (Kif15/Hklp2 in 
humans) was identified to cooperate with Eg5 in bipolar spindle assembly57,58. Ectopic over-expression 
of Kif15 bypasses the requirement for Eg5 in bipolar spindle assembly57. In addition, we and others 
have shown that human cells, treated with Eg5 inhibitors can easily acquire the ability to build a 
bipolar spindle in the absence of Eg5 activity, but become dependent on Kif15 for bipolar spindle 
formation32,45,60,247.
To identify genes that are required for Eg5-independent bipolar spindle assembly, we performed a 
genome-wide siRNA screen in HeLa and HeLa-derived Eg5-independent cells (EICs, 32. We searched 
for genes that specifically arrested EICs in mitosis, using a high content, fixed cell assay. We identified 
the mitotic kinase Aurora A and two kinesins that regulate MT dynamics, MCAK (Kif2C/kinesin-13) 
and Kif18b (kinesin-8), to be essential for bipolar spindle assembly in EICs. Our data reveals two novel 
mechanisms that are required for Eg5-independent bipolar spindle assembly and uncover three 
potential targets for combination therapy with Eg5 inhibitors.

Results

A genome-wide siRNA screen identifies three genes required for bipolar spindle 
assembly in Eg5-independent cells.
In order to identify genes contributing to centrosome separation and bipolar spindle assembly in EICs, 
we performed a high content, image-based genome-wide siRNA screen in these cells, cultured in 
the presence of a high dose (20 μM) of the Eg5-inhibitor S-trityl-L-cysteine (STLC;32,230, see Figure 1A 
for experimental setup). In short, the cells were transfected with pools of ON-TARGET plus siRNAs 
containing four duplexes per gene, targeting 18,104 human genes in total in a 384-well format 
(approximately 80% of the human genome, see experimental procedures for detailed information 
about the siRNA library). To visualize the effect of gene knockdown on mitotic progression, we fixed 
the cells 48 hours after siRNA transfection and determined the mitotic index by staining the cells 
using the mitotic marker phospho-Histone H3 (Figure 1A and B). The screen was performed in both 
parental HeLa cells and HeLa-derived EICs to identify genes that specifically arrest EICs in mitosis. As 
positive controls in our screen setup, we used siRNA targeting Eg5 to specifically arrest the parental 
cells in mitosis and siRNAs targeting Kif15 to specifically arrest the EICs in mitosis (Figure 1B). We used 
siRNAs targeting the Hec1 gene, encoding an essential outer-kinetochore (KT) component, as a second 
positive control, since its depletion leads to a mitotic arrest in both cell lines (Figure 1B). GAPDH siRNA 
was used as a negative control for both cell lines (Figure 1B). The primary screen was performed 
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in duplicate in both cell lines and the results from both screens were analyzed using CellHTS2 and 
normalized using sample-based normalization (Figure 1C,248, see experimental procedures for more 
detailed information about the analysis method).
In order to identify genes specifically arresting one of the two cell lines, we subtracted the normalized 
mitotic index of the parental cells from the normalized mitotic index of the EICs (Figure 1D). The 
scores after subtraction of the normalized mitotic index were plotted and showed Eg5 and Kif15 
as clear outliers, specific for the parental cells and the EICs, respectively (Figure 1D). We selected a 
total of 250 EIC-specific genes for follow-up screening. After subtraction of the mitotic indexes, the 
selected genes had a normalized difference of at least 8 for the EIC-specific genes. The hits from the 
primary screen were rescreened in triplicate using a similar setup as the primary screen (Figure 1E). 
Consistently, we identified Kif15 to be one of the strongest hits after analysis. We selected 85 genes 
from the secondary screen with a normalized difference of at least 10. We further validated the EIC-
specific hits by performing siRNA pool deconvolution (Figure 1E, and experimental procedures). From 
these 85 candidates, seven genes were confirmed on-target using the criteria that at least three 
siRNAs of the pool scored with a minimum of two times standard deviation (SD) of the siGAPDH (see 
experimental procedure). We tested the seven genes in a final confirmation experiment (Figure 1F). 
From these seven initial hits, we were able to confirm three genes, which upon depletion led to a 
dramatic increase in the mitotic index in the EICs and showed loss of the corresponding protein on 
western blot (Figure 1F and Supplementary Figure 1A). The genes identified in the screen, Aurora A, 
Kif2C (MCAK) and Kif18b (Figure 1G) where all previously implicated in mitosis, but their exact 
contribution to bipolar spindle assembly is unclear.

MCAK, Kif18b and Aurora A are essential for bipolar spindle assembly in EICs and in 
cells with reduced Eg5-activity.
In order to validate the role of the hits in Eg5-independent pathways of bipolar spindle assembly, we 
depleted MCAK, Kif18b and Aurora A from parental and EICs and scored the percentage of bipolar 
spindles (Figure 2A and B). Similar to Kif15 depletion, the EIC-specific hits from the screen efficiently 
blocked bipolar spindle assembly while their depletion did not affect spindle bipolarity in the parental 
cells (Figure 2A and B). Next, we determined if the contribution of MCAK, Kif18b and Aurora A to 
bipolar spindle assembly was restricted to EICs or if they also contribute to bipolar spindle assembly 
in parental cells. To test this, we partially inhibited Eg5 activity in parental HeLa cells using a low dose 

◄ Figure 1: Genome-wide siRNA screen identifies three genes specifically affecting mitosis in Eg5-independent cells.

(A) Experimental setup of the screen. Parental and EICs HeLa cells were reverse transfected in a 384-well format with a genome 
wide ON-Target plus siRNA library from Dharmacon. 48 hr after transfection, the cells were fixed and mitotic cells were stained 
using the marker phospho-histone H3. The mitotic index was determined using an automated fluorescence microscope. 
(B) Representative pictures of parental cells and EICs, treated with the indicated siRNAs. GAPDH and Hec1 siRNA served as non-
specific negative and positive controls respectively. Eg5 siRNA served as a parental-specific control and Kif15 as a EICs-specific 
control. (C) Results from the primary screen. The left graph and middle graph show the normalized mitotic indexes, ordered from 
lowest to highest for the parental cells and the EICs respectively. Box plots on the right site of the graphs show the controls for 
the indicated cell line. Note that depletion of Eg5 shows a high mitotic index in the parental cells, while it has no significant effect 
in the EICs. Kif15 served as a EICs specific positive control. (D) The Graphs shows the normalized mitotic index after subtraction 
of parental screen scores from the EICs screen scores. Note that as expected, Eg5 and Kif15 were found as clear outliers. Genes 
above the upper red-dotted line indicates an EICs-specific mitotic arrest, genes below the lower red-dotted line show a parental 
specific mitotic arrest. (E) Results from the secondary screen, after subtraction of the normalized mitotic of the parental cells 
from the scores of the EICs. The 85 genes above the red-dotted line were selected for siRNA deconvolution. The right table 
shows the results from the siRNA deconvolution. 7 genes from the original 85 were confirmed on-target and selected for final 
confirmation. (F,G) The final confirmation experiment identified three hits to be specific for the EICs.
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(0.75 μM,32 of STLC. Similar to our results in EICs, siRNA depletion of MCAK, Kif18b and Aurora A in 
parental HeLa cells, treated with a low dose of STLC, fully blocked bipolar spindle assembly (Figure 2C). 
This indicates that the function of these proteins in bipolar spindle assembly is not restricted to EICs, 
but that their function is masked by the major centrosome-separating force produced by Eg5 in 
normal cells.
Both Eg5 and Aurora A inhibitors are promising anti-cancer drugs that are currently investigated in 
a number of clinical trials221,249. The dramatic increase in monopolar spindles in cells treated with 
Aurora A siRNA and Eg5-inhibitors made us wonder if combined treatment of Eg5 inhibitors with 
Aurora A inhibitors might lead to a synergistic effect in blocking bipolar spindle formation and as a 
long-term consequence, in decreased cell proliferation. To test this, we treated both parental and 
EICs with the selective Aurora A inhibitor MLN8054250. Similar to siRNA treatment, concentrations up 
to 300 nM MLN8054 did not affect bipolar spindle formation in parental cells, but efficiently blocked 
bipolar spindle formation in EICs (Figure 2D) and in parental cells with reduced Eg5 activity (Figure 2E). 
In addition, long-term treatment with low doses of MLN8054 (50 – 100nM) blocked proliferation in 
EICs, while similar doses did not affect EICs after removal of STLC (Figure 2F). These data suggest that 
combining Eg5 and Aurora A inhibitors might have increased efficacy versus monotherapy. In addition 
it might prevent the development of resistance to Eg5 inhibitors.

MCAK, Kif18b and Aurora A are required for bipolar spindle maintenance in the 
absence of Eg5 activity.
We have previously shown that EICs critically depend on nuclear-envelope (NE) dynein-mediated 
centrosome separation in prophase and Kif15-activity during prometaphase in order to build a bipolar 
spindle32,45. In order to determine which pathway for bipolar spindle assembly the genes identified 
in our screen act, we first tested if their depletion affected centrosome separation during prophase. 
While dynein depletion efficiently blocked prophase centrosome separation in EICs, depletion of 
MCAK, Kif18b and Aurora A did not have a significant effect on prophase centrosome separation that 
could explain the number of monopolar spindles in prometaphase (Figure 3A and B). This indicates that 
the function of these proteins in bipolar spindle formation is most likely restricted to prometaphase.
To test if the action of MCAK, Kif18b and Aurora A is restricted to the assembly of the bipolar spindle 
during prometaphase, or if their function is also required for the maintenance of the metaphase 
bipolar spindle, we arrested parental HeLa cells in metaphase using the proteasome inhibitor MG132 
and subsequently inhibited all Eg5 activity using a high dose of STLC57,59. As we have shown previously, 
control cells maintain a bipolar spindle after treatment with STLC, due to the action of Kif1557. Similar 
to Kif15 depletion, MCAK, Aurora A, and to a lesser extent Kif18b depletion, results in collapse of 
the bipolar spindle upon Eg5 inhibition (Figure 3C). This indicates that the action of these proteins 
is not restricted to the assembly of the bipolar spindle, but is also required for maintenance of the 
metaphase bipolar spindle.

Excessive astral microtubule nucleation blocks centrosome separation and bipolar 
spindle assembly
Regulation of MT dynamics during mitosis is a tightly regulated process251. The MT motors from the 
kinesin-13 and kinesin-8 family have both been shown to control MT depolymerization252. MCAK 
(kinesin-13) is a non-processive motor that diffuses along the MT lattice to reach the ends of MTs253, 
and contains an internal motor domain required for its MT depolymerizing activity254. Besides that, 
MCAK can also track the growing plus-ends of MTs through a direct interaction with EB1255,256. In 
contrast to kinesin-13, kinesin-8 motors contain a N-terminal motor domain and have shown to 
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Figure 2: MCAK, Kif18b and Aurora A are essential for bipolar spindle assembly in EICs and cells with reduced Eg5-activity.

(A) Parental and EICs HeLa cells were transfected with the indicated siRNAs, fixed and stained for α-tubulin. DAPI was used 
to stain the DNA. (B) Percentage of bipolar spindles from the cells treated in (A). (C) Parental cells were transfected with the 
indicated siRNAs and treated for five hours with 0.75 μM STLC. The percentage of bipolar spindles was scored after fixation and 
staining of the cells. (D,E) Parental and EICs HeLa cells were treated as indicated. The percentage of bipolar spindles was scored 
after fixation and staining of the cells. (F) Colony formation assay of EICs. The cells were treated for 5 days with the indicated drug 
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(B,C,D,E) are averages of at least three independent experiments. Error bars represent s.d. Scale bars represent 10 μm.
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be processive, plus-end directed motors257-259, that depolymerize MTs at the plus-ends in a length 
dependent manner257,260. Kif18b has also been shown to accumulate at MT plus-ends through a direct 
interaction with EB195,261. In addition, Kif18b interacts with MCAK hereby promoting the plus-end 
accumulation of each other95. While MCAK regulates MT depolymerization at different locations 
in the cell, including kinetochores, centrosomes and astral MTs145,262,263, the localization of Kif18b is 
negatively regulated by Aurora kinases and has only been found at the plus-tips of astral MTs95,261. 
Taking into account that Kif18b localization is restricted to astral MTs and MCAK is a non-processive 
motor, it is unlikely that they act in sliding anti-parallel MTs. However, the fact that MCAK and Kif18b 
both regulate astral MT depolymerization by forming a mitosis-specific complex95, we wondered if 
astral MT length control could influence bipolar spindle assembly.
Depletion of either MCAK or Kif18b results in the formation of excessive and long astral MTs (Figure 4A 
and95,145,261,264. Furthermore, a single astral MT can grow towards the cell cortex where it can push 
against the cell membrane for a short amount of time before it undergoes catastrophe and subsequent 
shrinkage265. During this short contact time, a single MT can exert a substantial amount of force, that 
is comparable to the force exerted by a single kinesin molecule237,266. Indeed, upon depletion of MCAK 
and Kif18b, we observed high numbers of astral MTs reaching the cortex and buckling of astral MTs 
indicating continuous polymerization and force generation by these astral MTs (Figure 4A). To test if the 
excessive astral MTs that form in the absence of MCAK and Kif18b might generate forces by continuous 
growth against the cortex, we lowered cortical membrane tension by disrupting the actomyosin 
cytoskeleton using Cytochalasin D. This prevents polymerizing astral MTs from generating forces via 
the cortical membrane on spindle poles and polymerizing astral MTs would rather deform the cortex 
upon loss of the actomyosin network. Upon disruption of the actomyosin network in MCAK or Kif18b 
depleted cells, we indeed observed cortical membrane protrusions in which astral MTs continued 
to polymerize (Figure 4A, middle panel). Disruption of the actomyosin network hardly affected the 
number of bipolar spindles formed in control-treated cells in which Eg5-activity was partially inhibited 
(Figure 4B and C). However, disruption of the actomyosin network in MCAK- or Kif18b-depleted cells 
produced a marked increase in the amount of bipolar spindles (Figure 4B and C), indicating that the 
force that perturbs bipolar spindle formation in MCAK- or Kif18b-depleted cells depends on cortical 
tension. Second, we suppressed excessive astral MT polymerization by partial depletion of the MT 
polymerase TOGp267. Upon partial depletion of TOGp, we noticed a marked decrease in the amount 
and length of astral MTs in control, MCAK or Kif18b-depleted cells and we did not observe astral MTs 
that reached all the way to the cortex (Figure 4A, lower panel). This treatment lowered the number of 
bipolar spindles formed in control-treated cells in which Eg5-activity was partially inhibited, probably 
due to essential function of TOGp in general MT nucleation. However, cells in which MCAK or Kif18b 
was depleted showed an increase in the number of bipolar spindles after partial depletion of TOGp. 
These results suggest that upon disruption of the cortical actomyosin network, or upon suppression 
of the MT polymerization rate, astral MTs cannot generate sufficient force on the centrosomes to 
counteract the forces that drive the separation of centrosomes.

◄ Figure 3: MCAK, Kif18b and Aurora Aare required for bipolar spindle maintenance in the absence of Eg5 activity.

(A) Representative images of parental and EICs HeLa cells treated with the indicated siRNAs. Cells were stained for ϒ-tubulin to 
visualize the centrosomes, phospho-H3 (pH3) to mark prophase cells and DAPI to visualize the DNA. Arrowheads in the pictures 
mark the centrosomes. (B) Quantification of the inter-centrosomal distance in prophase from the cells in (A). (C) Quantification 
of the mitotic timing of HeLa cells expressing H2B-mCherry and GFP-α-tubulin. Cells were treated for 48 hr with the indicated 
siRNAs. Before starting the time-lapse acquisition, cells were arrested in metaphase for 1 hr using the proteasome inhibitor 
MG132. Cells were then treated with 20 μM STLC and images were acquired every 4 minutes. Results from (B) are averages of at 
least three different experiments. Error bars represent s.d. Scale bars represent 10 μm.
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Phosphorylation of S1169 by Aurora A is required to target Kif15 to the spindle
The role of Aurora A in centrosome separation and bipolar spindle formation is controversial. Early 
studies in Drosophila showed that mutations in Aurora A led to centrosome separation defects and 
monopolar spindle formation268. Consistently, studies in mouse embryonic fibroblasts showed that 
Aurora A deletion led to the formation of monopolar spindles269. In contrast, Aurora A deletion in 
chicken DT40 cells led to the formation of small bipolar spindles270 and studies in human cells observed 
a wide variety of phenotypes, including chromosome misalignments, multipolar spindles and 
monopolar spindles271,272. The discrepancies observed between model systems could be explained by 
the methods used to inactivate or deplete Aurora A from cells, or by different contributions of parallel 
pathways involved in centrosome separation and bipolar spindle assembly225. Despite the fact that a 
wide variety of Aurora A substrates have been identified249,273, clear downstream targets involved in 
centrosome separation and bipolar spindle assembly are poorly understood. Eg5 was described to be 
phosphorylated by Aurora A in Xenopus274, but since we identified Aurora A in an Eg5-independent 
background, this cannot be its only target for its function in bipolar spindle assembly. Furthermore, 
centrosome maturation and MT nucleation might also indirectly affect centrosome separation, 
although these function are likely not affected in our system, since we did not observe major defects 
in prophase centrosome separation in both normal cells and EICs (Figure 3A and B). At last, the fact 
that we observed a rapid bipolar spindle collapse in cells in which we blocked both Eg5 and Aurora A 
activity simultaneously (Figure 3C) points towards a target that is also involved in the maintenance of 
the bipolar spindle.
Since Kif15 and Aurora A depletion have overlapping phenotypes in EICs, we wondered if Aurora 
A might directly regulate Kif15. To identify potential Aurora A phosphorylation sites in Kif15, we 
performed an in vitro kinase assay using recombinant Kif15 and Aurora A. Mass-spectrometry of 
Kif15 identified multiple residues being phosphorylated by Aurora A (Supplementary Figure S2). 
One particular conserved residue we identified, serine 1169, matched the Aurora A phosphorylation 
consensus sequence R-X-[S/T] (Figure 5A and Supplementary Figure S2;275, and was also previously 
identified in vivo to be specifically phosphorylated during mitosis276. To examine the role of S1169 
phosphorylation on Kif15 by Aurora A, we expressed GFP-tagged versions of mouse Kif1557, as well as 
a non-phosphorylatable Kif15-S1169A and phosphomimetic Kif15-S1169D mutant in U2OS cells under 
the control of a tetracycline-inducible promoter. While the wild type and Kif15-S1169D localized 
normally to the spindle (Figure 5B and movie S1), recruitment of the S1169A mutant to the spindle 
was markedly reduced (Figure 5B and movie S1). This suggests that S1169 phosphorylation on Kif15 by 
Aurora A promotes its spindle localization during mitosis.
Next we tested if overexpression of the Kif15 mutants could bypass the requirement of Eg557. As 
expected, overexpression of the different constructs did not affect bipolar spindle assembly in 
the absence or presence of MLN8054 (Figure 5C, black and orange bars). However, while full Eg5 
inhibition efficiently blocked bipolar spindle formation in control-transfected cells (Figure 5C, middle 
bar), overexpression of wild type and S1169D mutated Kif15 fully restored bipolar spindle formation in 
Eg5-inhibited cells (Figure 5C, yellow bars). In contrast, expression of S1169A mutated Kif15 required 
higher levels of expression in order to restore bipolar spindle formation and about 30% of the cells 
were not able to form a bipolar spindle (Figure 5C, yellow bars). Finally, when we combined Eg5 
inhibition with partial Aurora A inhibition (500 nM MLN8054), we observed a pronounced decrease 
in the amount of bipolar spindles when we overexpressed either wild type or S1169A mutated Kif15 
(Figure 5C, red bars). Strikingly, the S1169D mutant was only mildly affected and over 80% of the cells 
formed bipolar spindles upon combined inhibition of Eg5 and Aurora A (Figure 5C, red bars). These 
results indicate that Aurora A directly regulates Kif15 by targeting it to the spindle during mitosis 
through phosphorylation on S1169.
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◄ Figure 5: Phosphorylation of S1169 by Aurora A is required for targeting Kif15 to the spindle.

(A) Schematic representation of Kif15. The conserved domain spanning serine 1169 is shown in the inlay. (B) Spindle levels of 
GFP-Kif15 phospho-mutants. U2OS cells were transfected with the indicated construct and treated as indicated. The spindle level 
of the different GFP-Kif15 mutants was determined by dividing the spindle levels over the levels of the cytoplasm (n=20 cells). 
(C) Representative stills of U2OS cells expressing the annotated GFP-Kif15 construct. Note the reduced spindle levels after 
expression of the GFP-Kif15 S1169A mutant. (D) Quantification of the percentage of bipolar spindles in U2OS cells. The cells 
were transfected with the annotated GFP-Kif15 constructs and treated as indicated. Results in (D) are averages of at least 
three different experiments. Error bars represent s.d. Scale bar represent 10 μm. (E) Model about the contribution of MCAK, 
Kif18b and Aurora A in bipolar spindle assembly. (1) Aurora A phosphorylates Kif15 to target it to the spindle, hereby promoting 
its function in bipolar spindle assembly. (2) MCAK and Kif18b control the number and length of astral MTs, hereby preventing 
astral MTs from generating forces at the cortex that counteract centrosome separation and bipolar spindle assembly.

Discussion

Here, we performed a genome-wide siRNA screen in parental and EICs cells to identify novel factors 
involved in Eg5-independent bipolar spindle formation. Using our setup, we identified three genes 
required for bipolar spindle assembly in EICs. We show that the microtubule motors MCAK and Kif18b 
are required for bipolar spindle assembly in EICs and normal cells with reduced Eg5-activity. While 
Eg5 and likely Kif15 directly drive bipolar spindle assembly by sliding antiparallel MTs apart27,28,57,59, 
we show that the contribution of MCAK and Kif18b to bipolar spindle assembly is mediated by their 
function in regulating the length and number of astral MTs during mitosis. In the absence of either 
MCAK or Kif18b, excessive astral MTs generate inward pushing forces on centrosomes when these 
MTs collide with the cortex (Figure 5E). Under normal conditions, these forces are not sufficient to 
counteract outward forces, but when Eg5 activity is compromised, growing astral MTs can generate 
sufficient amounts of force on the cortex to counteract the remaining centrosome separation 
forces. Our results indicate that MCAK and Kif18b have an equal and non-redundant contribution in 
regulating astral MT dynamics. However, we did observe a more rapid collapse of the preassembled 
bipolar spindle after MCAK depletion compared to Kif18b. This might be due to additional functions 
of MCAK in the regulation of KT-MT turnover as has been shown previously145,262. In addition to MCAK 
and Kif18b, we identified Aurora A in our screen to be required for bipolar spindle assembly in EICs. 
Aurora A phosphorylates many substrates in mitosis; however, its downstream targets for controlling 
centrosome separation are poorly understood. We now show that Aurora A functions in bipolar 
spindle formation by controlling the localization and activity of Kif15. Spindle localization of Kif15 is 
decreased upon inhibition of Aurora A. While Kif15 function is under normal conditions redundant 
for bipolar spindle assembly, its function is essential for EICs and cells with reduced Eg5-activity32,57,59, 
explaining the high sensitivity for Aurora A inhibition under this condition. Interestingly, both Aurora A 
and Kif15 require TPX2 for their function and depletion of TPX2 prevents spindle targeting of Kif15. 
How phosphorylation of S1169 contributes to spindle targeting of Kif15 is still unclear, but it might 
affect the interaction of TPX2 with the C-terminal leucine zipper57, or affect the previously proposed 
non-motor MT-binding domain of Kif15277.
Although we find direct phosphorylation of Kif15 by Aurora A, it has likely more targets required 
for bipolar spindle assembly. We observed that cells expressing high levels of the phospho-null 
S1169A Kif15 were still able to form bipolar spindles. This could indicate that additional Aurora A 
phosphorylation sites on Kif15 are present. Aurora A also contributes to MT nucleation and KT-MT 
stability278,279, which has been shown to contribute to bipolar spindle assembly and maintenance59,60. 
Most likely, a combination of regulating MT dynamics and kinesins like Kif15, explains the synergistic 
effect we see after combined inhibition of Eg5 and Aurora A.
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Both Eg5 and Aurora A inhibitors are currently being tested as potential anti-cancer drugs in clinical 
trails246,280. In order to enhance efficacy, we propose that combination therapy of Eg5 and Aurora A 
inhibitors might be beneficial because of three main reasons. First, the combined treatment shows a 
very strong synergistic effect in the formation of monopolar spindles, even when both proteins are 
only partially inhibited. Second, the development of resistance mechanisms for Eg5 inhibitors32,57 will 
likely be prevented by combining the Eg5 and Aurora A inhibitors. And last, there are currently no 
Kif15 inhibitors available, which makes Aurora A inhibitors currently the most attractive candidate to 
increase the efficacy for Eg5 inhibitors. Taken together, we unrevealed new mechanisms for bipolar 
spindle assembly that might have promising translational applications.

Experimental Procedures
Screen setup, analysis and normalization
The human ON-TARGETplus siRNA SMARTpool library (Dharmacon) was used for the primary screen. 
The siRNAs for the secondary screen were manually picked and re-tested. For the deconvolution 
screen, the four single siRNAs of the SMARTpool were tested separately. The primary screen was 
performed in duplicate, the secondary and deconvolution screen were screened in triplicate.
For the primary and secondary screen, siRNA libraries were aliquoted in a 384-well format using a 
Sciclone liquid handling robot (Caliper). Deconvolution screen was performed in a 96-well format. 
A final concentration of 20nM siRNA per well was used. Per transfection, 0.075 μl RNAiMAX (Invitrogen) 
and 10 μl Opti-MEM (GIBCO) was added to the siRNA and incubated for about 20 minutes. 1500 cells 
diluted in 40 μl media were added to the wells after incubation of the transfection reagents, using a 
MultiDrop Combi bulk dispenser (Thermo).
After 48 hours of culturing, the cells were fixed for 10 minutes using a final concentration of 4% 
formaldehyde (3X formaldehyde in PBS was added to the wells). Fixation reagent was added using a 
Multidrop Combi bulk dispenser (Thermo), primary and secondary antibodies were added using the 
Sciclone (Caliper) and all washing step were performed in an AquaMax 2000 plate washer (MDC).
After staining of the wells, the mitotic index of the wells were analyzed using a Cellomics Arrayscan 
VTI (Thermo Scientific) using a 10x (0.50 NA) objective. Four images were acquired per well. Image 
analysis was performed using Cellomics Target Activation Bioapplication (Thermo Scientific). Cells 
were identified based on the DAPI staining and were scored to be mitotic if the phospho-Histone H3 
signal reached a set threshold.
The raw mitotic index data was normalized using the CellHTS2 package (Boutros et al., 2006). For the 
primary screen, sample-based normalization was used. For the secondary and deconvolution screen, 
control-based normalization was used. After subtraction of the normalized mitotic indexes, the top 
genes (EICs specific) from the primary screen, that had a normalized difference in the mitotic index 
of 8, were selected for the secondary screen. Similar criteria were used for the secondary screen. 
For the deconvolution screen, a siRNA duplex was confirmed on-target when the increase in the 
normalized mitotic index was > 2 times standard deviation of the negative control (siGAPDH) in all 
replicates.

Cell culture, transfection and drug treatment
Cells were cultured in DMEM (GIBCO), supplemented with 6% fetal calf serum, 100 U/ml penicillin 
and 100 μg/ml streptomycin. siRNAs were transfected using RNAiMax (Invitrogen) according to 
the manufactures guidelines. DNA was transfected using FuGENE 6 (Promega) according to the 
manufactures guidelines. The following siRNAs were used in this study: GAPDH OTP SMARTpool 
(Dharmacon), MCAK/Kif2C OTP SMARTpool (Dharmacon), Kif18b OTP SMARTpool (Dharmacon), 
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Aurora A OTP SMARTpool (Dharmacon), Eg5/Kif11 OTP SMARTpool (Dharmacon), Kif15/HKlp2 OTP 
SMARTpool (Dharmacon), Dynein heavy chain 281 and TOGp OTP SMARTpool (Dharmacon). The following 
expression constructs were used in this study: mouse pTON-bEGFP-Kif15 95. Phosphomutants of Kif15 
were generated using site-directed mutagenesis. STLC (Sigma) was used at a concentration of 20 μM 
and 0.75 μM for EICs and parental cells respectively. MLN8054 (Millenium Pharmaceuticals), MG132 
(Sigma), nocodazole (Sigma), cytochalasin D (Sigma), were all used at the indicated concentrations.

Immunofluorescence
Cells were grown on 10mm glass coverslips and pre-extracted for 60 seconds in PEM buffer (100 mM 
PIPES, 10 mM EGTA, 1mM MgCl and 0.1% Triton X-100) followed by fixation in 4% formaldehyde in PEM 
buffer with 0.3% Triton X-100 for 10 minutes at room temperature. The following primary antibodies 
were used: α-tubulin antibody (Sigma) was used 1:10,000, phospho-H3 (Serine 10, Millipore) was 
used at 1:1,500, γ-tubulin antibody (Abcam) was used 1:500. All antibodies were incubated overnight 
at 4°C. Secondary antibodies (Alexa 488, 568, 647, Molecular Probes) were incubated for 1hr at 
room temperature. DAPI was added before mounting using ProLong Gold (Invitrogen). Images were 
acquired using a Deltavision deconvolution microscope (Applied Precision) with a 60x (NA 1.42) or a 
100x (NA 1.40) oil objective, Softworx (Applied Precision), Fiji image software and Adobe Photoshop 
and Illustrator CS6.

Time-lapse microscopy
Cells were plated on 8-well glass-bottom dished (LabTek). Cells were imaged using a Deltavision 
deconvolution microscope (Applied Precision) equipped with a heated chamber and cultured in L-15 
CO2-independent medium (GIBCO). Images were acquired every 4 minutes using a 20x (NA 0.25) 
objective. Z-stacks were acquired with 2.5 μm intervals. Images were processed using Softworx 
(Applied Precision), Fiji image software and Adobe Photoshop and Illustrator CS6.

Colony formation
Cells were plated at a density of 10,000 cells per well in a 48-well plate, treated as indicated and grown 
for about 7 days. Cells were fixed and stained using methanol and crystal violet.

Western blot
Cells were counted and lysed using Laemmli buffer (120mM Tris pH 6.8, 4% SDS, 20% glycerol). Protein 
levels were analyzed by western blot. The following antibodies were used: MCAK 281 was used 1:1,000, 
Kif18b 95 was used 1:500, Aurora A (Cell Signalling) was used 1:1,000, α-tubulin (Sigma) was used 
1:10,000, Hsp90 (Santa Cruz) was used 1:2,000.

Identification of phosphorylation sites
5μg of recombinant mouse His-GFP-Kif15, purified from SF9 cells, was incubated with 0.75 μg 
recombinant human His-Aurora A (Enzo Lifesciences) for 30 minutes in kinase buffer (50mM Tris pH 
7.5, 15mM MgCl, 2mM EGTA, 0.5mM Vanadate, 1mM DTT) in the presence of 60 μM ATP. Kinase 
assay using recombinant His-Aurora A and recombinant human histone-3 (NEB) served as a control. 
Phosphorylation sites on Kif15 were identified by mass-spectrometry with a nano-LC-LTQ-Orbitrap 
(Thermo Scientific).
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Abstract

Bipolar spindle assembly requires force to organize the microtubule network. Here we show that 
three motor proteins, namely Eg5, Kif15 and dynein, act together to produce the right force balance 
in the spindle. Excessive inward force results in monopolar spindle formation, while excessive 
outward force generation results in unstable spindles with splayed spindle poles. Blocking activity of 
all three motors prevents bipolar spindle formation, but established bipolar spindles are refractory 
to loss of all motor activity. Further analysis shows that although these preformed spindles remain 
bipolar, outward force generation is required to establish sufficient tension on kinetochores and to 
accomplish successful chromosome segregation. Together, these results show how Eg5, Kif15 and 
dynein work together to build a bipolar spindle and reveal an important role for antagonistic motors 
in chromosome segregation.
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Introduction

The microtubule motor protein Eg5 (kinesin-5) is one of the main drivers of bipolar spindle 
formation25,57. Eg5 can crosslink microtubules into an antiparallel configuration and slide them apart, 
thereby generating an outward-directed pushing force on centrosomes27,28,57,58,228,282. Depletion 
or inhibition of Eg5 activity prevents bipolar spindle formation and arrests cells in mitosis with 
unseparated centrosomes.
Eg5’s outward-directed pushing force on spindle poles can be antagonized by minus-end directed 
motors. In human cells, as well as in Xenopus egg extracts inhibition of the minus-end directed 
motor dynein efficiently rescues bipolar spindle assembly in the absence of Eg5 activity, indicating 
that dynein antagonizes Eg5 activity31,57,58,63-65,283. Besides dynein, the minus-end-directed kinesin-14 
can also antagonize the activity of the kinesin-5 homolog Klp61F in Drosophila33,57,58. However, it is 
currently unclear what the relative contribution of dynein and HSET is in antagonizing Eg5 in human 
cells.
Recently, we and others identified an additional motor, kinesin-12 (Kif15/hklp2), that is important 
for bipolar spindle formation57,58,75,284. While Kif15 is not essential for bipolar spindle assembly under 
normal conditions, loss of Kif15 sensitizes cells to partial loss of Eg5 activity, suggesting that it acts in 
concert with Eg557,58,70. Indeed, when expressed at high levels, Kif15 can compensate for full loss of 
Eg5 activity57,70,285,286. This suggests that Kif15 can also produce an outward-directed force on spindle 
poles.
While it is clear that the abovementioned motors can cooperate or antagonize each other, it is 
debated whether the existing data support a simple “push-pull” model, in which the outward-directed 
force generated by Eg5 and Kif15 is directly antagonized by an inward-directed force generated by 
kinesin-14 and/or dynein75,287. Such a push-pull model makes two predictions. 1) In the absence of all 
outward and inward forces, centrosome separation should not occur and monopolar spindles should 
be formed. 2) If all outward and inward forces are removed after bipolar spindle formation, the spindle 
should remain bipolar. However, previous studies showed that complete inhibition of both dynein and 
Eg5 still enables bipolar spindle formation31,62,75,283,288. If dynein and Eg5 are the main force generators 
in the spindle, this result contradicts the first prediction stated above, and argues that the push-pull 
model is not correct283. However, additional force-generating motors like Kif15 and HSET exist, but it 
remains unclear how they contribute to spindle bipolarity in the absence of dynein and Eg5.
In Xenopus egg extracts and mammalian cells, inhibition of either dynein or Eg5 results in severe 
defects in spindle assembly29,50,51,70,124,137,289,290. However, simultaneous inhibition of both motors 
results in bipolar spindles that are functional for chromosome segregation31,63. A similar effect has 
been observed for the kinesin-14 NCD and kinesin-5 in Drosophila33. Thus, it has remained unclear why 
antagonistic motors exist if functional bipolar spindles can assemble in their absence.

Results

Eg5, Kif15 and dynein produce balanced in- and outward forces essential for bipolar 
spindle formation
To study the antagonism between Eg5 and dynein, we used time-lapse microscopy to film U2OS cells 
expressing mCherry-α-tubulin and GFP-H2B treated with the Eg5 inhibitor S-trityl-L-cysteine (STLC,230 
in combination with either control (GAPDH) or dynein heavy chain (DHC) siRNA (Figure 1A). Increasing 
concentrations of STLC in control cells reduced the percentage of bipolar spindles (Figure 1B, 1D, 
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S1B and movie S1). As shown previously, depletion of dynein led to a variety of mitotic defects; 
centrosomes are not incorporated in the spindle, spindle poles are poorly focused and chromosome 
alignment is perturbed (movie S1), leading to a mitotic delay. However, we observed that the majority 
of cells eventually entered anaphase with misaligned chromosomes (movie S1). This indicates that 
the spindle assembly checkpoint (SAC) in U2OS cells is not very effective in sensing a low number of 
unattached kinetochores (KTs). In contrast to control-depleted cells, increasing concentrations of STLC 
in dynein-depleted cells minimally affected the capacity to form bipolar spindles (Figure 1B, S1A, S1C 
and movie S1). Consistent with previous results, the rescue of bipolar spindle assembly seen in dynein-
depleted cells is very efficient, even when all Eg5 activity is blocked (Figure 1B, S1C, 40μM STLC,31,283). 
Importantly, ~40% of the bipolar spindles that formed in the dynein-depleted cells treated with STLC 
had not separated their centrosomes, but formed monoastral bipolar spindles; a focused spindle pole 
on one side with one or more centrosomes incorporated, and an unfocussed array of MTs on the other 
side, devoid of a centrosome (Figure 1B, 1D and S1C). Thus, dynein not only counteracts Eg5’s function 
in centrosome separation, it also antagonizes Eg5’s role in centrosome-independent bipolar spindle 
assembly, consistent with results in Xenopus egg extracts63. The rescue of bipolar spindle formation 
in cells lacking both dynein and Eg5 is particularly noteworthy, as cells invariably enter mitosis with 
unseparated centrosomes in the absence of both motors32,45. Our data show that despite this failure to 
separate centrosomes in prophase, the majority of cells (90%) lacking dynein and Eg5 form a bipolar 
spindle after NEB, of which approximately half separate their centrosomes.
How can centrosome separation and bipolar spindle formation occur in the absence of Eg5? Kif15 was 
identified as a second motor that promotes bipolar spindle assembly57,58, and therefore we tested if 
Kif15 is responsible for the rescue of spindle bipolarity in cells lacking both Eg5 and dynein activity. 
Depletion of Kif15 increased the sensitivity of cells to (partial) Eg5 inhibition57 Figure 1C and movie S2). 
Treatment with 2 μM STLC fully blocked bipolar spindle assembly in cells lacking Kif15, while in control 
cells ~30% formed bipolar spindles at this concentration of STLC (Figure 1B, 1C and S1D). Strikingly, 
while dynein depletion efficiently rescued bipolar spindle assembly in Eg5-inhibited cells, co-depletion 
of Kif15 fully abolished bipolar spindle assembly (Figure 1B, 1C, S1E and movies S2). Thus, the force 
generated by Kif15 is absolutely required for bipolar spindle assembly in the absence of dynein and Eg5. 
Conversely, bipolar spindle formation in cells lacking dynein and Kif15 is fully dependent on Eg5, since 
Eg5 inhibition (>2 μM STLC) fully blocked bipolar spindle assembly (Figure 1C and S1E). Interestingly, 
HSET depletion did not rescue spindle bipolarity in cells that were treated with STLC (Figure S2A, S2B), 
while our siRNA reduced HSET expression by an estimated 90% (Figure S1A) and this was sufficient to 
produce a clear spindle phenotype (see below). Co-depletion of other kinesin-14 members failed to 
produce a clear phenotype (Figure S2C and S2D), indicating that the contribution of kinesin-14 motors 
to inward force generation is very minimal. Taken together, these data support a model in which Eg5 
and Kif15 generate an outward-directed force on spindle poles, which is counteracted by an inward-
directed force generated by dynein.

In- and outward forces are dispensable for the maintenance of a bipolar spindle
Acute inhibition of Eg5 does not result in collapse of a metaphase spindle, while simultaneous 
inhibition of Kif15/Eg5 does. A three-motor push-pull model would predict that removing the inward 
force in cells lacking Kif15 and Eg5, should prevent spindle collapse. To test this, we blocked cells in 
metaphase using the proteasome inhibitor MG132 and subsequently added a high dose (40 μM) of 
STLC to inhibit Eg5 activity (see Figure 2A for experimental setup). Control cells treated with MG132 
and STLC maintained a bipolar spindle for several hours, consistent with previously published work. 
Nonetheless, spindle collapse could be observed after a prolonged mitotic arrest (Figure 2B, 2C 
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Figure 1. Kif15 is required for the rescue of spindle bipolarity in the absence of Eg5 and dynein.

(A) Experimental setup for the experiments performed in Figure 1. (B, C) Averages of mitoti c fate of U2OS cells, stably expressing 
mCherry-α-tubulin and GFP-H2B. Cells were treated for 72 hours with control (GAPDH, B), DHC siRNA (B), Kif15 (C) or a combinati on 
of DHC and Kif15 siRNA (C). Cells were blocked in thymidine 48 post-transfecti on. Aft er 24 hours, cells were released from the 
thymidine block. Live cell imaging with the indicated STLC concentrati on started 6 hours aft er thymidine release. Images were 
acquired every 4 minutes. (D) Representati ve images of cells with a monopolar, monoastral bipolar, and bipolar spindle. Results 
in (B and C) are averages of at least 3 diff erent experiments. Error bars represent standard deviati on. Scale bar in (D) represents 
10 μm.

and movie S3), indicati ng that Eg5 has a minor contributi on to spindle stability in metaphase. STLC 
treatment of dynein-depleted metaphase cells failed to induce spindle collapse (Figure 2B, 2C and 
movie S3). No monoastral bipolar spindles formed under these conditi ons, since these cells have 
previously entered mitosis with separated centrosomes. Spindles in cells depleted of Kif15 rapidly 
collapsed aft er treatment with STLC (Figure 2B, 2C and movie S3,57,58. This clearly indicates that Kif15 
generates the major outward force required for maintenance of spindle bipolarity in the absence of Eg5 
acti vity. Importantly, we found that dynein depleti on effi  ciently blocked spindle collapse in metaphase 
cells lacking both Kif15 and Eg5 acti vity (Figure 2B, 2C and movie S3). This is in striking contrast to 
the situati on where cells enter mitosis in the absence of all three motors, exclusively resulti ng in 
monopolar spindle formati on (Figure 1C). These results suggest that simultaneous inhibiti on of Eg5, 
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Kif15 and dynein neutralizes the force balance in the spindle causing the spindle configuration that 
is established at the moment of inhibition (monopolar or bipolar) to remain constant. Interestingly, 
the effect produced by dynein depletion on a metaphase spindle was nicely titratable (Figure 2D), 
consistent with a push-pull model in which the outward force generated by Eg5 and Kif15 is directly 
antagonized by the inward force generated by dynein. Together, these results shows that spindle 
bipolarity is directly correlated to the sum of outward and inward forces present.
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Figure 2. In- and outward forces are dispensable for maintenance of a bipolar spindle.

(A) Experimental setup for the experiments performed in Figure 2, 3 and 4. (B) Quantification of mitotic timing and fate of mitotic 
U2OS cells stably expressing mCherry-α-tubulin and GFP-H2B. Cells were treated for 72 hours with control (GAPDH), DHC, Kif15 
or a combination of DHC and Kif15 siRNA. The cells were blocked in thymidine 48 hours post transfection. After 24 hours, cells 
were released from the thymidine block and 8 hours later, cells were arrested in metaphase for 1 hour using the proteasome 
inhibitor MG132. Cells were then treated with 40 μM STLC and images were acquired every 4 minutes. (C) Averages of the 
quantification in (B) after 1 hour of imaging. (D) Titration of DHC siRNA in cells treated with Kif15 siRNA and 40 μM STLC. Cells were 
treated as in (B), fixed after 1 hour of STLC treatment and stained for α- and γ-tubulin. DNA was stained using DAPI. Results from 
(C) and (D) are averages of at least 3 different experiments. Error bars represent standard deviation.
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Figure 3. Spindle pole focusing in the absence of dynein can be alleviated by inhibiti on of Eg5 or Kif15.

(A) Representati ve sti lls of mitoti c spindles in U2OS cells stably expressing mCherry-α-tubulin and GFP-H2B. Cells were treated for 
72 hours with control (GAPDH), DHC, Kif15 or a combinati on of DHC and Kif15 siRNA. The cells were blocked in thymidine 48 hours 
post transfecti on. Aft er 24 hours, cells were released from the thymidine block and 8 hours later, cells were arrested in metaphase 
for 1 hour using MG132. Cells were then treated with DMSO or 40 μM STLC and imaged were acquired every 4 minutes. Note 
the loss of centrosome incorporati on in dynein-depleted cells and the reincorporati on of centrosomes aft er additi on of STLC in 
dynein-depleted cells. (B) Representati ve images of U2OS cells transfected with the indicated siRNAs and treated with MG132 to 
arrest the cells in metaphase for 1 hour. Cells were then treated for 1 hours with either MG132 or MG132/40 μM STLC. Cells were 
fi xed and stained for α- and γ-tubulin. DNA was stained using DAPI. Arrowheads mark the centrosomes. (C) Quanti fi cati on of the 
spindle focusing defects from the cells in (B). Note that spindle pole focusing defects were not scored in cells lacking Kif15 and 
Eg5 acti vity due to the formati on of monopolar spindles. Error bars represent standard deviati on. Results in (C) are averages of 
at least 3 diff erent experiments. Scale bar in (A) and (B) represents 10 μm.

Spindle pole focusing defects in cells lacking dynein can be corrected by inhibiti on of 
Eg5 or Kif15
Dynein transports K-fi bers to the spindle poles in Drosophila S2 cells75,284, and this process contributes 
to spindle pole focusing. Similarly, transport of NuMA by dynein is thought to contribute to spindle 
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► Figure 4. A correct force balance in the spindle is required for chromosome alignment and segregation.

(A) Quantification of the chromosome alignment defects in U2OS cells. Cells were transfected with the indicated siRNAs and 
incubated for 72 hours. The cells were blocked in thymidine 48 hours post transfection. After 24 hours, cells were released from 
the thymidine block and treated 8 hours later with MG132 to arrest the cells in metaphase for 1 hour. Cells were then treated 
for 1 hours with either MG132 or MG132/40 μM STLC. Cells were fixed and stained for α- and γ-tubulin. DNA was stained using 
DAPI. Note that chromosome alignment defects were not scored in cells lacking Kif15 and Eg5 activity due to the formation of 
monopolar spindles. (B) Analysis of inter-KT tension. U2OS cells were treated as in (A). Nocodazole-treated cells were used as a 
positive control. Cells were fixed and stained for CREST and α-tubulin. DNA was stained using DAPI. The distance between CREST 
signals was measured of at least 400 KTs. ****, P < 0.0001, Mann-Whitney t test. (C) Representative images from the cells in (B). 
Inlays are enlargements of individual KT pairs. (D) Quantification of Mad2 positive KTs. U2OS were transfected with the indicated 
siRNA and treated as in (B). Cells were fixed and stained for Mad2 and CREST. DNA was stained using DAPI. The average number 
of Mad2 positive KTs was quantified from at least 400 KTs. ****, P < 0.0001, Mann-Whitney t test. (E) Representative images from 
the cells in (D). Inlays are enlargements of individual KT pairs. (F) Live analysis of mitotic progression. U2OS cells were treated as 
in (A) without MG132 treatment. DMSO or STLC was added at the start of the movie. Only (pro)metaphase cells were included 
in the quantification. Images where acquired every four minutes. ****, P < 0.0001, Mann-Whitney t test. Error bars in represent 
standard deviation. (G) Calculated KT-MT half-life of U2OS cells treated as indicated. Error bars represent standard error. See 
Figure S4 for experimental details. ***, P < 0.001; **, P < 0.01; *, P < 0.05, t-test. Results from (A), (B), (D), (F), (G) are averages of 
at least 3 different experiments. Scale bar in (C) and (E) represent 10 μm. (H) Summary of the results obtained in this study. 1,2 
and 3 indicate spindle fates during bipolar spindle assembly. 4 indicates spindle fate for preassembled bipolar spindles.

pole focusing in Xenopus egg extracts70. Surprisingly, when we inhibited Eg5 or Kif15 activity in mitotic 
cells lacking dynein, spindle pole focusing was improved (Figure 3A–C and movie S3. Note that spindle 
pole focusing defects were not scored in cells lacking Kif15 and Eg5 activity due to the formation of 
monopolar spindles). This suggests that the spindle defects observed after dynein depletion are due 
to excessive outward force. In addition, this suggests that other motor proteins might act redundantly 
with dynein in spindle pole focusing. Indeed, in line with previous results, we find slight changes in the 
spindle distribution of NuMa and TPX2 in the absence of dynein, although Kif2a localization did not 
seem to be affected (Figure S3A-S3C, Merdes et al., 1996;70,285,286. However, Eg5 inhibition can rescue 
spindle pole focusing in dynein-depleted cells, without rescuing the distribution of NuMa and TPX2 
(Figure S3A and S3B), suggesting that spindle pole recruitment of these factors is not required for pole 
focusing under these circumstances. The minus-end-directed motor kinesin-14, HSET in humans, is 
also involved in spindle pole focusing75. As expected, HSET depletion alone resulted in a small defect 
in spindle pole focusing (Figure S3D-S3F), consistent with previous reports62,75,288. However, this defect 
could not be rescued by inhibition of Eg5, suggesting that the focusing defects observed in HSET-
depleted cells are not due to an imbalance in forces (Figure S3D-S3F). Double depletion of HSET and 
dynein resulted in slightly more severe spindle pole focusing defects than depletion of dynein alone, 
indicating that dynein and HSET cooperate in spindle pole focusing. Furthermore, pole focusing in the 
absence of both dynein and HSET could not be rescued by Eg5 inhibition (Figure S3F). These results 
show that efficient pole focusing is dependent on a correct balance of inward and outward forces, but 
that at least some inward force is required, even if outward forces are low.

A correct force balance in the spindle is required for chromosome alignment and 
segregation
Surprisingly, chromosome alignment defects observed after dynein depletion were also partially 
rescued by inhibition of Eg5 (Figure 4A). This suggests that chromosome alignment defects after dynein 
depletion are, at least in part, secondary to defects in spindle morphology. However, inhibition of Eg5 
in cells lacking both dynein and Kif15 failed to rescue chromosome alignment (Figure 4A), despite 
the fact that spindle pole focusing was partially restored (Figure 3C). Thus, chromosome alignment is 
perturbed in the absence of Eg5, Kif15 and dynein, even though the forces appear to be in balance.
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To better understand why chromosome alignment was perturbed in the absence of Eg5, Kif15 and 
dynein, we performed detailed analysis of kinetochore-MT (KT-MT) attachments. We confirmed a 
clear reduction in inter-KT distance in dynein-depleted cells compared to control cells (Figure 4B and 
4C), consistent with a role for dynein in the formation of stable KT-MT attachments33,124,137. In addition, 
several unaligned chromosomes in dynein-depleted cells stained positive for Mad2 (Figure 4D and 
4E), known to localize to unattached KTs. Strikingly, Eg5 inhibition in dynein-depleted cells increased 
the average inter-KT distance and reduced the number of Mad2 positive KTs (Figure 4D and 4E). This 
indicates that the rescue of chromosome alignment defects when depletion of dynein is combined 
with inhibition of Eg5, is a result of restoring normal tension on KTs and subsequent stabilization of 
KT-MT attachments. While inhibition of Eg5 alone was able to restore KT-MT attachments in dynein-
depleted cells, simultaneous inhibition of both Kif15 and Eg5 was unable to restore KT-MT attachments 
(Figure 5B-E). It should be noted that the strong decrease in inter-KT distance and high number of 
Mad2 positive KTs in cells depleted for Kif15 and Eg5 activity are due to the formation of monopolar 
spindles. To determine if a normal force balance directly influences the dynamic properties of both 
spindle and KT-MTs, we used photoactivatable GFP-α-tubulin and determined the loss of fluorescence 
over time (Figure 4G and S4A-S4C). The normalized fluorescence intensity plots were fit by a double 
exponential curve where the fast decaying fluorescence corresponds to the highly dynamic non-KT-
MTs and the slow decaying fluorescence corresponds to the more stable KT-MT57,58,291. While the 
nonKT-MT turnover rates were only slightly changed between the tested conditions (Figure S4C), we 
observed a significant lower stability of KT-MTs in cells lacking dynein (Figure 4G). We could rescue the 
lower KT-MT stability in dynein-depleted cells by inhibiting Eg5 activity in these cells, hereby reducing 
outward force generation (Figure 4G). Strikingly, the rescue of KT-MT stability was dependent on 
Kif15, since we observed in the morphologically normal bipolar spindles, lacking dynein, Kif15 and 
Eg5 activity no increase in KT-MT stability (Figure 4G). Taken together, our results show that bipolar 
spindles are maintained in the absence of inward and outward forces, but these spindles are not 
functional to form stable KT-MT attachments.
To test if Eg5 inhibition could also alleviate the mitotic delay induced by dynein depletion, we analyzed 
the ability of control cells and dynein-depleted cells to progress to anaphase in the presence or 
absence of STLC. To by-pass the requirement for Eg5 in bipolar spindle formation and to prevent the 
formation of monoastral bipolar spindles, we added STLC after cells had formed a bipolar spindle. 
Control cells, Kif15-depleted cells and control cells treated with STLC all rapidly entered anaphase 
(Figure 4F). In contrast, Kif15-depleted cells treated with STLC collapsed into a monopolar spindle 
and arrested in mitosis for a prolonged amount of time (Figure 4F). Dynein-depleted cells showed 
a strong mitotic delay, consistent with an important role for dynein in mitosis. However, addition 
of STLC to dynein-depleted cells reduced the time to enter anaphase with almost 50% compared to 
dynein-depletion alone, (Figure 4F), further demonstrating the importance of a correct force balance 
in the spindle for KT-MT attachment and chromosome alignment. Interestingly, inhibiting both Eg5 
and Kif15 in dynein-depleted cells could not alleviate the mitotic delay (Figure 4F), consistent with 
the lack of stable KT-MT attachments in the absence of all three motors. Together, these results show 
that while an apparently normal bipolar spindle can be maintained in the absence of Eg5, Kif15 and 
dynein, these spindles are in fact highly defective and unable to sustain KT-MT attachments or satisfy 
the spindle checkpoint.
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Discussion

To investigate the functional interaction between several force-producing motors in mitosis, we 
inhibited inward and outward force-generating motors and investigated the effect on spindle 
bipolarity and chromosome segregation. Consistent with previous reports29,57,227 we find that 
inhibition of Eg5 from the start of mitosis results in monopolar spindles. Simultaneous depletion of 
dynein allows bipolar spindle formation, and we now show that this is driven by Kif15. In addition, we 
show that Eg5 and dynein directly oppose each other and that the percentage of bipolar spindles in 
cells lacking Kif15 activity is dependent on the ratio of Eg5 and dynein. In the absence of both Eg5 
and Kif15 centrosome separation is completely blocked, independent of the presence or absence of 
inward force generators. Interestingly, when Eg5, Kif15 and dynein are simultaneously inhibited in 
preassembled bipolar spindles, spindles remain bipolar. Thus, when the major inward force producer 
dynein is absent, spindles remain bipolar, even when there is no outward force present. Interestingly, 
loss of dynein results in severe defects in spindle pole focusing, but pole focusing is significantly 
improved upon inhibition of either Kif15 or Eg5. This shows that excessive outward force is also 
damaging to the spindle and results in spindle pole splaying, indicating that the activity of antagonistic 
motors must be carefully balanced.
Besides Eg5, Kif15 and dynein, several other factors contribute to force generation in the spindle. 
Many different motors and MAPs contribute to proper bipolar spindle assembly. For example, kinesins 
associated with chromosome arms can generate an outward pushing force287,292,293, dynein at the 
cortex can provide a pulling force on astral microtubules25,31,283,294 and a role for kinetochores was also 
found in pushing centrosomes apart238,283. Nonetheless, we find that in the absence of Eg5 and Kif15 
none of these forces are sufficient to allow bipolar spindle assembly, even when the major minus-end 
directed force generator dynein was removed. Similarly, we were unable to find any condition that 
leads to collapse of a metaphase spindle in the absence of dynein. Taken together, this suggests that 
in mammalian cells Eg5 and Kif15 are the main drivers of spindle bipolarity, while dynein is their major 
antagonizer.
When all three motors are inhibited in preformed bipolar spindles, spindles do not collapse. 
Nonetheless, cells delay in mitosis with kinetochores that lack tension and stain positive for Mad2. 
But why are KT-MT attachments defective in the absence of the major inward and outward forces? In 
order to maintain stable KT-MT attachments, tension has to be generated on sister KT pairs by MTs of 
the mitotic spindle29,50,51,70,124,137,151,289,290. Although attachments are formed in the absence of Eg5, Kif15 
and dynein, there is a clear reduction in KT-MT stability, which may lead to less stable attachments, 
reduced inter-KT distance and defects in chromosome alignment. Based on these findings, we 
propose that a correct force balance is required to establish sufficient tension on kinetochores to 
stabilize KT-MT attachments.
While our data clearly show how the balance between inward and outward forces acting on 
centrosomes contribute to bipolar spindle assembly, they do not resolve the direct consequences of 
this force balance on KT positioning and inter-KT tension. We assume that the reduced inter-KT tension 
that we observe upon perturbation of the force balance is an indirect consequence of destabilization 
of KT-MT attachments. The exact molecular mechanism of how in- and outward forces on spindle 
poles are translated to kinetochore positioning and tension will need further investigation.
In contrast to HSET, dynein and Eg5, antiparallel MT sliding has so far not been demonstrated for 
Kif15, so it remains to be determined how Kif15 generates force in the spindle. A recent study implied 
that Kif15 acts exclusively through K-fibers60,230. However, cells depleted of Hec1, and thus lacking 
K-fibers, do not readily collapse upon inhibition of Eg5 (Figure S1A, S4D, S4E and63,295, but co-depletion 
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of both Hec1 and Kif15 does result in robust spindle collapse upon Eg5 inhibition (Figure S4D and 
S4E), strongly arguing that Kif15 can function independently of KT-MT fibers. Furthermore, it was 
suggested that Kif15 can only promote spindle bipolarity when overexpressed60, but we show here 
that in the absence of Eg5 and dynein, endogenous Kif15 fully supports bipolar spindle assembly, 
further confirming its role as a key player in spindle assembly.
Taken together, our results show that tight coordination of three motors, Eg5, Kif15 and dynein 
controls proper spindle assembly, demonstrating the importance of a proper force balance; 1) when 
excessive inward forces are present, monopolar spindles are formed, 2) when excessive outward 
forces are present, spindle poles splay. Our results address an important outstanding question; why 
are antagonistic motors present if their removal results in morphologically normal bipolar spindles? 
We show that in the absence of the major inward and outward force producing motors, spindles 
may superficially appear normal, but they are incapable of forming correct KT-MT attachments and 
chromosome segregation. Together, these results provide new insights into to the intricate force 
balance that controls robust bipolar spindle assembly and ensures faithful chromosome segregation.

Experimental Procedures
Transfections, drug treatment, immunofluorescence and time-lapse microscopy
U2OS cells were transfected twice with the indicated siRNAs to a final concentration of 20nM. 
In experiments using double siRNA treatment, the indicated siRNAs were diluted 1:1 to a final 
concentration of 20 nM. Cells were blocked in thymidine 48 post-transfection. After 24 hours, cells 
were released from the thymidine block and treated as indicated, followed by live-cell imaging, 
fixation or lysis. STLC was diluted in DMSO and used with the indicated concentrations. For MG132/
STLC treatment, a final concentration of 40 μM STLC was used. MG132 and nocodazole were dissolved 
in DMSO and used with a final concentration of 5 μM and 250ng/ml respectively. (Live-cell) images 
were acquired using a Deltavision deconvolution microscope (Applied Precision). See Extended 
Experimental Procedures for a detailed description.
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Abstract

Kif15 (kinesin-12) was discovered a decade ago as a kinesin motor involved in bipolar spindle assembly. 
Although its exact molecular function is still under debate, data from recent studies indicate that Kif15 
cooperates with Eg5 (kinesin-5) to promote centrosome separation and bipolar spindle assembly. Due 
to the essential function of Eg5 in bipolar spindle assembly, inhibitors of this protein recently entered 
clinical trails as anti-cancer therapy. However, several studies from past years indicate that Eg5 is not 
essential for bipolar spindle assembly under certain conditions and Kif15 seems to the central player 
in mediating Eg5-independent bipolar spindle assembly. In this chapter, we describe the function of 
Kif15 during mitosis and discuss if Kif15 could be a target for drug development in anticancer therapy.
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Introduction

Centrosome separation and bipolar spindle formation is essential for chromosome segregation during 
mitosis. The bipolar spindle is a highly dynamic structure composed of microtubules (MTs) and many 
microtubule associated proteins (MAPs). In mammalian cells, the centrosomes play an important role 
in regulating spindle bipolarity, by acting as the major microtubule-organizing center (MTOC) in cells. 
Before nuclear envelope breakdown (NEB), the centrosomes separate and move to opposite sites of 
the nucleus. After NEB, MTs with their minus ends embedded in the centrosomes, interact with the 
chromosomes with their plus ends to form the bipolar spindle25.
One of the main drivers of bipolar spindle formation is the highly conserved homotetrameric kinesin 
Eg5 (also known as kinesin-5 / Kif11). Due to its unique tetrameric configuration, it is thought that 
Eg5 can crosslink antiparallel MTs and subsequently slide them apart using its plus-end-directed 
motor activity. Indeed, in vitro studies showed that Eg5 preferentially crosslinks MTs in an antiparallel 
configuration and moves on both MTs that it crosslinks27,28,53 Depletion or inhibition of Eg5 blocks 
centrosome separation both before as after NEB and these cells arrest in mitosis with a characteristic 
monopolar spindle27,29-31,52.
While previous data clearly indicate an essential role for Eg5 in bipolar spindle assembly, recent studies 
indicate that additional, Eg5-independent pathways exist that cooperate with Eg5 to drive bipolar 
spindle formation. It was shown that bipolar spindle formation could be rescued by simultaneous 
inhibition of Eg5 and a minus-end-directed motor (dynein or kinesin-1431-33,62,64). In addition, Eg5 
activity is not essential for maintenance of the metaphase spindle, since established bipolar spindles 
do not collapse into a monopolar state upon Eg5 inhibition57,58,228,295. Moreover, it was shown that both 
C. elegans and Dictostelium do not require Eg5 for bipolar spindle formation48,49.
The fact that Eg5 is dispensable for bipolar spindle formation under certain conditions led to the 
suggestion that additional motors might exist that cooperate with Eg5 to drive bipolar spindle 
formation. One of these main candidates to cooperate with Eg5 is the kinesin-12 family member Kif15.

Identification of Kif15
Kif15 belongs to the kinesin-12 family and was originally identified as a novel kinesin-like protein 
(KLP) in Xenopus oocytes296. Early studies showed that Xklp2 (Xenopus Kif15) is a relatively slow 
plus-end-directed motor54 and is localized to the centrosomes and to the spindle MTs. The first 
evidence for a role in centrosome separation and bipolar spindle assembly came from in vitro spindle 
assembly experiments using injection of dominant negative Xklp2 protein and inhibitory antibodies 
to the extracts54. Addition of a truncated Xklp2 construct, lacking the N-terminal motor domain, 
blocked centrosome separation and led to the formation of abnormal spindles, including monopolar 
spindles54. Similar to addition of truncated Xklp2 constructs, injection of Xklp2 inhibitory antibodies 
also efficiently blocked centrosome separation and bipolar spindle formation and resulted in the 
formation of monopolar spindles54. Interestingly, the study of Boleti et al., showed that the C-terminal 
domain of Xklp2 was sufficient for its localization to spindle poles54. This led to the suggestion that the 
C-terminus of Xklp2, containing a conserved leucine-zipper (Figure 1A), acts a non-motor MT targeting 
domain. Follow-up studies by the Vernos lab identified a novel MAP, named TPX2 (Targeting Protein 
for Xklp2) required for MT targeting of Xklp2 C-terminal leucine zipper297.

Kif15 domain structure
Similar to most other kinesins, Kif15 contains an N-terminal motor domain of about 350 amino acids 
that has about 40% identity to other kinesins (Figure 1A). The C-terminal part of the protein is predicted 
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to form a coiled coil structure, hereby making it a unique member of the kinesin family. In addition 
to that, Kif15 contains two conserved leucine zipper domains (Figure 1A). The second, C-terminal 
leucine zipper was previously identified to be required for MT targeting of Xenopus Xklp254,297. Studies 
in human cells confirmed that Kif15 is recruited to spindle MTs due to interaction between the 
C-terminal Leucine zipper and TPX2 and that the motor domain is not required for MT targeting57.
While Human Kif15, mouse Kif15 and Xenopus Xklp2 are highly conserved (86% and 61% identical 
respectively), the C. elegans kinesin-12 KLP-18 is only about 41% identical and lacks a part of the 
extended C-terminus present in other kinesin-12 members (Figure 1B). Similar to other kinesin-12 
family members, its entire C-terminus is predicted to form a coiled coil structure. Although the 
C-terminus of KLP-18 contains a leucine zipper motif, it is currently unknown if KLP-18, similar to 
human and Xenopus Kif15, requires an interaction with a targeting protein for its spindle localization. 
An obvious ortholog of TPX2 has not been identified in C. elegans, indicating why the C-terminus 
of KLP-18 might diverge so much from the Kif15 orthologs in organisms that do have a clear TPX2 
ortholog. A recent study proposed the existence of a second, non-motor MT-binding domain in the 
first coiled-coil of Kif15277. The exact function of the second MT-binding domain will is discussed below 
in more detail.
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Figure 1. Schematic representation of protein domains present in Kif15.

(A) Human Kif15 and Xenopus Xklp2 are about 61% identical and contain a N-terminal kinesin motor domain, a long C-terminal 
coiled coil structure that is characteristic for kinesin-12 members. Furthermore, the protein contains two conserved leucine 
zippers, of which Leucine zipper #2 is thought to be required for MT targeting of the protein by its interaction with the MT 
binding protein TPX2. The recently proposed second, non-motor MT-binding site is also depicted. (B) The C. elegans ortholog 
KLP-18 is less well conserved (about 41% identical). Similar to other family members, its C-terminus is predicted to form a coiled 
coil structure and it contains also a leucine zipper in the C-terminus. Currently it is unknown if KLP-18 requires a TPX2-like protein 
for spindle localization.

Kif15 function in centrosome separation and bipolar spindle assembly
While early studies proposed important roles for Kif15 in centrosome separation and bipolar spindle 
assembly, subsequent studies in different experimental spindle assembly systems suggested that Kif15 
is not essential for bipolar spindle assembly298,299. For example, studies using plasmid DNA-coated bead 
incubated with Xenopus extracts showed that Xklp2 does not have an important role during spindle 
assembly298. Only conditions in which Xklp2 was inhibited in combination with either dynein or the 
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minus-end-directed kinesin-14 XCTK2 led to increased spindle defects compared to either inhibiting 
dynein or XCTK2 alone298. These results where somewhat surprising as they contradicted the data 
from the original study that led to the identification of Kif1554. However, in the study by Walczak et al., 
the experimental setup lacked centrosomes, which might suggest that Xklp2 is specifically required to 
push centrosomes apart in Xenopus and is therefore not absolutely required for acentrosomal spindle 
formation.
In addition to spindle assembly in Xenopus egg extracts, Kif15 was also found not to be essential for 
spindle formation in human cells. This was demonstrated by Zhu et al., in a systematic RNAi screen 
to test mitotic functions of all human kinesins and the dynein motor complex299. This also, suggested 
that Kif15 function is either redundant or not required for centrosome separation and bipolar spindle 
assembly.
Subsequent evidence for a potential role of Kif15 in bipolar spindle assembly came from studies 
conducted in sea urchins and C. elegans55,300. The sea urchin kinesin-12 KRP180 localizes to interpolar 
MTs and was shown to be important to maintain a bipolar spindle in prometaphase embryos300. 
Injection of inhibitory antibodies or expression of a dominant negative mutant in prometaphase 
resulted in bipolar spindle collapse in which the poles moved towards each other in a linear fashion300. 
This data suggested that KRP180, similar to Eg5 in other experimental systems, might slide MTs 
outward, hereby promoting centrosome separation and spindle elongation. In the absence of KRP180, 
antagonistic minus-end-directed motors, such as dynein and/or kinesin-14 could possibly drive this 
spindle collapse and promote monopolar spindle formation.
While Eg5/kinesin-5 was reported to be essential for bipolar spindle assembly in nearly all organisms 
tested, the sole C. elegans kinesin-5, BMK-1 was shown not to be essential48. Bmk-1 homozygous 
deletion mutants do display reduced fertility, but these animals are otherwise fully viable and do 
not display any defects in bipolar spindle formation or cytokinesis, suggesting that in C. elegans, 
other motors must be present that drive centrosome separation and bipolar spindle assembly48. 
Interestingly, while Eg5/kinesin-5 is not essential in C. elegans, the C. elegans kinesin-12 KLP-18 is 
essential55. Similar to kinesin-12 homologs in other organisms, KLP-18 localizes to the spindle poles 
during prometaphase, metaphase and early anaphase and subsequently transfers to the spindle 
midzone during late anaphase and telophase55. RNAi depletion of KLP-18 showed that its function 
is specifically required for acentrosomal (female meiotic) spindle formation, causing the mutant to 
produce embryos with abnormal maternal DNA content55. This is in striking contrast to its proposed 
function in Xenopus, where Xklp2 seems to be required for spindle assembly in the presence of 
centrosomes54. The exact molecular mechanism how KLP-18 contributes to meiotic spindle assembly 
in C. elegans is not fully understood, but its depletion prevents parallel bundling of MTs that are 
nucleated near meiotic chromosomes and as a result, the formation of disorganized spindles55. 
This might also indicate why KLP-18 is not absolutely required for mitotic divisions that occur in the 
presence of centrosomes, as centrosomes can play a dominant role in the ordering of the MTs, by 
sequestering the minus ends towards the centrosomes. MTs in acentrosomal spindles are nucleated in 
random directions at or near the chromatin and under these circumstances KLP-18 is likely essential to 
organize and bundles these MTs into (anti)-parallel arrays. A more recent study indicated that KLP-18 
is required for the establishment and/or maintenance of spindle bipolarity in oocytes; high-resolution 
analysis of KLP-18 RNAi-treated worms indicated the spindles in oocytes are monopolar56. Similar to 
previous studies, this study shows that KLP-18 is only required for bipolar spindle formation in meiosis, 
suggesting that in mitotic cell divisions of C. elegans, the possible contribution of KLP-18, but also of 
Eg5/kinesin-5 in bipolar spindle formation, might be masked by other motors.
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In addition to C. elegans, recent studies in human cells also provided clear evidence for a role of 
Kif15 in bipolar spindle formation57-59. Depletion of Kif15 in human cells strongly sensitized cells to 
partial Eg5 inhibition57-59, indicating that Kif15 cooperates with Eg5 during bipolar spindle assembly. 
In addition to that, the maintenance of a bipolar spindle in Eg5-inhibited cells57,58, and bipolar spindles 
formed in the complete absence of Eg5 and the minus-end-directed motor dynein31,59, were shown 
to be fully dependent on Kif15. This indicates that Kif15 acts redundant with Eg5 during bipolar 
spindle formation; cells form normal bipolar spindles in the absence of Kif15 and do not show major 
spindle defects57,58 while metaphase spindle length in Kif15-depleted cells was on average only 11% 
shorter compared to control cells57,58. Conversely, inhibition of Eg5 in these human cells prevents 
bipolar spindle formation, indicating that the activity of Kif15 is insufficient to promote centrosome 
separation and bipolar spindle formation in the absence of Eg5 activity. However, over-expression of 
Kif15 in Eg5-inhibited cells fully rescued bipolar spindle formation 57. These results strongly suggest 
that Kif15 is, similar to Eg5, able to generate an outward force during bipolar spindle formation. In 
line with data from Xenopus, human Kif15 requires TPX2 for its function57,58. Depletion of TPX2 or 
expression of Kif15 truncation mutants lacking the C-terminal leucine zipper, prevents Kif15 from 
binding to the spindle MTs57,58 and these mutants fail to promote bipolar spindle formation in cells 
lacking Eg5 activity. It is however, not completely clear why the endogenous Kif15 is incapable of 
promoting bipolar spindle formation under circumstances where Eg5 is inhibited. Possibly, this is 
due to low levels of endogenous expression, but it should also be noted that TPX2 is strictly nuclear 
during interphase and prophase. Due to the physical separation of Kif15 and TPX2 during prophase, 
Kif15 is unable to replace Eg5’s function during prophase centrosome separation57. In the absence 
of Eg5 activity cells will therefore enter mitosis with the centrosomes in close proximity, regardless 
of the expression level of Kif15. Indeed, the capacity of Kif15 to drive bipolar spindle formation 
strictly depends on the initial separation of the centrosomes; cells with partial loss of Eg5 activity 
only assembled bipolar spindles when their centrosomes were at least partially separated during 
prophase57. In addition to this, Eg5-independent human cells (EICs) described in a recent study, also 
critically depend on prophase centrosome separation in order to assemble a bipolar spindle32. These 
cells, that can proliferate in the complete absence of Eg5 activity, require both nuclear envelope 
(NE)-associated dynein and Kif15 for prophase centrosome separation and bipolar spindle formation 
respectively32,45. Thus, the data available at present are most compatible with a model in which Kif15, 
in complex with TPX2 can crosslink and slide antiparallel MTs (Figure 2).
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Figure 2. Model of Kif15 function during bipolar spindle formation.

TPX2 targets Kif15 to the spindle through the interaction with the C-terminal leucine zipper of Kif15. The complex of Kif15 
and TPX2 can crosslink anti-parallel MTs and the plus-end-directed motility of Kif15 can slide anti-parallel MTs apart, hereby 
generating a force similar to Eg5. The arrows indicate the movement of motor (red) and the MTs (green).
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Kif15 function in the regulation of kinetochore-microtubule dynamics
A recent study suggested that Kif15 and Eg5 act on distinct sets of MTs60. While Eg5 does not seem 
to discriminate between kinetochore-microtubules (KT-MTs) and interpolar MTs, Kif15 recruitment 
to the spindle seems to depend primarily on KT-MTs and the spindle-associated pool of Kif15 
increases in metaphase cells compared to prometaphase cells60. Indeed, bipolar spindles collapsed 
upon Eg5 inhibition in cases where the KT-MT where removed, while unperturbed bipolar spindles 
did not collapse upon Eg5 inhibition. These data indicate that Kif15’s contribution to bipolar spindle 
maintenance is likely mediated via KT-MTs, instead of interpolar MTs60. Strikingly, Kif15-depleted 
cells initially build a longer metaphase spindle, followed by a contraction phase until the spindle 
reaches the characteristically shorter spindle60. This contraction phase is KT-MT-dependent since cells 
co-depleted of Kif15 and Nuf2 produced longer spindles that do not show the subsequent contraction 
phase60. These data suggest that at physiological levels, Kif15 depends on KT-MTs for force generation. 
Related to Kif15’s function in regulating KT-MT length, a recent paper identified Eg5 and Kif15 as key 
regulators of chromosome movements, by being part of a possible KT-MT crosslinking structure301. 
This potential crosslinking structure mediates coupled movement of neighboring chromosomes 
during mitosis. Although the molecular mechanism underlying this coupled movement of neighboring 
chromosomes is still unknown, Kif15 is suggested to act as a mechanical coupling factor of KT-MTs in 
metaphase and is limited in its action by Eg5301. Inhibition of Eg5 leads to a loss of periodic chromosome 
oscillations and increased coupling of neighboring chromosomes that can be partially rescued by Kif15 
depletion301. Similar to the study of Sturgill and Ohi, Eg5 and Kif15 seem to antagonize each other in 
this process.

Kif15-dependent bipolar spindle assembly in Eg5-independent cells
While the study of Sturgill et al. suggests that Kif15 can antagonize the activity of Eg5, there is a 
considerable amount of evidence that indicates that Kif15 can produce a force within the spindle that 
can separate the centrosomes. The strongest support in favor of a role for Kif15 during centrosome 
separation comes from the fact that Kif15 overexpression can fully rescue bipolar spindle assembly 
when the activity of Eg5 is blocked57. Additionally, several labs have recently generated human 
cell lines that can proliferate in the absence of Eg5, but in contrast to the parental cells the Eg5-
independent derivatives have become absolutely dependent on Kif15 activity for bipolar spindle 
assembly32,60. The OL-EIC1 cells, generated by the Ohi lab depend on the over-expression of Kif15 for 
survival. The data generated with these cells indicate that while Kif15, localized to KT-MTs opposes 
Eg5 activity during bipolar spindle assembly in normal cells, Kif15 over-expression in OL-EIC1 cells 
results in mislocalization of Kif15 to interpolar MTs, hereby generating a force that can separate 
centrosomes60. EICs generated independently in our own lab were also shown to depend on Kif15 
activity, but in addition, we found that NE-associated dynein is also essential in these cells in order 
to promote prophase centrosome separation when Eg5 activity is absent32. Due to the activity of this 
dynein-dependent prophase pathway, these cells enter prometaphase with separated centrosomes, 
hereby creating a situation that likely results in a strong bias towards bipolar spindle assembly as has 
been shown previously57,64. Importantly, two of the three EICs clones that were generated in our lab 
did not show any signs of Kif15 over-expression, which shows that physiological levels of Kif15 can 
drive centrosome separation. If this outward force produced by endogenous Kif15 depends on its 
binding to KT-MTs, it seems most logical that this KT-MT-associated Kif15 can crosslink with an anti-
parallel interpolar MT and slide the MTs apart.
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In vitro properties of Kif15
Recently, two studies were published in which the in vitro properties of Kif15 were tested to gain 
more insights into its in vivo function277,302. The first study by Drechsler et al., showed that Kif15 is 
a processive, plus-end-directed motor302. In addition to plus-end-directed movement, also short 
durations of minus-end-directed movement and diffusive movement along the MT lattice were 
also observed302. However, the most striking result from the study of Drechsler et al., was the 
observation that Kif15 forms a homotetrameric complex, similar to Eg527,302. The authors show that 
the homotetrameric nature of Kif15 enables it to efficiently switch MT tracks, hereby allowing Kif15 
to navigate through MT networks302. In addition to track switching, Kif15 complexes are also able 
to dynamically crosslink MTs bundles302. Its ability to crosslink MTs and its tetrameric configuration 
hints towards an additional function in which Kif15 slides MTs apart as has been shown previously for 
Eg528. This would also fit with the current models for Kif15 function in vivo57-59. However, the authors 
found only short, bidirectional MT sliding events and no evidence for continuous MT sliding as has 
been shown for Eg5. This result still does not fully rule out a function of Kif15 in anti-parallel sliding 
of MTs and additional factors might be involved in this function in vivo. One of the candidate factors 
supporting Kif15 function in vivo might be TPX257. Drechsler et al., tested the contribution of TPX2 to 
Kif15 function in vitro. They did not observe strong evidence for a stable complex between Kif15 and 
TPX2 at low concentrations of both proteins. However, in agreement with in vivo results, TPX2 did 
enhance the MT binding affinity of Kif1557,303, suggesting that TPX2 promotes Kif15 function. However, 
rather than enhancing Kif15 activity, TPX2 blocked processive runs of Kif15 and increased the force-
holding capability of MT-bound Kif15302. This suggests that TPX2 rather acts as an inhibitor of Kif15 
processivity and might promote its MT crosslinking activity.
The second study investigating the in vitro properties of Kif15 by the Ohi lab showed some contradictory 
results277. In contrast to the first study, Sturgill et al., found that Kif15 forms homodimers rather than 
appearing as a homotetramer and is self-repressed during interphase by its C-terminal tail277. Indeed, 
while recombinant expressed full-length Kif15 did not show any signs of motility on glass-anchored 
MTs, the same construct showed processive behavior when it was in complex with an antibody targeted 
to the C-terminal tail of Kif15277. The exact nature of self-repression is still unclear, but based on size-
exclusion chromatography, the self-repressed state is salt-dependent suggesting that intermolecular 
electrostatic interactions maintain the self-repressed form277. Similar to the study by the McAinsh 
lab, Sturgill et al., found that Kif15 is able to crosslink MTs. However, while Drechsler et al., postulate 
that MT crosslinking by Kif15 is mediate by its tetrameric configuration, Strurgill et al., identified a 
second, non-motor MT-binding site in the first long coiled-coil domain of Kif15, required for its MT 
crosslinking activity. In addition to crosslinking, the authors also show that Kif15 can slide crosslinked 
MTs, which was not observed in high frequencies in the study by Drechler et al. While many self-
repressed kinesins become activated upon binding of activating proteins or by phosphorylation304, 
Kif15 was not able to bind MTs upon addition of its proposed co-factor TPX2277. In contrast, Kif15 
was able to bind MTs when it encountered MT bundles, suggesting that a second MT relieved its self-
repressed state277. Since TPX2 is an important factor for MT nucleation and bundling in the spindle305, 
this observation could also explain how TPX2 might indirectly mediates spindle localization of Kif15.
Although some contradictory results, the studies by Drechler et al., and Sturgill et al., shed new light 
on the function of Kif15 in the spindle. Further in vitro analysis of Kif15 will be required to determine 
the exact function of Kif15 in the spindle.
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Kif15 as a potential target for drug development
Currently, it is unclear if Kif15 plays an important role in cancer. Data from cancer genome expression 
show no clear up- or downregulation of Kif15. Also, Kif15 mutations are found in not more than 1% of 
cancer genomes present in the COSMIC database, from which 75% are missense substitutions, 13% 
are synonymous substitutions and 4% are nonsense substitution. None of the identified missense 
mutations have thus far been shown to interfere with Kif15 function.
In contrast to cancer genome data, recent studies indicate that alteration in Kif15 expression levels 
might have major implications for anticancer therapies that employ inhibitors of Eg5 to inhibit cell 
proliferation32,57,60. Tanenbaum et al., showed that 5- to 10-fold ectopic overexpression of Kif15 is 
sufficient to drive bipolar spindle assembly in the absence of Eg5 activity57. Follow-up studies in 
which EICs were generated using an in vitro ‘directed evolution’ approach indicated that enhanced 
expression of the endogenous Kif15 can be induced by prolonged exposure to Eg5 inhibitors and this 
might contribute to resistance against these inhibitors32,60. While it is clear that other mechanisms 
besides Kif15 over-expression can result in the growth of EICs32, all EICs lines that have currently been 
tested invariably depend on Kif15 activity, also in cases where the protein is not overexpressed32,60.
In addition to the studies describing EICs, a recent study found that Eg5 activity becomes dispensable 
for bipolar spindle assembly in cells with altered MT dynamics306. Treatment of cancer cells with 
low doses of nocodazole (suppresses MT dynamics) or treatment with siRNAs against TOGp (a MAP 
required for MT nucleation) rescued bipolar spindle assembly in cells treated with an Eg5 inhibitor306. 
Live cell analysis of spindle formation in the cells with reduced MT dynamics revealed that these cells 
enter mitosis with non-separated centrosomes, followed by the formation of multiple MTOCs that 
eventually organize into a bipolar spindle with separated centrosomes306. Similar to EICs, these cells 
now fully depend on the activity of Kif15 for bipolar spindle assembly306.
The identification of these Eg5-independent mechanisms for centrosome separation and bipolar 
spindle assembly have important implications anticancer therapies that employ Eg5 inhibitors to 
perturb cell division. The data from these studies indicate that Kif15 is the central player driving Eg5-
independent bipolar spindle assembly. First, Kif15 is required for maintenance of bipolar spindle in 
metaphase when Eg5 is inhibited57,58. Second, Kif15 is required for bipolar spindle assembly in Eg5-
inhibited cells with reduced MT dynamics306. Third, Kif15 over-expression can bypass the requirement 
of Eg5 in human cells57. In fact these cells can form a normal bipolar spindle when Eg5 activity is 
completely blocked, and their proliferative capacity is not compromised by the inhibition of Eg557. As 
such, mere overexpression of Kif15 appears to be sufficient to promote resistance to Eg5 inhibitors. 
Finally, bipolar spindle assembly in cells co-depleted of both Eg5 and the minus-end-directed motor 
dynein depends on Kif15 activity59. Thus, while Eg5 inhibitors show potent anti-tumor activity both 
in vitro and in vivo (reviewed in246, these recent studies indicate that changes in MT dynamics or 
upregulation of Kif15 expression can easily bypass Eg5 inhibition and promote drug resistance. 
Currently, it is unclear if upregulation of Kif15 occurs in tumors that are treated with Eg5 inhibitors 
and show signs of resistance. Nonetheless, since multiple Kif15-dependent mechanisms can easily 
promote resistance to Eg5 inhibitors, the eventual success of an anti-tumor strategy involving 
inhibition of Eg5 will likely require co-administration of Kif15 inhibitors to prevent rapid acquisition of 
therapy resistance and the combination might also prove to have a more potent anti-tumor activity. 
Obviously, such a combinatorial regimen might trigger more pleiotropic side effects, especially if Kif15 
also has functions that are not limited to driving bipolar spindle assembly in mitosis. In this respect it 
is important to note that the essential co-factor for Kif15’s role in spindle assembly, TPX2, is localized 
in the nucleus in interphase. Thus, if one were to be able to specifically target the interaction between 
Kif15 and TPX2, this could possible limit interference to the mitotic function of Kif15 only.
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Summary and future perspectives
Members of the kinesin-12 family play an evolutionary conserved role during bipolar spindle assembly. 
Although the exact contribution of kinesin-12 members to bipolar spindle assembly in different 
organisms is still not fully understood, it is clear that in human cells, Kif15 is a central player in Eg5-
independent mechanisms of bipolar spindle assembly. Inhibitors of Kif15 might therefore increase 
the efficacy of Eg5 inhibitors and are likely to reduce the occurrence of resistance to inhibitors of Eg5. 
Development of specific Kif15 inhibitors could therefore be of great value in therapy and will certainly 
be useful to study the functions of Kif15 in more detail.
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Abstract

The spindle assembly checkpoint (SAC) is a highly conserved signaling cascade that ensures faithful 
segregation of chromosomes during mitosis. Deletion of essential SAC components, including Mad1 
and Mad2 leads to severe aneuploidy and is thought to be detrimental for all human cells. Here, we 
show that haploid human HAP1 cells can survive without a functional SAC. By performing an insertional 
mutagenesis screen in SAC-deficient HAP1 cells we were able to identify genes that are essential for 
viability of SAC-deficient cells. Besides known regulators of chromosome congression, such as CENP-E, 
HURP and EB1, we identified several unexpected synthetic lethal interactors of Mad1 and 2. Amongst 
those were all of members of the condensin II complex, and Rod1 and Zwint from the RZZ complex. 
We show that in the absence of condensin II, decatenation of sister chromatids is delayed, leading 
to massive segregation errors in SAC-deficient cells. We show that cells lacking the RZZ complex are 
delayed in mitosis due to the presence of transient chromosome alignment defects. Taken together, 
we have successfully used haploid genetics in human cells to uncover novel factors that promote 
correct chromosome segregation and that are essential for the viability of cells that lack SAC function.
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Introduction

Equal segregation of sister chromatids during mitosis is essential to prevent aneuploidy and maintain 
cellular fitness. This process is mediated by a microtubule-based structure, called the mitotic spindle, 
that captures and aligns chromosomes in the center of the mitotic cell25. The sister chromatids connect 
to the mitotic spindle via a large protein complex called the kinetochore (KT), that is assembled on 
centromeric DNA of every single chromatid (reviewed in307). Entry into anaphase, the state in which 
the sister chromatids are physically separated over the two newly formed daughter cells, will only 
occur when all chromatids are correctly attached to the spindle in a bipolar fashion (Reviewed in161). 
To prevent premature segregation of the chromosomes, the spindle assembly checkpoint (SAC, also 
known as the mitotic checkpoint) has evolved (reviewed in308). Right after mitotic entry, the molecular 
components of the SAC localize to the unattached KTs, where they generate a diffusible signal, known 
as the mitotic checkpoint complex (MCC), that prevents anaphase onset by inhibiting the anaphase 
promoting complex / cyclosome (APC/C,307). Upon attachment of spindle MTs to the KTs, the SAC 
components are displaced from the KT and the downstream signaling pathway that prevents anaphase 
onset is turned off309. Elegant genetic screens in yeast identified the core components of the SAC162,163. 
These components, Mad1, Mad2, Bub1, BubR1 and Bub3 are essential SAC components that all localize 
to KTs. Mad2, BubR1 and Bub3 together form the MCC, that sequesters Cdc20 from the APC/C, hereby 
preventing its activation167. In addition, Mad1 and Bub1 mediate the assembly of the MCC by acting as 
a “hub” at unattached KTs to catalyze the formation of this complex161,310. Unless mitosis is perturbed, 
yeast and Drosophila are able to live without a functional SAC163,311. In contrast, the SAC is essential in 
higher organisms where deletion of SAC components leads to massive chromosome missegregation 
and aneuploidy312-316. Curiously, a recent study in mice showed that conditional deletion of Mad2 in 
the skin is tolerated by epidermal cells but not by hair follicle stem cells317, indicating that loss of SAC 
function can be tolerated in certain cell types.
Here we have applied the power of haploid genetics to identify factors that mediate chromosome 
segregation in human cells. The HAP1 cell line is derived from the chronic myeloid leukemia cell line 
KBM7318, and the unique near-haploid nature of these cells allows it to use insertional mutagenesis 
screening methods319-323. Here, we tested the essentiality of the SAC in multiple human cell lines using 
RNA-guided Cas9 nuclease-based genome editing technology (CRISPR,324,325). Using this technique, 
we found that the HAP1 cell line was able to survive without a functional SAC. In this study, we 
used SAC-deficient HAP1 cells for an insertional mutagenesis screen to identify genes that become 
synthetic lethal with loss of the SAC. Using this setup we identified several factors involved in timely 
chromosome alignment, but are not essential for the formation of stable end-on KT-MT attachments.

Results

HAP1 cells do not require a functional spindle assembly checkpoint
To test the essentiality of the SAC, we knocked out Mad2 in multiple human cell lines using CRISPR/
Cas9 (Figure 1A324). We selected the cells by co-transfection of a donor plasmid, containing a blasticidin 
resistance cassette (see materials and method). The blasticidin-resistant colonies were screened by 
both PCR as by western blot. We did not obtain colonies using HeLa, RPE1 or U2OS cells. However, we 
obtained many colonies for HAP1 cells and about 90% of the resistant colonies showed integration of 
the blasticidin cassette in the Mad2 locus and had no detectable Mad2 protein left on western blot 
(Data not shown and Figure 1B). We used the same strategy to generate HAP1 Mad1 knockouts and 
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similar to Mad2, we obtained multiple colonies showing integration of the blasticidin cassette into the 
first exon of Mad1 (data not shown).
To confirm the loss of Mad2 function in ΔMad2 cells, we treated cells with microtubule (MT) 
depolymerizing drug nocodazole and the proteasome inhibitor MG132 to arrest cells in mitosis with 
unattached kinetochores. While Mad2 localized to the unattached KTs in wild-type cells, we did not 
observe any detectable Mad2 on KTs in the ΔMad2 cells (Figure 1C). Interestingly, we found that 
anaphases in untreated ΔMad2 cells were very similar to wild-type cells (Figure 1D) with less than 25% 
of anaphase cells presenting chromosome segregation defects (Figure 1E). Next we checked if our 
ΔMad2 cells showed functional loss of the mitotic checkpoint. We filmed both wild-type and ΔMad2 
cells stably expressing H2B-RFP with or without nocodazole (Figure 1F). Wild-type cells spent on 
average about 25 to 30 minutes from NEB to anaphase (Figure 1F, left graph). ΔMad2 cells underwent 
mitosis even faster and entered anaphase within 20 to 25 minutes after NEB (Figure 1F, left graph). 
When we treated wild-type cells with nocodazole, they arrested in mitosis for approximately 8 to 
10 hours and subsequently underwent apoptosis (Figure 1F, right graph). As expected, ΔMad2 cells 
did not arrest in mitosis upon treatment with nocodazole and exited mitosis after about 25 minutes, 
similar to untreated ΔMad2 cells (Figure 1F, left graph), indicating that SAC function is completely lost 
in these cells. Next we performed a growth assay in which we treated wild-type and ΔMad2 cells with 
increasing doses of the MT poisons taxol and nocodazole. Lower doses (nanomolar range) of both 
drugs result in aberrant MT dynamics and induce chromosome congression and alignment defects220. 
Wild-type cells managed to proliferate in concentrations up to 64 nM and 8 nM nocodazole and taxol 
respectively. However, ΔMad2 cells only proliferated in concentrations up to 32 nM nocodazole and 
1 nM taxol, indicating that the SAC promotes cell survival in cells in which MT dynamics are perturbed. 
We obtained similar data for ΔMad1 cells (data not shown) underlining that HAP1 cells do not require 
a functional SAC during an unperturbed mitosis but the SAC becomes essential when the process of 
chromosome alignment is delayed.

Haploid genetic screen identifies factors involved in chromosome congression
The haploid nature of the HAP1 cell line allowed us to use our SAC-deficient cells for a genetic screen 
to identify genes that are synthetic lethal with loss of the SAC. In short, we mutagenized wild-type, 
ΔMad1, and ΔMad2 cells with a retroviral gene trap vector that randomly inserts into the genome320. 
The gene trap inserts preferentially in intronic regions near the start of actively transcribed genes and 
can either integrate in sense (thereby inactivating the gene) or in antisense orientation (not inactivating 
the gene when inserted into intronic regions (Figure 2A,319,320). After infection with the gene trap, we 
cultured the cells for 10 days. After 10 days, we extracted the genomic DNA from the cells and used 
deep-sequencing to retrieve all the gene trap insertion locations320. Next, we determined for each 
individual gene the ratio of the number of sense integrations, divided by the number of total (sense + 
antisense) integrations. If a particular gene is not essential for cell survival, the expected ratio will be 
near 0.5 since the direction of the integrated gene trap is random. However, in case of an essential 
gene, cells with integrations sense direction will be depleted from the population and the expected 
ratio will be below 0.5.
After mapping all integrations of the gene trap in the wild-type, ΔMad1, and ΔMad2 cells, we plotted 
the number of integrations versus the ratio of the number of sense integrations divided by the number 
of total integrations for every targeted gene (Figure 2B-C). The majority of the genes in all cell lines 
have a ratio near 0.5, indicating that disruption of these genes does not have a significant effect on 
cell viability. In addition, a number of genes show a bias towards integration in the antisense direction 
(ratio < 0.5), indicating that these genes are important for cell viability (sense integrations are depleted 
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from the population). The majority of these genes have functions in essential cellular processes 
including transcription, splicing and mitosis (data not shown). We calculated the average ratio sense/
total integrations of every single gene from three wild-type screens and from four screens in SAC-
deficient cell lines (two ΔMad1 and two ΔMad2 screens) and subtracted the average ratio from the 
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Figure 1: HAP1 cells do not require a functional SAC.

(A) Schematic representation of CRISPR/Cas9-mediated genome editing for the generation of SAC-deficient HAP1 cells. 
Integration of a blasticidin resistance cassette was used to disrupt the first exon of Mad2. (B) Wild-type, ΔMad1 and ΔMad2 cells 
were harvested and Mad2 protein levels were analyzed by western blot. Tubulin was used as loading control (C) Representative 
images of Wild-type and ΔMad2 cells, arrested in mitosis with nocodazole. Mad2 is shown in green, centromeres (ACA) in red 
and DNA (DAPI) in blue. Insets are enlargements of individual KT pairs. (D) Representative images of Wild-type and ΔMad2 cells in 
anaphase. Phosphorylated Histone H3 is shown in green, tubulin in red and DNA (DAPI) in blue. (E) Quantification of the amount of 
chromosome missegregation in wild-type and ΔMad2 cells. (F) Quantification of wild-type and ΔMad2 cells, expressing H2B-RFP 
and treated as indicated. Time from NEB to anaphase was scored and each dot represents an individual cell. Right graph shows 
the same data as the left graph but with a different time scale on the y-axis. (G) Colony formation of wild-type and ΔMad2 cells, 
treated for seven days with increasing doses of taxol or nocodazole. Cells were fixed with methanol and stained with crystal 
violet. Error bars in (F) represent standard deviation. Scale bars represent 10 μm.
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ΔMad1/2 from the wild-type. We highlighted the genes that had an absolute difference between the 
wild-type and the ΔMad1/2 of at least 0.2 and only selected the genes that had a false discovery rate 
(FDR) lower than 0.01 (Figure 2B-D and Table 1). We found several known mitotic genes to be synthetic 
lethal with loss of the SAC (table 1). One of the top hits, CENPE, has been shown to be required for 
efficient chromosome congression123,125, indicating that our screen setup can indeed identify genes 
involved in this process. In addition, we identified MAPRE1 (EB1) and DLGAP5 (HURP), which both 
have been shown to contribute to chromosome alignment by regulating MT dynamics and stability 
during mitosis84,326. Besides known regulators of chromosome congression, we also identified other 
known mitotic genes. These included the members of the condensin II complex (NCAPH2, NCAPG2 
and NCAPD3327) and the Rod-Zwilch-Zw10 (RZZ) complex member Rod1 and its upstream regulator 
Zwint328.

Gene 
# Screens 
scored as 

HIT 
Absolute difference 

WT – Mad1/2 
 

Cellular Function 

CCNB1 3 0.45 G2/mitotic-specific cyclin-B1 

NCAPH2 4 0.40 Condensin-2 complex subunit H2 

KNTC1 4 0.39 Kinetochore-associated protein 1 / ROD1 

MAPRE1 4 0.38 Microtubule-associated protein RP/EB family member 1 

CENPE 4 0.37 Centromere-associated protein E 

NCAPG2 4 0.30 Condensin-2 complex subunit G2 

ZWINT 4 0.30 ZW10 interactor protein 1 

DLGAP5 3 0.27 Disks large-associated protein 5 / HURP 

BUB1 4 0.26 Mitotic checkpoint serine/threonine-protein kinase BUB1 

NCAPD3 4 0.24 Condensin-2 complex subunit D3 

ACTR1A 2 0.22 Dynactin complex subunit Alpha-centractin 

CEP57 2 0.20 Centrosomal protein of 57 kDa 

0.55

Av. Ratio
WT

0.47

0.47

0.48

0.45

0.38

0.43

0.40

0.33

0.49

0.40

0.34

0.09

0.08

0.08

0.10

0.08

0.08

0.13

0.13

0.07

0.25

0.18

0.14

Av. Ratio
Mad1/2

The condensin II complex is required for efficient chromosome alignment and 
decatenation of sister chromatids
Three members of the condensin II complex score as a hit in the screen (figure 3A327). Condensin is 
a highly conserved protein complex, which plays an essential role in the structural and functional 
organization of chromosomes during mitosis2. Condensin is structurally related to cohesion and two 
different condensin complexes exist in higher eukaryotes327. Both complexes share the two SMC ATPase 
subunits (SMC2 and SMC4) but differ in their accessory subunits2. Condensin I and II have differential 
contributions to chromosome compaction. While condensin I is cytoplasmic during interphase and 

◄ Figure 2: Haploid genetic screen identifies novel factors involved in chromosome congression.

(A) Schematic representation of insertional mutagenesis using a gene trap virus. About 50 million haploid HAP1 cells were 
infected with gene trap virus and expended for seven days. After expansion, genomic DNA from the cells was harvested and 
DNA flanking the integrated gene trap was amplified and sequenced. Insertion sites in genes were mapped genome-wide. Gene 
trap integration in the same transcriptional orientation (sense) of a gene will disrupt the transcript and result in a knock out of 
the particular gene. Integration of the gene trap in the antisense direction will not affect the transcript of the particular gene. 
(B, C, D) Plots of all gene trap integrations mapped in wild-type (B), ΔMad1 (C) and ΔMad2 (D) cells. Dots represent individual 
genes. Number of integrations is plotted on the X-axis. Ratio sense / total number of integrations is plotted on the Y-axis. Genes 
that are synthetic lethal with loss of the SAC are shown in red. Note the drop in ratio for the depicted genes in the ΔMad1 and 
ΔMad2 screen.

Van_Heesbeen.indd   91 9-7-2015   11:10:29



92  |  Chapter 6

starts to condense chromosomes only after NEB, condensin II localizes to the nucleus and initiates 
condensation already in prophase329. While both complexes are thought to be essential during 
mitosis330, our screen data suggests that only condensin I is essential for viability in HAP1 cells, while 
condensin II is not (Figure 3A). Interestingly, upon loss of SAC function, condensin II becomes essential 
for cell proliferation (Figure 3A). In order to determine the molecular cause of this synthetic lethal 
interaction, we used CRISPR/Cas9 to knock out NCAPH2 in HAP1 cells. We managed to get multiple 
knockout clones of NCAPH2 that all show complete loss of the protein on western blot (Figure 3B). 
To address the contribution of condensin II to chromosome condensation, we made chromosome 
spreads of mitotic cells. ΔNCAPH2 cells showed relatively mild defects in chromosome condensation 
(Figure 3C). The chromosomes displayed a twisted morphology, consistent with previous studies 
(Figure C and329,330), and we only found a minor increase in the average length of the chromosomes 
(Figure 3D). When we filmed ΔNCAPH2 cells, we observed an almost threefold increase in the time 
in mitosis (Figure 3E). Both time in prometaphase as well as time in metaphase increased in these 
cells, although due to lack of resolution in our experiments, we cannot rule out that the increase 
time spent in metaphase might be caused by mild defects in chromosome alignment. To confirm 
the synthetic lethal interaction observed in the screen, we performed a colony assay and treated 
wild-type and ΔNCAPH2 cells with increasing doses of an Mps1 inhibitor, known to inactivate the SAC 
(Figure 3F). While the compound did not affect proliferation of wild-type cells in doses up to 100nM, 
the Mps1 inhibitor severely affected proliferation of ΔNCAPH2 cells and we did not observe colony 
outgrowth at a dose of 50nM Mps1 inhibitor. In addition, we also depleted Mad2 from wild-type and 
ΔNCAPH2 cells using siRNAs and filmed mitotic progression (Figure 3G). Depletion of Mad2 from wild-
type cells decreased the time spent in mitosis similar to ΔMad2 cells (Figure 3H and supplementary 
Figure S1) and we did observed only a small increase in chromosome segregation errors, comparable 
to ΔMad2 cells (Figure 3H and Figure 1E). Untreated ΔNCAPH2 cells already showed an increase in 
chromosome segregation defects (Figure 3H). However, in contrast to wild-type cells, depletion of 
Mad2 in ΔNCAPH2 cells resulted in a massive increase in chromosome segregation defects (Figure 3H). 
To characterize the type of segregation defects in more detail, we fixed and stained wild-type and 
ΔNCAPH2 cells (Figure 3I). Depletion of Mad2 from ΔNCAPH2 resulted in a massive increase in anaphase 
bridges (Figure 3J) and sister chromatids were frequently still entangled during anaphase (Figure 3I). 
Previous studies have shown that condensin might regulate the localization and activity of type II 
topoisomerase during mitosis and that the activity of topoisomerase II is essential for decatenation of 
sister chromatids331-334. Our data suggest that ΔNCAPH2 cells indeed have problems with decatenation 
since we already observed some anaphase bridges in ΔNCAPH2. Upon inactivation of the SAC, these 

► Figure 3: The condensin II complex is required for efficient chromosome alignment and decatenation of sister 
chromatids.

(A) Graph of average ratio sense / total number of integrations in wild-type, ΔMad1 and ΔMad2 cells for all subunits of the 
condensin I and condensin II complex. Note the drop in the ratio of condensin II-specific complex members in ΔMad1 and 
ΔMad2 cells. (B) Wild-type and ΔNCAPH2 cells were harvested and NCAPH2 protein levels were analyzed by western blot. 
(C) Representative images of chromosome spreads from wild-type and ΔNCAPH2 cells. (D) The average length of individual 
chromosomes from the spreads in (C). (E) Quantification of wild-type and ΔNCAPH2 cells, expressing H2B-RFP. Time from NEB 
to alignment and alignment to anaphase was scored. (F) Colony formation of wild-type and ΔNCAPH2 cells, treated for seven 
days with increasing doses of Mps1 inhibitor. Cells were fixed with methanol and stained with crystal violet. (G) Quantification of 
wild-type and ΔNCAPH2 cells, expressing H2B-RFP and treated as indicated. Time from NEB to anaphase was scored and each dot 
represents an individual cell. (H) Quantification of the amount of missegregations from the cells in (G). (I) Representative images 
of wild-type and ΔNCAPH2 cells in anaphase. Phosphorylated Histone H3 is shown in green, tubulin in red and DNA (DAPI) in blue. 
Error bars represent standard deviation. Scale bars represent 10 μm.
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defects dramatically increase, indicating that decatenation does occur in ΔNCAPH2 cells, but likely 
occurs at a slower pace.
Indeed, we found that ΔNCAPH2 cells were also more sensitive to the topoisomerase II inhibitor ICRF-
193 (Figure 3K,335). In addition, we found that also ΔMad2 cells were also slightly more sensitive to 
ICRF-193 (Figure 3L), again indicating that ΔNCAPH2 cells require more time in mitosis to efficiently 
decatenate sister chromatids. These results suggest that condensin II is required for efficient 
chromosome congression and in addition, they indicate that condensing II stimulates the activity of 
topoisomerase II hereby promoting decatenation of sister chromatids.

Rod1 knockout cells have delayed chromosome alignment and depend on the SAC for 
survival
The screen results indicate that loss of specific components of the RZZ complex is synthetic lethal 
with SAC deficiency. The RZZ complex is only present in higher eukaryotes and is composed of Rod1/
KNTC1, Zw10 and Zwilch328. The RZZ complex is recruited to the KT by Zwint328, which interacts with 
the KT by binding to the C-terminus of KNL-1, a component of the KNL-1, MIS-12 complex and NDC80 
(KNM) network, the main MT-binding complex of the KT96. Interestingly, based on our screen results, 
not all components of the RZZ seem to functionally overlap (Figure 4A). Loss of the RZZ component 
Rod1 and the upstream recruiting factor Zwint does not affect the viability of HAP1 cells by itself, 
but are synthetic lethal with loss of the SAC (Figure 4A). Interestingly, in contrast to Rod1 and Zwint, 
loss of Zwilch does not affect viability in the absence of a functional SAC, indicating that Zwilch is not 
essential for the RZZ function that is required to sustain cell viability in SAC-deficient cells (Figure 4A). 
Finally, the screen data indicates that Zw10, KNL-1 (upstream of the RZZ complex) and Spindly (Spdl1, 
downstream of the RZZ complex) are essential for HAP1 cells (Figure 4A). Zw10 has been shown to 
also function outside mitosis, by regulating dynein-mediated vesicle transport336,337, and KNL-1 plays 
an essential role during mitosis by acting as a scaffold for several additional outer-KT components338, 
explaining their essential role in HAP1 cells. Surprisingly, while HAP1 cells tolerate loss of RZZ function, 
loss of its downstream component Spindly is detrimental for HAP1 cells (Figure 4A).
Previous studies showed that RZZ is required for SAC signaling but how it contributes to the SAC is 
still under debate199,200. Since we found a synthetic lethal interaction between the RZZ complex and 
the SAC in our screen, this would imply that RZZ complex has a more complicated function during 
mitosis than merely contributing to checkpoint signaling. To elucidate the function of the RZZ complex 

► Figure 4: Rod1 knockout cells have delayed chromosome alignment and depend on the SAC for survival.

(A) Graph of average ratio sense / total number of integrations in wild-type, ΔMad1 and ΔMad2 cells for the RZZ complex and 
up- and downstream factors. (B) Generation of Rod1 knockout cells using CRISPR/Cas9. Schematic representation of the genomic 
PCR used to confirm integration of the blasticidin cassette. Arrows indicate the position of the primers used for the PCR. ΔRod1 
cells have a bandshift in the control PCR and a band in blasticidin PCR, confirming integration of the blasticidin cassette in the 
Rod1 locus. (C) Wild-type and ΔRod1 cells were harvested and Rod1 protein levels were analyzed by western blot. Asterisks 
mark crossreacting bands. (D) Quantification of wild-type and ΔRod1 cells, expressing H2B-RFP. Time from NEB to alignment and 
alignment to anaphase was scored. (E) Colony formation of wild-type and ΔRod1 cells, treated for seven days with increasing 
doses of Mps1 inhibitor. Cells were fixed with methanol and stained with crystal violet. (F) Quantification of wild-type and ΔRod1 
cells, expressing H2B-RFP and treated as indicated. Time from NEB to anaphase was scored and each dot represents an individual 
cell. (G) Representative stills from individual cells from (F), treated as indicated. Not the single misaligned chromosomes in the 
ΔRod1 cells, marked with the red arrows. (H) Quantification of the amount of missegregations from the cells in (G) and (F). 
(I) Representative images of wild-type and ΔRod1 cells treated with nocodazole. Zw10 is shown in green, KTs (ACA) in red and 
DNA (DAPI) in blue. (J) Representative images of wild-type and ΔRod1 cells treated with nocodazole. Spindly is shown in green, 
KTs (ACA) in red and DNA (DAPI) in blue. (K) Representative images of wild-type and ΔRod1 cells treated with nocodazole. p150 
(dynactin) is shown in green, KTs (ACA) in red and DNA (DAPI) in blue. Insets in (I), (J), and (K) are enlargements of individual KT 
pairs. Error bars represent standard deviation. Scale bars represent 10 μm.
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in more detail, we used CRISPR/Cas9 to knockout Rod1 from HAP1 cells. We confirmed deletion of 
Rod1 by PCR and western blot (Figure 4B and C). A genomic PCR showed integration of the blasticidin 
cassette in the Rod1 locus (Figure 4B) and we observed loss of a 250 kDa band (expected molecular 
weight of Rod1) on western blot after probing with Rod1 antibody (Figure 4B). Live-cell imaging of 
ΔRod1 cells showed a dramatic increase in the time spent in prometaphase compared to wild-type 
cells (Figure 4D) and we observed an increased sensitivity of ΔRod1 to Mps1 inhibition, confirming our 
results from the screen (Figure 4E). Next, we filmed wild-type cells and ΔRod1 combined with Mad2 
siRNA (Figure 4F-H). We observed clear chromosome congression defects in ΔRod1 cells (Figure 4G), 
explaining the increased time these cells spent in prometaphase. Importantly, the congression defects 
were only transient, since ΔRod1 cells were able to form a normal metaphase plate after about 45 
minutes (Figure 4G) and subsequently exited mitosis without major defects (Figure 4H). Strikingly, 
while depletion of Mad2 did not affect chromosome segregation in wild-type cells, Mad2 depletion 
in ΔRod1 reduced the time in mitosis and the majority of cells entered anaphase with misaligned 
chromosomes, leading to chromosome missegregations (Figure 4F-H). This indicates that ΔRod1 cells 
have a functional SAC, and depend on the SAC for congression of all chromosomes. To confirm that 
loss of Rod1 indeed disrupted the RZZ complex as shown previously339, we assessed the KT localization 
of Zw10, Spindly and dynactin (p150glued subunit) in nocodazole-treated cells (Figure 4I-K). Zw10, 
Spindly and dynactin clearly localized to KT in nocodazole-treated wild-type cells (Figure 4I-K) and 
as expected, Zw10 and Spindly were lost from KTs in ΔRod1 cells (Figure 4I and J). Surprisingly, we 
could still detect dynactin on KTs in ΔRod1 cells (Figure 4K), indicating that a second, RZZ-independent 
recruitment pathway for dynactin at the KT exists. These data suggest that cells that have lost the RZZ 
complex from KTs, display chromosome congression defects and require a functional SAC in order to 
achieve full chromosome alignment.

Discussion

Efficient spindle assembly and chromosome bi-orientation explains tolerance to SAC-
deficiency in HAP1 cells
It is thought that organisms with low chromosome numbers, like yeast and Drosophila do not require 
a functional SAC. Cells in these organisms rapidly form spindles with all chromosomes correctly 
bi-oriented within minutes. Indeed, Drosophila cells that can live without a SAC enter anaphase within 
15 minutes311, providing a possible explanation why these cells do not depend on the SAC. Here we 
characterize for the first time a human cell line, HAP1 that can live without a functional SAC. One 
feature of this cell line is that the duration of mitosis is relatively short; cells enter anaphase in about 
25 minutes and alignment of the chromosome takes on average about 15 minutes. The haploid nature 
of HAP1 cells, and thus their relative low amount of chromosomes, might explain why the process of 
spindle assembly and bi-orientation can occur in a short time. This does not seem to be the complete 
explanation, because we also managed to obtain diploid and tetraploid ΔMad2 clones (Supplementary 
Figure S1). Interestingly, while the diploid clones behave relatively similar to haploid clones, we found 
tetraploid clones to have a dramatic increase in chromosome segregation defects (Supplementary 
Figure S1). Although this indicates that the number of chromosomes indeed influences the dependency 
on the SAC, the haploid nature of the HAP1 cells does not fully explain their independency of the SAC.
A recent study by the Khodjakov lab proposed that the formation of a compact spindle with a 
high density of MTs between centrosomes supports efficient, rapid and error free chromosome 
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alignment139. It remains to be determined if this mode of spindle assembly also occurs in HAP1, which 
would explain why these cells can live without a functional SAC.

A screen in SAC-deficient HAP1 cells uncovers a role for condensin II and the RZZ 
complex in timely chromosome alignment
The congression of chromosomes to the spindle equator is an important process during mitosis 
to promote biorientation and correct chromosome segregation. Previous studies have identified 
multiple factors contributing to this process, including MT motor proteins like dynein, CENPE, 
and chromokinesins144. However, no systematic, genome-wide screens have been performed to 
specifically identify factors contributing to this complex process. By using a unique screen setup, 
involving insertional mutagenesis screen in SAC-deficient haploid cells, we successfully identified 
factors in HAP1 cells that are important for timely chromosome congression. Our screen-setup will 
only identify factors whose deletion will result in a delay in chromosome alignment, not factors whose 
deletion results in a persistent block in chromosome alignment, since the latter will also be essential 
in cells with a functional SAC.

Condensin II is required for efficient decatenation of sister chromatids
We show that cells lacking a functional condensin II complex require the SAC for their survival. Loss 
of condensin II does not affect proliferation of HAP1 cells, indicating that its function in controlling 
interphase chromatin is not important for survival in 2D cell culture, whereas its function in mediating 
mitotic chromosome condensation might be redundant with condensin I. Interestingly, from our 
results it would appear that condensin I is the major player in mitotic chromosome condensation; 
all three non-SMC subunits from this complex are essential for HAP1 survival. In agreement with 
previous literature, we found a small, but significant increase in length of mitotic chromosomes in the 
absence of condensin II330,340, indicating that it does contribute to chromosome condensation, albeit 
to a limited extent.
Our data suggest that cells lacking condensin II depend on the SAC for two main reasons. First, cells 
lacking condensin II display a delay in chromosome congression and would therefore require the 
SAC to prevent premature anaphase onset. This defect might be caused by increased chromosome 
length, hereby altering the dynamics of the individual chromosomes. In addition, forces generated at 
chromosome arms by chromokinesins have been shown to promote chromosome congression144, and 
these forces might be less efficient when the compaction of chromosome arms is altered. The second 
reason why the SAC is important in cells lacking condensin II, might be due to inefficient decatenation 
of sister chromatids by topoisomerase II. Cells lacking condensin II show an increase in anaphase 
bridges and a previous study in yeast showed that mutations in condensin and topoisomerase II are 
synthetic lethal341. In addition, a recent study in yeast by the Uhlmann lab showed that condensin 
prevents anaphase bridges during chromosome segregation by promoting the decatenation of sister 
chromatids334. Interestingly, while the percentage of mitotic cells with anaphase bridges is relatively 
low in cells lacking condensin II, this percentage dramatically increases upon inactivation of the SAC 
and virtually all cells end up with entangled chromosome arms during anaphase. In addition, cells 
lacking a functional SAC were more sensitive to topoisomerase II inhibitors. This suggests that cells 
require a certain amount of time in mitosis to decatenate all sister chromatids and that upon loss 
of condensin II, decatenation is occurs very inefficient. It will be interesting to resolve exactly how 
condensin promotes sister chromatid decatenation at the molecular level.
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The RZZ complex mediates chromosome congression
Our results using Rod1 knockout cells show that loss of Rod1 results in transient chromosome alignment 
problems that require an active SAC to prevent missegregation of unaligned chromosomes. The RZZ 
complex has previously been shown to be involved in chromosome congression by recruiting the 
Spindly/Dynein/Dynactin complex to KTs125,135,137,138. In addition, evidence from studies in C. elegans 
indicated that the RZZ complex by itself can prevent premature formation of KT-MT attachments 
through inhibition of the NDC80 complex133,138. Thus, there are two possible scenarios by which loss 
of the RZZ complex could lead to perturbed chromosome congression. First, loss of RZZ could perturb 
dynein-dependent congression. However, in remarkable contrast to previous studies, we find that 
dynactin still localizes to unattached KTs in the absence of Rod1, while Spindly and Zw10 are clearly 
absent. Second, loss of the RZZ complex could lead to premature stabilization of end-on attachments, 
prior to proper biorientation. Although we cannot rule out the possibility that dynein function is 
perturbed despite the presence of dynactin, our data would suggest that the congression defects in 
the absence of Rod1 are most likely a consequence of premature stabilization of KT-MT attachments 
by the NDC80 complex, in line with previous studies in C. elegans133,138. Our screen also generated new 
insights in the contribution of the individual members of the RZZ complex. In contrast to Rod1 and 
Zwilch, Zw10 is essential for viability in the parental HAP1 cells. Since we observed no remaining Zw10 
at KTs in cells lacking Rod1, we propose that Zw10 also functions outside the kinetochore, and that 
these functions are essential for viability of HAP1 cells. This hypothesis is further strengthened by the 
fact that cells lacking Zwint, the recruitment factor for the RZZ at the kinetochore, is not essential for 
viability of the parental HAP1 cells. Only upon deletion of Mad1/Mad2 does Zwint become essential, 
similar to Rod1. Since we did observe a small increase in lethality when Zw10 and Mad2 loss are 
combined (Figure 4A), we propose that Zw10 and Rod1, as well as their upstream recruitment factor 
Zwint, are essential for the mitotic functions of the RZZ complex. Surprisingly, we found in our screen 
that the function of the third member of the RZZ complex, Zwilch, is non-essential for RZZ complex 
function, in contrast to previous studies in Drosophila which showed that Zwilch mutants exhibit 
similar mitotic phenotypes as Zw10 and Rod1 mutants342.
The RZZ complex has previously been shown to be important for SAC signaling due to its role in the 
recruitment of Mad1 and Mad2 to the KT199-201. KT recruitment of Mad1 and Mad2 was shown to be 
essential and sufficient for SAC signaling343-345, but our data indicate that in the absence of Rod1, cells 
are still able to activate the SAC. We therefore propose that in human cells an alternative receptor for 
Mad1/Mad2 at the KT exists and that therefore the RZZ complex is not absolutely essential for SAC 
signaling.
Taken together, SAC-deficient haploid cells have allowed us to uncover factors involved in chromosome 
congression and in sister chromatid decatenation. Our approach revealed novel insights how two 
previously identified mitotic complexes have additional functions during mitosis. Our screening 
approach to identify synthetic lethal interactions in human cells can also easily be applied to study 
other processes.

Experimental Procedures
Cell culture, transfection and drug treatments
HAP1 cells were cultured in IMDM (Gibco) with 8% FCS, 100 U/ml penicillin, and 100 μg/ml 
streptomycin. DNA transfections were performed with FuGENE 6 (Promega) according to the 
manufactures guidelines. siRNA transfections were performed using RNAiMax (Invitrogen) according 
to the manufactures guidelines. The following siRNAs were used in this study: Mad2 OTP SMARTpool 
(Dharmacon), Nocodazole and MG321 were used at a final concentration of 250 ng/ml and 5 μM 
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respectively, or as indicated. Taxol, ICRF-193, and Mps1 inhibitor (compound-5, Koch et al., manuscript 
in revision) were used at the indicated concentrations.

Generation of knockout cell lines
Guide sequences for the CRISPR/Cas9-mediated genome editing were designed using CRISPR design 
(Zhang lab). All guides used in this study to generate knockout cell lines were targeted against exon 
1 or 2 of the gene of interest. Guides were cloned into the pX330 vector 324. pX330 and a blasticidin 
donor vector (gift from Thijn Brummelkamp) were co-transfected in HAP1 cells and selected with 
5 μg/ml blasticidin. Individual clones were selected and knockouts were confirmed using either PCR to 
confirm integration of the blasticidin cassette or by western blot.

Insertional mutagenesis screen
Gene trap virus was produced in 293T cells and harvested as described previously 320. About 50 million 
HAP1 cells (wild-type, Mad1 and Mad2 knockouts) were mutagenized by transduction with gene trap 
virus in T175 flasks and selected for 7 days. Screens were performed in triplicate (wild-type) or in 
duplicate (Mad1 and Mad2) After selection, the haploid population was sorted out based on cell size 
and genomic DNA was harvested as described previously 320. Gene trap insertion sites were mapped 
using PCR and deep sequencing of the genomic DNA flanking the gene trap insertion site as described 
previously 320. In all screens, we obtained at least 5 million independent insertion sites. Sense or 
antisense integration of the gene trap was classified as described previously 320.

Immunofluorescence
Cells were grown on 10mm glass coverslips and pre-extracted for 60 seconds in PEM buffer (100 
mM PIPES, 10 mM EGTA, 1mM MgCl and 0.1% Trinton X-100), followed by fixation for 10 minutes 
at room temperature in 4% formaldehyde in PEM buffer with 0.3% Triton X-100. The following 
antibodies were used: rabbit phospho-histone H3 (Millipore), mouse α-tubulin (Sigma), human ACA 
(Cortex Biochem), Rabbit Mad2 (Bethyl), Rabbit Zw10 (Abcam), Rabbit Spindly (Bethyl), mouse p150 
(Transduction Laboratories). All antibodies were incubated over night at 4°C. Secondary antibodies 
(Molecular probes, Invitrogen) were incubated 1 hr at room temperature. DAPI was added before 
mounting using ProLong Gold (Invitrogen). Images were acquired using a Deltavision deconvolution 
microscope (Applied Precision) with a 100x 1.40 NA oil objective. Softworx (Applied Precision, ImageJ 
and Adobe Photoshop and Illustrator CS6 were used to process acquired images.

Time-lapse microscopy
Cells were plated on 8-well glass-bottom dishes (LabTek) and cultured in L-15 CO2 independent medium 
(Gibco). Cells were imaged using a Deltavision deconvolution microscope (Applied Precision) equipped 
with a heat chamber. Images were acquired every four minutes using a 20x (0.25 NA) or 40x (1.40 NA) 
objective. Z-stacks were acquired with 3 μm intervals. Images were analyzed and processed using 
Softworx (Applied Precision) and ImageJ.

Colony formation
Cells were plate in 48-well plates at a density of 17,000 cells per well and treated as indicated for 
7 days. After 7 days, cells were fixed using methanol and stained using crystal violet.
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Western Blot
Cells were counted and lysed using Laemmli buffer (120 mM Tris pH 6.8, 4% SDS, 20% glycerol). Protein 
levels were analyzed using western blot. The following antibodies were used in this study: mouse 
α-tubulin (Sigma), mouse Mad2 (MBL), rabbit NCAPH2 (Santa Cruz), mouse Rod1 (Santa Cruz).

Chromosome spreads
Cells were treated with nocodazole for 4 hours and harvested. Spreads were prepared as described 
previously 346. Length of individual chromosomes was measured using ImageJ software.
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Abstract

The spindle assembly checkpoint (SAC) prevents the onset of anaphase until all of the chromosomes 
have properly attached to the spindle. Chromosomes that are not attached to the mitotic spindle 
recruit the checkpoint protein Mad1 to their unattached kinetochores, which can subsequently 
activate Mad2. Active Mad2 stimulates the formation of the mitotic checkpoint complex (MCC) that 
acts to prevent anaphase onset. How exactly Mad1 is recruited to unattached kinetochores is still 
a matter of debate. Here, we show that Bub1 and the Rod1/Zw10/Zwilch (RZZ) complex can both 
independently recruit Mad1 to unattached kinetochores. We find that the RZZ complex is required 
for the maintenance of Mad1 at unattached kinetochores throughout mitosis, while Bub1 cooperates 
with the RZZ complex in the early recruitment of Mad1. Surprisingly, we find that the functions of Bub1 
in chromosome alignment and SAC signaling are not dependent on its role in the recruitment of BubR1 
to kinetochores. We show that BubR1 is dispensable for stabilization of kinetochore-microtubule 
attachments and is solely required for SAC signaling. By promoting centromeric accumulation of Aurora 
B, Bub1 stimulates the positive feedback loop between Aurora B and Mps1, hereby contributing to 
both chromosome alignment and establishment of the SAC. Taken together, we elucidated a novel 
interplay between Bub1 and the RZZ complex in the regulation of Mad1 recruitment and the control 
of chromosome alignment.
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Introduction

The spindle assembly checkpoint (SAC) prevents premature separation of sister chromatids during 
mitosis by inhibiting the anaphase promoting complex or cyclosome (APC/C161). The molecular 
components of the SAC localize to kinetochores (KTs) that are not attached to the mitotic spindle, 
where they generate a diffusible signal, known as the mitotic checkpoint complex (MCC). This complex, 
composed of Mad2, BubR1 and Bub3, prevents anaphase onset by binding to the APC/C co-activator 
Cdc20 to prevent premature APC/C activation307. Mad1 is an essential SAC component that localizes to 
unattached KTs, were it forms a tetrameric complex with Mad2. This complex catalyzes the conversion 
of cytoplasmic open Mad2 (O-Mad2) into closed Mad2 (C-Mad2), that can in turn interact with Cdc20, 
hereby stimulating MCC formation161.
The SAC components Bub1 and BubR1 are highly similar at the sequence level, but exhibit different 
functions during mitosis187. BubR1 is an essential for the SAC by being part of MCC161. In addition, both 
BubR1 and Bub1 heterodimerize with Bub3 in order to localize to unattached KTs were they contribute 
to the formation of stable KT-microtubule (MT) attachments156,192,195,347. BubR1 participates in this 
process by recruiting PP2A-B56, which dephosphorylates substrates of Aurora B at the KTs, hereby 
stabilizing KT-MT attachments155,156. Bub1 is thought to participate in stabilizing KT-MT attachments in 
two ways; first by recruiting BubR1/Bub3 heterodimers to KTs188,348, and second by promoting Aurora 
B accumulation at centromeres through phosphorylation of histone H2A192,196. While the function 
of BubR1 in the SAC is well established, the function of Bub1 in the SAC is not fully clear. Bub1 is 
thought to contribute MCC assembly by recruiting individual MCC components to the KT 161,349. In 
addition, Bub1 promotes recruitment of Aurora B to the inner centromere, thereby establishing the 
positive feedback loop between Aurora B and Mps1, essential for establishment of the SAC in early 
mitosis192-194,196. And lastly, Bub1 is essential for the recruitment of Mad1 and Mad2 to unattached 
KTs in yeast and C. elegans189,191. Although no direct interaction has been found to date, Bub1 is also 
thought to be involved in KT recruitment of Mad1 and Mad2 in higher eukaryotes197,198.
Besides Bub1, the Rod1/KNTC1, Zw10 and Zwilch (RZZ) complex, only present in metazoans, is also 
thought to be involved in KT recruitment of Mad1 and Mad2 and has been shown to be required 
for SAC signaling199,201. Nevertheless, the exact contributions of the RZZ complex and Bub1 in the 
recruitment of Mad1 are currently unclear, nor is it known which component is the direct KT receptor 
for Mad1 and Mad2 tetramers.
The human HAP1 cell line is a near-haploid cell line, which makes it a very useful tool for the execution 
of insertional mutagenesis screens319-323. We previously showed that HAP1 cells do not require a 
functional SAC and we successfully generated Mad1 and Mad2 knockout cell lines. We used these 
cell lines to perform insertional mutagenesis screens to identify genes that act synthetic lethal with 
the loss of Mad1 and Mad2 (chapter 6). Surprisingly, while the parental HAP1 cells tolerate loss of 
Bub1, BubR1 and the RZZ complex, Bub3 is essential for viability. Interestingly, upon deletion of Mad1 
or Mad2, Bub1 and the RZZ complex become essential for cell proliferation, while BubR1 remains 
non-essential. This suggests that Bub1, BubR1, Bub3 and the RZZ complex play a more complex and 
potentially redundant function in SAC signaling. In this study, we tried to elucidate this paradox by 
examining the mitotic functions of Bub1, BubR1 and the RZZ complex in HAP1 cells in more detail.
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Results

Bub1 contributes to chromosome alignment
In the synthetic lethality screen we performed in the SAC-deficient HAP1 cells, we obtained some 
contradictory results compared to previous studies (chapter 6). First, we found that Bub1 and BubR1 
are not essential for viability in parental HAP1 cells (Figure 1A). This finding contrast with the general 
view that deletion of BubR1 should not be compatible with viability, as this would affect SAC function 
and alignment, leading to massive segregation errors. Second, in contrast to Bub1 and BubR1, Bub3 
is essential in HAP1 cells (Figure 1A), which is not in line with the general view that Bub1/BubR1 and 
Bub3 act in complex with each other. Curiously, while we find that Bub1 becomes essential in SAC-
deficient HAP1 cells, BubR1 does not become essential in SAC-deficient HAP1 cells (Figure 1A). This 
indicates that Bub1 and BubR1 must have separate roles in mitosis that can explain this paradox. To 
unravel the molecular details of this contradiction, we used CRISPR/Cas9 to knockout Bub1 from HAP1 
cells. We managed to get viable ΔBub1 clones that show complete loss of Bub1 protein on western 
blot (Figure 1B). We imaged H2B-RFP expressing ΔBub1 cells and unexpectedly these cells spent about 
double the amount of time in mitosis compared to wild-type cells and this delay was mainly due to a 
prolonged prometaphase (Figure 1C). This indicates that ΔBub1 cells have a functional checkpoint, at 
least sufficient to maintain a mitotic delay in response to a few unattached kinetochores. We confirmed 
the synthetic lethal interaction of Bub1 with loss of the SAC by colony formation assays in which we 
treated wild-type and ΔBub1 cells with increasing doses of an Mps1 inhibitor (Figure 1D). In addition, 
treatment of ΔBub1 cells with siRNAs targeting Mad2 decreased the time in mitosis (Figure 1E), and 
we observed a dramatic increase in the amount of missegregations (Figure 1F). Strikingly, when we 
looked in more detail to ΔBub1 knockout cells, we noticed that ΔBub1 cells entering mitosis had 
problems with alignment, but did manage to form a normal metaphase plate after spending more 
time in prometaphase (Figure 1G). After depletion of Mad2, ΔBub1 cells did not align all chromosomes 
and entered anaphase while missegregating multiple chromosomes (Figure 1G). These results indicate 
that Bub1 is required for normal chromosome alignment in HAP1 cells and is not absolutely essential 
for SAC function.

BubR1 is not required for chromosome alignment in HAP1 cells
Loss of BubR1 from KTs has previously been shown to result in severe defects in KT-MT attachments 
that persist over time155,156,195,347. To test if BubR1 is lost from KTs in ΔBub1 cells, we treated wild-
type and ΔBub1 cells with nocodazole and stained for Bub1 and BubR1 (Figure 2A). While both Bub1 
and BubR1 clearly localized to unattached KTs in wild-type cells, we did not observe any residual 
Bub1 protein in ΔBub1 cells and nearly all BubR1 protein was lost from KTs, consistent with previous 
literature (Figure 2A and188,348). However, unlike loss of Bub1, loss of BubR1 is not synthetic lethal with 
loss of the SAC (Figure 1A), suggesting that chromosome alignment must occur relatively normal in 
BubR1 knockout cells. If so, this would mean that Bub1 acts independently from BubR1 in chromosome 
alignment, possibly by controlling recruitment of Aurora B to the centromeres192,196. To study this, we 
tested if centromeric accumulation of Aurora B was affected in ΔBub1 cells. To this end, we stained 
phosphorylated histone H2A and Aurora B in nocodazole-treated wild-type and ΔBub1 cells (Figure 2B 
and C). Consistent with previous studies, histone H2A phosphorylation was absent and centromeric 
accumulation of Aurora B was reduced in ΔBub1 cells (Figure 2B and C), indicating that Bub1 likely 
controls chromosome alignment by controlling centromeric Aurora B accumulation.
Next, we wanted to test whether BubR1 is indeed not required for chromosome alignment in HAP1 
cells. To this end, we knocked out BubR1 in HAP1 cells using CRISPR/Cas9 and confirmed loss of BubR1 
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Bub1 knockout cells. Wild-type and ΔBub1 cells were harvested and Bub1 protein levels were analyzed by western blot. Asterisks 
mark crossreacti ng band. Tubulin served as a loading control. (C) Quanti fi cati on of wild-type and ΔBub1 cells, expressing H2B-
RFP. Time from NEB to alignment and alignment to anaphase was scored. (D) Colony formati on of wild-type and ΔRod1 cells, 
treated for seven days with increasing doses of Mps1 inhibitor. Cells were fi xed with methanol and stained with crystal violet. 
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protein on western blot (Figure 2D) and by immunofluorescence (Figure 2E). Strikingly, we observed 
no chromosome alignment defects in ΔBubR1 cells (Figure 2F), which is in contrast to previous 
observations obtained using RNA interference155,156,195,347. To test if loss of BubR1 results in loss of 
SAC function, we treated wild-type, ΔBubR1 and ΔMad2 cells with nocodazole and determined the 
mitotic index (Figure 2G). While wild-type cells arrested in mitosis and reached a mitotic index of 
around 30% after eight hours, both ΔBubR1 and ΔMad2 cells displayed a low mitotic index of around 
5% (Figure 2G), indicating that these latter cells lack a functional SAC. Thus, loss of SAC function is 
the only obvious mitotic phenotype of cells lacking BubR1, which also explains why BubR1 loss is 
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(A) Representative images of wild-type and ΔBub1 cells treated with nocodazole. Bub1 is shown in green, BubR1 is shown in red, 
KTs (ACA) in blue. (B) Representative images of wild-type and ΔBub1 cells treated with nocodazole. Phosphorylated H2A is shown 
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shown in red, DNA (DAPI) in blue. (F) Chromosome alignment in wild-type and ΔBubR1 cells, treated with MG132 for 1 hour. Graph 
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bars represent 10 μm.
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not lethal by itself and why we did not found a synthetic lethal interaction with Mad1 or Mad2 loss. 
Interestingly, Bub3 appears to perform a dual role in mitosis. First, Bub3 is required for chromosome 
alignment as a consequence of its role in KT recruitment of Bub1108,184,348,350. Second, Bub3 is required 
for SAC function as it is part of the MCC that prevents premature activation of the APC/C167. Deletion 
of Bub3 will therefore comprise alignment and result in loss of SAC function, two defects that are not 
compatible with cell viability when combined.

Bub1 promotes robust SAC signaling by establishing high Mps1 activity
The synthetic lethality screen described in chapter 6 indicates that both ΔRod1 and ΔBub1 cells have 
a functional SAC and depend on the SAC for their survival. This is in contrast to previous studies that 
proposed a role for both the RZZ complex and Bub1 in SAC signaling. To examine the functionality of 
the SAC in more detail, we treated wild-type, ΔBub1, and ΔRod1 cells with nocodazole and followed 
the cells by live cell microscopy (Figure 3A). Wild-type cells arrested in mitosis for about 400 minutes 
before undergoing apoptosis (Figure 3A). Similar to wild type cells, ΔBub1 cells also maintained a 
mitotic delay for 400 minutes on average (Figure 3A), indicating that the SAC indeed is functional in 
these cells. In contrast, ΔRod1 cells slipped out of mitosis after approximately 150 minutes, suggesting 
that cells lacking the RZZ-complex can initiate a SAC response, but are unable to maintain an active SAC 
over time. To test whether the checkpoint was completely unaffected in ΔBub1 cells, we sensitized the 
SAC by titrating in increasing concentrations of the Mps1 inhibitor reversine205. Wild-type cells started 
to slip out of mitosis when treated with 400 nM reversine or higher (Figure 3A). However, while ΔBub1 
cells arrested to the same extent as wild-type cells after nocodazole treatment alone, they slipped out 
when treated with 200 nM reversine or higher (Figure 3A). This suggests that although ΔBub1 cells 
have a functional SAC, it lacks robustness and these cells are more sensitive to further impairment 
of the SAC. Interestingly, SAC function was completely compromised in ΔRod1 cells at the lowest 
concentrations of reversine we tested (Figure 3A), indicating that these cells are extremely sensitive 
to further SAC perturbation.
As mentioned above, both Bub1 and the RZZ complex are implicated in KT recruitment of 
Mad1189,191,197,198,351. In order to test whether Mad1 and its downstream effector Mad2 could still localize 
to unattached KTs in the absence of either Bub1 or the RZZ complex, we treated wild-type, ΔBub1 
and ΔRod1 cells with nocodazole and stained for Mad1 and BubR1 (Figure 3B). As expected, BubR1 
was almost completely lost from KTs in the ΔBub1 cells and we did not observe major differences in 
BubR1 localization in ΔRod1 cells compared to wild-type cells (Figure 3B). In contrast to BubR1, we 
did observe normal Mad1 localization at KTs in ΔBub1 cells, indicating that Bub1 is not required for KT 
recruitment of Mad1 in HAP1 cells (Figure 3B and C). On the contrary, Mad1 recruitment was severely 
affected in ΔRod1 cells (Figure 3B and C), indicating that the RZZ complex is required to load Mad1 at 
KTs, explaining the extreme sensitivity of these cells to partial SAC inhibition (Figure 3A).
Since we did not observe defects in KT recruitment of Mad1 in ΔBub1 cells, we wondered what could 
be the cause of the weakened SAC of ΔBub1 cells. ΔBub1 cells rapidly exit mitosis upon treatment with 
400 nM reversine and in addition, we showed that centromeric accumulation of Aurora B is reduced 
in ΔBub1 cells. Since centromeric accumulation of Aurora B is important for timely SAC establishment 
by stimulating the Mps1-Aurora B positive feedback loop193, we hypothesized that the weakened SAC 
in ΔBub1 cells might be a direct consequence of reduced centromeric accumulation of Aurora B and 
Mps1 activation. In order to test this, we arrested cells in mitosis using nocodazole for 1 hour and 
assessed Mps1 activity using phospho-specific antibodies against the MELT-motif on KNL-1, which is 
phosphorylated by Mps1109,111,183. Indeed, ΔBub1 cells showed a reduction in pKNL-1 levels compared 
to wild-type cells (Figure 3D), explaining why these cells are more sensitive to partial Mps1 inhibition. 
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Curiously, we also noticed a decrease in pKNL-1 levels in ΔRod1 cells (Figure 3D). This might be due 
to the fact that ΔRod1 cells cannot maintain a robust SAC response and cells might progressively slip 
out of mitosis, resulting in a reduction of mitotic phosphorylation. Because Aurora B is predominantly 
required to establish the SAC, we next tested if the SAC defect in ΔBub1 cells is limited to SAC 
establishment and not to SAC maintenance. To test this, we treated cells with nocodazole and added 
reversine during the mitotic arrest (Figure 3E-G). ΔBub1, ΔRod1, and wild-type cells treated with a 
partial dose (1µM) of the Aurora B inhibitor ZM447439352, were not able to arrest in mitosis when 
reversine was added before mitotic entry (Figure 3E and F). Wild-type cells were able to sustain a 
checkpoint-dependent arrest for some time, similar to what we observed before (Figure 3A, E, F). In 
contrast, ΔRod1 cells rapidly exited from mitosis when reversine was added to cells that had already 
entered mitosis (Figure 3E and G), whereas ΔBub1 cells managed to maintain a partial mitotic arrest 
when reversine was added during mitosis, similar to wild-type cells treated with or without ZM447439 
(Figure 3E and G). The fact that ΔBub1 behave similar to wild-type cells with reduced Aurora B activity 
indicates that the effect of Bub1 on SAC signaling is entirely mediated via its contribution to the 
centromeric recruitment of Aurora B, hereby establishing high Mps1-activity at KTs.

The RZZ complex and Bub1 cooperate to load Mad1 at KTs
Multiple studies indicated that the KT localization of Mad1 and Mad2 is not only strictly required, but 
also sufficient for SAC activation343-345,353. However, ΔRod1 cells do not display clear KT localization of 
Mad1 in nocodazole-treated cells, while these cells have a partially active Mad1/Mad2-dependent SAC 
response (Figure 3A and chapter 6). We further investigated this paradox by testing the recruitment 
of Mad1 and Mad2 in untreated, asynchronous growing cells (Figure 4A). We could clearly observe 
KT-localization of Mad1 and Mad2 in wild-type and ΔBub1 cells that just entered mitosis and on 
unattached chromosomes in late prometaphase in ΔBub1 cells (Figure 4A). Surprisingly, we were also 
able to detect Mad1 and Mad2 at KTs of unattached chromosomes in early and late prometaphase 
ΔRod1 cells (Figure 4A, left panel), while again we did not detect Mad1 and Mad2 in cells treated for 
5 hours with nocodazole (Figure 4A, right panel). These data indicate that a Rod1-independent Mad1 
KT recruitment pathway exists in early mitosis that is sufficient to trigger a temporary SAC response 
in ΔRod1 cells.
Next, we tested which factor could be responsible for KT-targeting of Mad1 in early mitosis. Since 
multiple studies suggested that Bub1 is also involved in KT recruitment of Mad1 in human cells197,351, 
we tested if Bub1 is responsible for the transient recruitment of Mad1 to KTs in ΔRod1 cells. We 
treated wild-type and ΔRod1 cells for 1 hour with nocodazole, with or without siRNA-mediated 
depletion of Bub1 (Figure 4B). As expected, we observed a prominent recruitment of Mad1 to KTs 
following a short nocodazole treatment in wild-type cells. Also, Bub1 depletion did not affect the KT 

◄ Figure 3: Bub3 promotes robust SAC signaling by establishing high Mps1 activity.

(A) Quantification of wild-type, ΔBub1, and ΔRod1, cells, expressing H2B-RFP and treated as indicated. Time from NEB to mitotic 
exit was scored. (B) Representative images of wild-type, ΔBub1, and ΔRod1 cells treated for 8 hours with nocodazole. Mad1 
is shown in green, BubR1 is shown in red, KTs (ACA) in blue. (C) Quantification of the KT levels of Mad1 as a ratio over ACA 
intensity. (D) Quantification of the KT levels of phosphorylated KNL-1 as a ratio over ACA intensity. (E) Quantification of the 
mitotic timing of wild-type, ΔBub1, ΔRod1, and wild-type cells treated with 1 µM ZM. The start of the black bars represents a 
single cell entering mitosis. The end of the black bar indicates mitotic exit. Reversine was added at the indicated time point (red 
line). (F) Quantification of the average remaining time spent in mitosis of wild-type, ΔBub1, ΔRod1, and wild-type cells treated 
with 1 µM ZM, to which reversine was added during mitosis. (G) Quantification of the average time spent in mitosis of wild-type, 
ΔBub1, ΔRod1, and wild-type cells treated with 1 µM ZM to which reversine was added before mitosis. Error bars represent 
standard deviation. Scale bars represent 10 μm.
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levels of Mad1 in these nocodazole-treated cultures. Furthermore, using this short-term nocodazole 
treatment, we could observe low levels of Mad1 on KTs in about 60% of ΔRod1 cells (Figure 4B). 
Interestingly, the remaining KT Mad1 was significantly reduced after depletion of Bub1 in ΔRod1 cells 
(Figure 4B), indicating that the RZZ complex is required for stable KT-targeting of Mad1. In addition, 
Bub1 likely transiently interacts with Mad1 in early mitosis, which is sufficient to establish a temporary 
SAC response in the absence of the RZZ complex. This temporary checkpoint activation likely enables 
cells lacking Rod1 to survive a short delay chromosome alignment, as we observed in chapter 6.

Discussion

Here we determined the contribution of Bub1, BubR1 and the RZZ complex to SAC signaling and 
chromosome alignment. Bub1 has previously been implicated in chromosome alignment by functioning 
in two separate pathways. First, it promotes the recruitment of BubR1-Bub3 dimers to KTs188,348. 
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Figure 4: Bub1 and the RZZ complex cooperate with each other to target Mad1 to KTs.

(A) Representative images of wild-type, ΔBub1, and ΔRod1 cells at different stages in mitosis. Mad2 is shown in green, Mad1 in 
red, KTs (ACA) in blue. Insets are enlargements of individual KT pairs. Note the recruitment of Mad1 and Mad2 to unattached KTs 
in early and late prometaphase in ΔBub1 and ΔRod1 cells and the absence of Mad1 and Mad2 at unattached KTs in ΔRod1 cells 
treated for 8 hours with nocodazole. Scale bars represent 10 μm. (B) Quantification of the relative Mad1 KT levels in wild-type 
and ΔRod1 cells, treated with or without siRNAs targeting Bub1. (C) Model of Bub1 and the RZZ complex function in the SAC. Bub1 
helps to initiate the SAC by promoting the Aurora B – Mps1 positive feedback loop. The RZZ complex is required for the SAC by 
stably recruiting Mad1 and Mad2 to KTs. Bub1 likely accelerates this process by transiently binding to Mad1.
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BubR1 in turn recruits PP2A-B56 which promotes stabilization of KT-MT interactions155,156. Second, 
it promotes centromeric accumulation of Aurora B by phosphorylating H2A, hereby stimulating the 
Aurora B-Mps1 positive feedback loop192,193,196. Here, we show that in HAP1 cells, the main function 
of Bub1 for chromosome alignment is to promote centromeric accumulation of Aurora B, since 
deletion of BubR1 does not result in any chromosome alignment defects. A recent study showed 
that transformed glioblastoma cells are more sensitive to BubR1 depletion, in contrast to their non-
transformed equivalents, due to presence of altered KT-MT dynamics354. Hyperstable KT-MTs are a 
common feature of many cancer cells355, and although we do not know if HAP1 cells have abnormal 
KT-MT dynamics, our results suggest that BubR1’s function in chromosome alignment might be more 
important for transformed cell lines harboring this phenotype and could potentially explain why HAP1 
cells do not depend on BubR1 for chromosome alignment.
The RZZ complex and Bub1 have both been shown to be important for SAC function, but the molecular 
details of their contribution to SAC signaling remain controversial mostly due to conflicting data 
obtained in different organisms161. Despite their previously described roles in SAC function, we found 
both Bub1 and the RZZ subunit Rod1 to be synthetic lethal with SAC-deficiency, indicating that the 
SAC must be, at least partially, functional in cells lacking Bub1 or Rod1 to maintain their proliferative 
capacity. Indeed, our data show that cells lacking Bub1 have a functional SAC that is indistinguishable 
from wild-type cells in an unperturbed mitosis. However, a minor defect in SAC function does become 
apparent in cells lacking Bub1 when they are challenged with inhibitors of Mps1. So what is the exact 
role of Bub1 in the SAC? Since cells lacking Bub1 arrest in mitosis as long as wild-type cells, its function 
in recruiting SAC proteins like BubR1, Bub3 and Cdc20 is likely not required for the maintenance of a 
robust SAC. Furthermore, our results also show that, in contrast to yeast and C. elegans, Bub1 is not 
essential for KT-recruitment of Mad1 and Mad2 in HAP1 cells189,191. Importantly, our results show that 
SAC function in cells lacking Bub1 is only perturbed during the initial stages of SAC activation, whereas 
SAC maintenance is not affected. Given the established role of Aurora B during the establishment of the 
SAC193, combined with our observation that centromeric recruitment of Aurora B and Mps1-depedent 
KNL-1 phosphorylation are reduced in Bub1 knockout cells, we propose that Bub1 contributes to 
robust SAC signaling in HAP1 cells predominantly by stimulating the Aurora B-Mps1 positive feedback 
loop rather than via the recruitment of BubR1.
In contrast to previous literature199,339,356, we found that in the absence of Rod1, cells still are able to 
activate the SAC, albeit only briefly. Interestingly, we found that Mad1 was recruited to unattached KTs 
in ΔRod1 cells that just entered mitosis. Thus, our results indicate that the RZZ complex is not required 
for the early recruitment of Mad1/Mad2 to unattached KTs, but acts to sustain recruitment of Mad1 
and Mad2. Indeed, we found that Mad1 and Mad2 were lost of KTs after prolonged nocodazole 
treatment in ΔRod1 cells. This observation explains why ΔRod1 cells are still able to briefly activate the 
SAC and can survive a short delay in chromosome congression as we showed in chapter 6.
It is currently unclear how Bub1 would promote recruitment of Mad1 at the onset of mitosis. Studies 
in yeast, that do not have a RZZ-complex, showed that Bub1 targets Mad1/Mad2 to KTs by a direct 
interaction between the RKL motif that is present in Mad1190, and the CD1 motif, present in Bub1349. 
Although no direct interaction in human cells with Bub1 and Mad1 has been shown previously, we do 
find a further reduction in Mad1 recruitment in early mitotic cells lacking Rod1 that are depleted of 
Bub1. Interestingly, a recent study indicated that two different populations, a stable and a dynamic 
KT-bound Mad1 pool exist in Drosophila357. Although the molecular details of these two populations 
are still lacking, this might reflect the existence of a Bub1- and RZZ complex-bound Mad1 pool. We 
hypothesize that Bub1 initially targets Mad1 to the KT and subsequently hands the Mad1 over to the 
RZZ complex to maintain a prolonged SAC signal. Future studies will be required to test if Mad1 indeed 
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can be targeted to the KT by direct binding to the RZZ complex and Bub1, and to further understand 
the molecular details underlying the partial redundancy between Bub1 and the RZZ complex in the KT 
recruitment of Mad1.
Taken together, by using knockout cell lines for different SAC components, we unraveled the relative 
contributions to different SAC components to checkpoint establishment, checkpoint maintenance and 
chromosome alignment for each individual component. Using this approach, we uncovered a novel 
interplay between Bub1 and the RZZ complex in the early versus sustained recruitment of Mad1 to the 
kinetochore. Finally, we find that checkpoint components differ in their contribution to chromosome 
alignment not only between species, but also across human cell lines.

Experimental Procedures
Cell culture, transfection and drug treatments
HAP1 cells were cultured in IMDM (Gibco) with 8% FCS, 100 U/ml penicillin, and 100 μg/ml 
streptomycin. DNA transfections were performed with FuGENE 6 (Promega) according to the 
manufactures guidelines. siRNA transfections were performed using RNAiMax (Invitrogen) according 
to the manufactures guidelines. The following siRNAs were used in this study: Mad2 OTP SMARTpool 
(Dharmacon), BubR1 custom siRNA 156, Bub1 (Dharmacon, gift from Geert Kops). Nocodazole and 
MG321 were used at a final concentration of 250 ng/ml and 5 μM respectively, or as indicated. Mps1 
inhibitor (compound-5 Koch et al., in revision), reversine and ZM447439,352 were used at the indicated 
concentrations.

Generation of knockout cell lines
Guide sequences for the CRISPR/Cas9-mediated genome editing were designed using CRISPR design 
(Zhang lab). All guides used in this study to generate knockout cell lines were targeted against exon 
1, 2 or 3 of the gene of interest. Guides were cloned into the pX330 vector 324. pX330 and a blasticidin 
donor vector (gift from Thijn Brummelkamp) were co-transfected in HAP1 cells and selected with 
5 μg/ml blasticidin. Individual clones were selected and knockouts were confirmed using either PCR to 
confirm integration of the blasticidin cassette or by western blot.

Immunofluorescence
Cells were grown on 10mm glass coverslips and pre-extracted for 60 seconds in PEM buffer (100 mM 
PIPES, 10 mM EGTA, 1mM MgCl and 0.1% Trinton X-100), followed by fixation for 10 minutes at room 
temperature in 4% formaldehyde in PEM buffer with 0.3% Triton X-100. The following antibodies were 
used: rabbit phospho- H3 (Millipore), mouse α-tubulin (Sigma), human ACA (Cortex Biochem), Rabbit 
Mad2 (Bethyl), mouse Bub1 (Abcam), rabbit BubR1 (Bethyl), rabbit phosho-histone 2A (Upstate), rabbit 
Aurora B (Abcam), mouse Mad1 (Santa Cruz), rabbit phospho-KNL-1 (custom, a gift from Geert Kops). 
All antibodies were incubated over night at 4°C. Secondary antibodies (Molecular probes, Invitrogen) 
were incubated 1 hr at room temperature. DAPI was added before mounting using ProLong Gold 
(Invitrogen). Images were acquired using a Deltavision deconvolution microscope (Applied Precision) 
with a 100x 1.40 NA oil objective. Softworx (Applied Precision, ImageJ and Adobe Photoshop and 
Illustrator CS6 were used to process acquired images. Mitotic index was determined as described 
previously 118.

Time-lapse microscopy
Cells were plated on 8-well glass-bottom dishes (LabTek) and cultured in L-15 CO2 independent medium 
(Gibco). Cells were imaged using a Deltavision deconvolution microscope (Applied Precision) equipped 
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with a heat chamber. Images were acquired every four minutes using a 20x (0.25 NA) or 40x (1.40 NA) 
objective. Z-stacks were acquired with 3 μm intervals. Images were analyzed and processed using 
Softworx (Applied Precision) and ImageJ.

Colony formation
Cells were plate in 48-well plates at a density of 17,000 cells per well and treated as indicated for 
7 days. After 7 days, cells were fixed using methanol and stained using crystal violet.

Western Blot
Cells were counted and lysed using Laemmli buffer (120 mM Tris pH 6.8, 4% SDS, 20% glycerol). Protein 
levels were analyzed using western blot. The following antibodies were used in this study: mouse 
α-tubulin (Sigma), mouse Bub1 (Abcam), rabbit BubR1 (Bethyl).
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Summary

Successful chromosome segregation during mitosis depends on the formation of a highly robust 
mitotic spindle. The cooperative behavior of many different pathways participating in mitotic spindle 
assembly ensure the formation of correct and stable attachments of all chromosomes to the mitotic 
spindle in a timely manner. Aberrations in pathways regulating mitotic spindle assembly can result in 
the formation of a defective mitotic spindle and as a consequence, errors in chromosome segregation. 
Drugs that perturb spindle formation are used extensively in anti-cancer treatments, but their efficacy 
is limited, in large part due to neurotoxicity. This is a consequence of the fact that the commonly 
used spindle poisons, such as taxanes and vincristines, perturb microtubule dynamics that are not 
only important for proper spindle assembly, but also for neuronal functions. As a result, investigators 
have been seeking alternative anti-mitotic drugs that strictly affect dividing cells. Prime examples 
of this class of drugs are inhibitors of the Eg5 microtubule motor protein. Inhibition of Eg5 blocks 
centrosome separation in human cells, resulting in perturbation of bipolar spindle formation, and a 
prolonged arrest in mitosis with monopolar spindles. This has spurred a lot of interest in Eg5 as an 
attractive target for anti-cancer therapy. However, in chapter 2 of this thesis, we provide the evidence 
that cells can easily acquire the ability to divide in the complete absence of Eg5-activity. We showed 
that bipolar spindle assembly in cells lacking Eg5 critically depends on the function of the dynein 
motor protein. We identified a novel function for dynein in prophase centrosome separation in these 
Eg5-indepdendent cells and we show that this pathway also cooperates with Eg5 in normal cells. In 
addition, we showed that Kif15, whose function is normally redundant with Eg5, becomes essential 
for bipolar spindle formation in cells lacking Eg5-activity. In chapter 3, we identified three additional 
factors that are specifically required for bipolar spindle formation in Eg5-independent cells. We show 
that two kinesins with microtubule-depolymerase activity, MCAK and Kif18b, promote mitotic spindle 
assembly by controlling astral microtubule length. In addition, we show that the mitotic kinase Aurora 
A phosphorylates Kif15 to promote its association to the spindle. In chapter 4, we showed that Eg5, 
dynein and Kif15 act together to produce the right force balance in the spindle. By manipulating the 
function of these motors either alone or in combination, we show that alterations in the force balance 
result in the formation of aberrant mitotic spindles. In chapter 5, we reviewed the current literature 
about the function of Kif15 in mitotic spindle assembly and discuss the possibility to use Kif15 as a target 
in anti-cancer therapy. In chapter 6 and 7, we made use of haploid human cells, lacking a functional 
spindle assembly checkpoint (SAC) to identify novel genes controlling chromosome segregation. We 
identified several genes that participate in timely chromosome congression and confirm that the SAC 
becomes essential for proliferation in cells lacking these particular genes. In addition, we investigated 
the contribution of Bub1 and the RZZ-complex to SAC signaling in HAP1 cells. In contrast to previous 
studies, we show that cells either lacking Bub1 or the RZZ-complex have a partial functional SAC and 
that these cells depend on the SAC for their survival.
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General Discussion

The mitotic spindle is the driving force behind chromosome segregation during mitosis. This highly 
dynamic structure is composed of microtubules that are organized into a bipolar array through the 
action of many different microtubule-associated proteins (MAPs). One important group of proteins 
that acts to organize the mitotic spindle is the kinesin superfamily. Kinesins are microtubule-
dependent motor proteins that use the energy of ATP hydrolysis to produce a force stroke. The forces 
these motors produce can organize microtubules in the mitotic spindle by transport and sliding of 
microtubules. Here, we will discuss the results from this thesis in relation to the current literature on 
the contribution of several mitotic motor proteins and additional factors in mitotic spindle assembly.

Dynein cooperates with Eg5 during prophase centrosome separation
The first step of mitotic spindle assembly occurs during prophase. During this phase, the duplicate 
centrosomes move apart to opposite sides of the nucleus. Centrosome separation in prophase 
occurs in nearly all organisms that undergo an open mitosis, in which the nuclear envelope breaks 
down at the onset of mitosis. However, the extent of centrosome separation in prophase, as well 
as the factors that control it seem to differ across organisms. Previous studies indicate that Eg5 is 
the main driver of centrosome separation in human cells30-32,224-226. The tetrameric configuration of 
Eg5 allows it to crosslink and slide antiparallel microtubules27,28, and this unique feature makes Eg5 a 
likely candidate to drive centrosome separation during prophase. However, if Eg5 would be the sole 
driver of prophase centrosome separation, centrosomes would be expected to move in a coordinated 
manner since Eg5-dependent forces are mediated via the sliding of anti-parallel microtubules that 
act on both centrosomes simultaneously. Nonetheless, observations from mammalian cells indicate 
that centrosomes move relatively independent from each other in prophase35, indicating that other 
forces must contribute to centrosome separation. In line with these results, studies in C. elegans 
and Drosophila showed that Eg5 is dispensable for prophase centrosome separation34,358. In these 
organisms, the minus-end-directed motor dynein seems to produce the major force, driving prophase 
centrosome separation38,39.
By applying selective pressure on human cell lines grown in tissue culture, we were able to induce 
directed evolution, resulting in the generation of Eg5-independent cells. Interestingly, we find that 
human cells can rapidly acquire the ability to proliferate in the complete absence of Eg5-activity32,45. 
These Eg5-independent cells (EICs) were able to efficiently separate their centrosomes in prophase, 
indeed confirming that in human cells additional factors participate in this process as well. We showed 
that this separation was fully dependent on the function of dynein, demonstrating that the role of 
dynein in centrosome separation in prophase is not limited to C. elegans and Drosophila. Importantly, 
we show that the function of dynein is not restricted to EICs, but also cooperates with Eg5 in normal 
cells32, explaining why centrosomes move in an uncoordinated manner in prophase359.
Whereas in Drosophila the cortical pool of dynein is thought to drive prophase centrosome 
separation40,41,360, we showed that specifically removing dynein from the nuclear envelope in human 
cells perturbs its function in prophase centrosome separation in mammalian cells32. Thus, it is the 
nuclear envelope-associated pool of dynein that produces a force on centrosomes in prophase, not 
the cortical-bound pool, in line with previous observations that in mammalian cells, dynein does not 
localize to the cortex before nuclear envelope breakdown (NEB,361). Importantly, dynein is recruited 
to the nuclear envelope, in late G2 phase, just prior to the initiation of centrosome separation42, and 
this pool has also been implicated in facilitating NEB and in keeping centrosomes in close proximity of 
the nucleus42,44,362.
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The molecular details how dynein recruitment to the nuclear envelope is regulated in space and 
time is still under debate. Recruitment can occur via at least four distinct pathways. Studies in 
C. elegans and the mammalian brain cells indicated that dynein-mediated nuclear migration, depends 
on its nuclear envelope recruitment by SUN-nesprin proteins363,364. In contrast, the late G2 nuclear 
envelope recruitment of dynein seems to depend on three other, separate pathways42,43,365. These 
studies showed that recruitment of dynein in late G2 is mediated by interactions with the nuclear 
pore-tethered complexes RanBP2-BicD2, Nup133-CENPF and Asunder-Lis1 42,43,365. RanBP2 binds to the 
dynein adaptor protein BicD2, hereby directly recruiting the dynein-dynactin complex to the nuclear 
pores42. The exact contribution of Nup133 in tethering dynein to the nuclear envelope is still under 
debate; while the Doye lab showed that dynein is lost upon depletion of Nup133 and CENPF43, data 
from our lab indicated that not dynein itself, but rather the dynein activators NudE/L were lost from 
the nuclear envelope, hereby mimicking a dynein-depletion phenotype32. In addition, depletion of the 
nuclear envelope-associated protein Asunder also causes a reduction in dynein recruitment to the 
nuclear envelope365. This latter study showed that Asunder likely acts via the dynein adaptor protein 
Lis1, since it reported a direct interaction between both proteins365. Although the exact contribution 
of the pathways that recruit dynein or dynein adaptor proteins to the nuclear envelope is not fully 
resolved, it is interesting to note that all three pathways are required for dynein function at the 
nuclear envelope. How these pathways are connected and talk to each other needs to be determined 
in future studies.
In addition to its recruitment, another important question that remains is how the homogeneously 
distributed nuclear envelope-bound pool of dynein can produce asymmetric pulling forces on 
centrosomes to drive their separation. One plausible mechanism is that microtubule nucleation from 
centrosomes is asymmetric. Longer microtubules can bind more dynein molecules, hereby generating 
asymmetric pulling forces on centrosomes, which has previously been shown to be important 
for cleavage plane determination in amphibian and fish embryos366. Differences in centrosomal 
microtubule length along the nuclear envelope can simply be a consequence of the oval geometry 
of the nucleus. In addition, microtubules show increased catastrophe rates when they collide against 
physical barriers237. When centrosomes are still in close proximity of each other, microtubules from one 
centrosome might collide against the other centrosome, or against microtubules nucleated from the 
other centrosome, resulting in increased catastrophe rates in the area between two centrosomes and 
asymmetric aster growth. Dynein could pull on these asymmetric asters, hereby driving centrosome 
separation. Future studies, using for example in vitro reconstitution or high resolution imaging of 
prophase centrosomal asters, will hopefully help us to understand how nuclear envelope-bound 
dynein generates asymmetric pulling forces leading to centrosome separation.
Another remaining question is whether prophase centrosome separation is important in human 
cells. Our results indicate that EICs and normal cells with reduced Eg5 activity are more prone to 
form monopolar spindles when prophase centrosome separation is inhibited32. This suggests that 
prophase centrosome separation increases robustness of bipolar spindle formation. In addition, the 
spatial arrangement of all of the chromosomes between the two separated centrosomes at the time 
of NEB has been shown to support efficient mitotic spindle assembly, lowering the chance of forming 
incorrect kinetochore-microtubule attachments139. Indeed, a recent study showed that cells that fail to 
undergo centrosome separation in prophase display an increase in chromosome segregation errors239.
Together, this indicates that prophase centrosome separation improves robust spindle assembly 
and increases the fidelity of chromosome segregation, providing an explanation for the evolutionary 
pressure to maintain this first step in mitotic spindle assembly. Our setup using directed in vitro 
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evolution was very helpful to uncover the relevant players of the prophase pathway, and can also be 
applied to study other essential processes in human cells and to uncover novel, redundant pathways.

Multiple antagonistically acting motors drive robust mitotic spindle assembly
The discovery of Eg5 was an important breakthrough in understanding centrosome separation and 
mitotic spindle formation. Its antiparallel microtubule sliding activity was shown to organize spindle 
microtubules into bipolar arrays and by sliding the antiparallel interpolar microtubules in the spindle 
midzone apart, Eg5 has been shown to play a key role in bipolarization of the mitotic spindle27,52. 
Indeed, the function of Eg5 is conserved throughout evolution and nearly all organisms require the 
function of Eg5 for mitotic spindle assembly26. However, studies from the past decade also indicate 
that Eg5 does not act alone and additional motors have been shown to participate in bipolarization of 
the spindle. For example, Kif15 was recently identified as an outward force generator in the mitotic 
spindle57,58. This function of Kif15 in human cells is fully redundant with Eg5’s function in centrosome 
separation, but is obscured by the dominant action of Eg5 in human cells57,59. Nonetheless, over-
expression of Kif15 can completely bypasses the requirement for Eg5 in bipolar spindle formation57. 
Furthermore, Kif15 is essential for bipolar spindle assembly in EICs32.
An important remaining question is why cells require a second outward force-generating motor during 
mitotic spindle bipolarization? The most plausible explanation would be that Eg5 and Kif15 perform 
non-overlapping functions during mitotic spindle assembly. Thus, while Kif15 can drive bipolar spindle 
assembly in the absence of Eg5, it might not be able to perform all of Eg5’s functions. Indeed, as 
mentioned above, Eg5 plays a key role in prophase centrosome separation in human cells, but this 
function cannot be executed by Kif15. This difference is most likely caused by the fact that Kif15 is kept 
inactive before NEB, because of the physical separation from its nuclear-localized cofactor TPX257. 
Thus, Eg5 is clearly of crucial importance during the first steps of bipolar spindle assembly. In contrast, 
Kif15 and Eg5 seem to be equally important for maintenance of mitotic spindle bipolarity57-59,228. 
However, due to the dual function of Eg5 in prophase and prometaphase centrosome separation, 
it is difficult to study the individual contributions of Kif15 and Eg5 to bipolar spindle formation 
during prometaphase. In addition, while the mechanistic details of Eg5 function in the spindle are 
relatively well understood28,53, the function of Kif15 is still poorly understood at the molecular level 
and contradictory results have been obtained by different labs277,302. First, it is currently not clear 
if Kif15 acts as a dimer or similar to Eg5, as a tetramer. Second, while we and others showed that 
TPX2 is absolutely required for Kif15 function in intact cells57,58, in vitro single molecule assays of 
Kif15 and TPX2 showed that TPX2 blocked Kif15 stepping, suggesting that it acts as an inhibitor of 
Kif15302. However, since TPX2 can directly bind to microtubules, it is difficult to discard the possibility 
that inhibition of Kif15 stepping is due to TPX2 acting as a roadblock by binding to microtubules, or 
whether it exerts its effect by binding to Kif15 itself. In addition to TPX2, we identified Aurora A to be a 
regulator of Kif15 (chapter 3). Aurora A phosphorylates the C-terminus of Kif15, hereby promoting its 
binding to the spindle. We currently do not know how phosphorylation affects Kif15 at the molecular 
level. Similar to Kif15, Aurora A requires TPX2 for its function during mitosis and phosphorylation 
of Kif15 might affect its interaction with TPX2. Alternatively, phosphorylation of Kif15 by Aurora A 
might induce a conformational change in Kif15. A second, non-motor microtubule-binding site was 
recently identified in Kif15277. This site was shown to be important its microtubule crosslinking and 
sliding activity and is self-repressed by the C-terminus of Kif15277. The self-repressed state of Kif15 was 
shown to be released upon engagement of microtubules bundles. Possibly, phosphorylation of Aurora 
A might also affect either the affinity of the non-motor microtubule-binding domain for microtubules 
or affect self-repression by the C-terminus. Taken together, the contradictory results from previous 
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studies make it currently impossible to fully understand the mechanistic properties of Kif15. Further 
studies will hopefully give more insights into the exact function and regulation of Kif15 during mitotic 
spindle assembly.

The outward forces generated by Eg5 and Kif15 during mitotic spindle assembly are counteracted 
by minus-end-directed motors, including dynein and kinesin-1431,33,59,63,64. While Kinesin-14 seems to 
constitute the main antagonistic activity for Eg5 in Drosophila33, dynein antagonizes Eg5 in Xenopus and 
human cells31,59,63,64. Metaphase spindles collapse in a dynein-dependent manner after simultaneous 
inhibition of Eg5 and Kif1559, indicating that antagonistic motor forces continuously operate during 
mitosis.
So why do cells need these antagonistic motor forces in the mitotic spindle? Depletion of dynein 
results in a variety of mitotic spindle defects, including defects in spindle pole focusing, a failure to 
incorporate centrosomes in the spindle and defects in chromosome alignment137,232. We showed that 
the spindle defects observed upon dynein depletion could be reverted upon inhibition of either Eg5 
or Kif1559. This indicates that a correct balance in the in- and outward forces is essential to maintain 
a correctly organized mitotic spindle. In the absence of dynein, spindle microtubule minus-ends are 
pushed out of the spindle pole by the outward force-generating motors, leading to pole focusing 
defects. Interestingly, we found that metaphase spindles remain bipolar upon when all antagonizing 
motor activities are inhibited simultaneously, indicating that, once formed, the bipolar spindle can 
retain its shape without any inward and outward force-generating motors. However, we find that in 
the absence of force-generating motor activity, the microtubules fail to generate sufficient tension on 
kinetochore pairs and kinetochore-microtubule interactions are not fully stabilized59. This indicates that 
outward force generation in the spindle is required to establishing proper kinetochore-microtubule 
interactions. The mechanism by which in- and outward forces are connected to establishment of 
tension on kinetochore pairs will require further investigation. Taken together, balanced activity 
of antagonistic motor forces is essential for robust mitotic spindle formation and segregation of 
chromosomes. In vitro reconstitution using multiple motors, including Eg5, Kif15 and dynein will be 
useful to understand how these factors cooperate in the spindle on the molecular level.

In addition to sliding motors like Eg5, Kif15 and dynein, the microtubule depolymerizing kinesins 
MCAK and Kif18b also play a role in mitotic spindle bipolarization (chapter 3). We showed that EICs 
and cells with reduced Eg5 activity depend on these proteins to build a bipolar spindle. MCAK and 
Kif18b cooperate with each other to regulate astral microtubule dynamics by inducing microtubule 
catastrophe95,261,281, and depletion of MCAK and Kif18b results in altered microtubule dynamics 
and formation of long astral microtubules. In vitro studies showed that polymerizing microtubules, 
colliding into a barrier can generate a substantial amount of force before undergoing catastrophe237,367. 
We showed that in the absence of MCAK and Kif18b, polymerizing astral microtubules push against 
the cell cortex, hereby generating forces on spindle poles that counteract the activity of Eg5 and 
Kif15 (chapter 3). Our data indicates that tight regulation of microtubule dynamics by depolymerizing 
kinesins supports bipolarization of the mitotic spindle and allows microtubule motors like Eg5 and 
Kif15 to efficiently move spindle poles apart.

Multiple mechanisms drive chromosome alignment
Successful chromosome segregation requires sister chromatids to be stably connected to spindle 
microtubules from opposite spindle poles. The kinetochore is the main interaction site for chromosomes 
and spindle microtubules. In order to be captured by microtubules, chromosomes need to be guided 
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to regions in the cell with a high density of microtubules. The combined movement of chromosomes 
that eventually lead to the formation of stable kinetochore-microtubule interactions is known as 
chromosome congression. Multiple mechanisms cooperate with each other during chromosome 
congression and their combined action is required for timely formation of stable, amphitelic 
attachments. Defects in pathways involved in chromosome congression have been shown to cause 
chromosome segregation defects and as a consequence aneuploidy160,368. At the onset of NEB, most 
chromosomes will be positioned in between the two centrosomes and these chromosomes will quickly 
create interactions with opposing spindle microtubules, leading to fast bi-orientation139. However, 
some peripheral chromosomes might be more distant to spindle microtubules and kinetochores 
of these particular chromosomes sometimes face away from the spindle, hereby preventing timely 
bi-orientation. These peripheral chromosomes are usually first transported to spindle poles and 
subsequently toward the spindle equator144. Recent studies have provided more insight into the 
mechanism of these chromosomal movements125,127,139,141. Poleward transport of chromosomes is 
mediated by lateral attachments of kinetochores to astral microtubules via the minus-end-directed 
motor dynein125,132,369. Once near the pole, chromosomes can be transported to the spindle equator 
in three different ways that all eventually result in bi-orientation144. First, a chromosome can form 
monotelic attachments that are corrected to an amphitelic attachment that result in the chromosome 
to subsequently be pulled towards the spindle equator. Second, the monotelic attachments on a 
chromosome can persist, but the chromosome is transported to the spindle equator through the 
action of motor proteins. Once at the spindle equator, the monotelic attachment is corrected. Third, 
the chromosome looses all of the attachments and is first transported away from the pole, to then be 
bi-oriented near the spindle equator126,140. Transport towards the spindle equator is mediated by the 
plus-end-directed motor CENP-E (kinesin-7) and the chromokinesin Kid (kinesin-10,123,125,127,129,141,143,370).
The initial attachment of kinetochores to microtubules occurs in a lateral fashion. In order to reach 
stable biorientation, these lateral attachments need to be converted into end-on attachments. This 
conversion depends on the microtubule depolymerizing activity of MCAK145,371 and the microtubule 
binding factors from the KNL-1, Mis12, Ndc80 (KMN)-network103. Combined with chromosome 
movement, this promotes the formation of a stable metaphase plate of mitotic chromosomes aligned 
at the spindle equator of the mitotic cell.
In chapter 6 we identify a number of factors that delay chromosome alignment, by screening for 
synthetic lethal genes in SAC-deficient HAP1 cells. One of the genes we identified was condensin II. 
We showed that loss of condensin II does not impair chromosome condensation in HAP1 cells, while 
its loss did result in a delay in chromosome alignment. In contrast, loss of condensin I is not tolerated 
in HAP1 cells, suggesting condensin I, not II, plays an essential role in chromosome condensation.
So how does the condensin II complex promote efficient chromosome alignment? In contrast 
to condensin I, condensin II is nuclear during interphase and participates in the early stages of 
chromosome condensation in prophase2. As mentioned above, prepositioning of compacted 
chromosomes upon NEB facilitates timely formation of amphitelic attachments139. One possibility is 
that a minor delay in chromosome condensation affects the spatial organization of chromosomes 
during early prometaphase, preventing their efficient capture by microtubules. Chromokinesins 
might not function efficiently on not fully condensed chromosomes to expel chromosome arms 
away from the emerging spindles. As a consequence, kinetochore positioning towards the emerging 
spindle might also be affected. In addition to spatial organization, a slight reduction in chromosome 
condensation could also affect the molecular “spring” that generates tension between bi-orientated 
sister kinetochores372. Lack of tension can result in destabilization of the kinetochore-microtubule 
attachment, hereby delaying chromosome alignment. Detailed analysis of chromosome movement 
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and kinetochore organization in cells lacking condensin II could potentially give more insight into the 
exact function of chromosome condensation in chromosome alignment.
In addition to condensin II, we found that loss of Rod-Zw10-Zwilch (RZZ) complex is also synthetic 
lethal with SAC-deficiency (chapter 6). This result was remarkable since previous studies indicated 
that the RZZ complex itself is required for SAC signaling. In fact, the RZZ complex has a complicated 
function during mitosis. It has been shown to contribute to SAC signaling by recruiting Mad1-
Mad2 to kinetochores199,201, and is also involved in SAC silencing by removing SAC components 
from kinetochores upon microtubule attachment208,209. In addition, the localization of dynein at the 
kinetochores depends on the RZZ complex and the RZZ-accessory protein spindly134-136,138. The loss of 
dynein from kinetochores in the absence of the RZZ complex, could explain the alignment defect in 
cells lacking Rod1. However, we found that although spindly was lost from kinetochores, dynein was 
still present at kinetochores upon loss of Rod1 (chapter 6).
So why do cells display transient chromosome alignment problems upon loss of Rod1? One simple 
explanation is that although dynein in our hands still localizes to kinetochores, it is not functional 
anymore. This explanation seems to be unlikely, since the unaligned chromosomes in cells lacking 
Rod1 were mostly located near the poles (chapter 6), suggesting that dynein-mediated poleward 
movement of chromosomes is not affected. A more plausible explanation is based on the recent 
observation that RZZ-spindly-dynein prevents the premature formation of end-on kinetochore-
microtubule attachments by the Ndc80 complex133,135,138. The RZZ complex was shown to inhibit Ndc80 
in C. elegans via control of the CH domain of Ndc80 and spindly-dynein act as a switch to turn off this 
inhibitory function133. Thus, upon lateral attachment of chromosomes by dynein, the RZZ complex 
inhibits Ndc80. But once the kinetochore comes in contact with the depolymerizing plus-end of the 
microtubule, dynein will engage in stabilization of the plus-end, releasing its inhibitory action on 
Ndc80, which in turn can promote the formation of an end-on attachment. Although this model is 
based on C. elegans data, it might function similar in human cells since the RZZ and Ndc80 complex 
are both conserved throughout metazoans. In addition, the phenotypes observed upon depletion of 
RZZ and spindly from C. elegans and human cells are also similar. It would be interesting to test if the 
CH domain in the tail of Ndn80 also interacts with RZZ in human cells and how the inhibitory function 
of RZZ is released during the switch from lateral to end-on attachment. Furthermore, investigating 
the kinetochores attachment status of misaligned chromosomes in the absence of RZZ in more 
detail might confirm the formation of premature end-on kinetochore-microtubule attachments, as 
predicted by the model.
At last, we investigated the role of Bub1 in chromosome alignment and SAC signaling in more detail 
(chapter 7). While Bub1 was originally identified in yeast as an essential SAC component162,163, it 
was also shown to be involved in chromosome alignment in human cells188,192,373. Bub1 is thought 
to participate in this process via two independent mechanisms. First, it regulates the recruitment 
of BubR1-Bub3 heterodimers to kinetochores111,184,188,348. BubR1 in turn recruits the phosphatase 
PP2A-B56 to the kinetochore to counteract Aurora B activity hereby stabilizing kinetochore-
microtubule attachments155-157,195. Second, Bub1 promotes centromeric accumulation of Aurora B 
through phosphorylation of histone 2A, hereby stimulating the error-correction machinery192,196. To 
our surprise, we found that BubR1 is dispensable for survival of HAP1 cells. Although HAP1 cells lacking 
BubR1 do not have a functional SAC, they do not show any defects in chromosome alignment. Due to 
this remarkable observation, our results indicate that Bub1 promotes chromosome alignment most 
likely via its function in regulating centromeric recruitment of Aurora B, independently of its function 
in recruiting BubR1 to kinetochores. The essential function of BubR1 for chromosome alignment has 
been confirmed in multiple cell lines155,156,195,374. However, our data indicates that the contribution of 
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BubR1 for stabilization of kinetochore-microtubule attachments might not be essential in certain cell 
types. Many cancer cell lines display hyper stable kinetochore-microtubule attachments and altered 
kinetochore-microtubule dynamics in contrast to non-transformed cells355. In addition, a recent 
study indicated that in contrast to glioblastoma cells, non-transformed neuronal stem cells also do 
not require BubR1 for stabilizing kinetochore-microtubule attachments354. This raises the question 
if the function of BubR1 in chromosome alignment is only required for transformed cells harboring 
altered kinetochore-microtubule dynamics. Although HAP1 cells are transformed, their kinetochore-
microtubule dynamics might not be altered. It would be interesting to test if more non-transformed 
cell lines do not require BubR1 for chromosome alignment and to exploit this feature for anti-cancer 
therapies.
Taken together, the process of chromosome alignment is a complex and highly redundant process. 
Our screen results also show that known mitotic factors have additional direct and/or indirect roles 
in mediating chromosome alignment. The use of haploid genetics in combination with CRISPR/Cas9-
mediated genome editing has proven to be a powerful tool for synthetic lethal screening and might be 
useful to uncover other redundant pathways involved in different aspects of mitosis.

The RZZ complex and Bub1 promote SAC signaling
We described the first human cell line that can live without a functional SAC (chapter 6). Detailed 
analysis indicated that mitosis occurs extremely efficient in HAP1 cells; chromosome alignment takes 
on average only 15 minutes in these cells, which is comparable to the time of alignment in Drosophila 
cells in which is the SAC is also non-essential311. By using these cells, we were able to study the 
contribution of several factors implicated in SAC function in more detail.
The roles of Bub1 and the RZZ complex and in the SAC have been controversial since their initial 
discovery. Studies in yeast have shown that Bub1 is essential for SAC signaling due to its direct role 
in Mad1-Mad2 kinetochore recruitment189,375, and similar observations have been made in human 
cells188,351. Based on our results using CRISPR/Cas9-mediated genome editing, Bub1 is dispensable 
for kinetochore recruitment of Mad1-Mad2 (chapter 7). Bub1 knockout cells were able to maintain a 
prolonged SAC response, indicating that it does not play a significant role in SAC signaling. However, 
upon sensitization of the SAC using partial inhibition of Mps1, we found that Bub1 knockout cells 
have a less robust SAC response compared to wild-type cells. Our data indicate that the reduced 
SAC response is likely caused by delayed activation of Mps1 due to a reduction in centromeric 
Aurora B localization. This is based on the fact that we did not observe increased sensitivity to partial 
Mps1 inhibition when cells already entered mitosis in the absence of Bub1 (chapter 7,193. This is in 
agreement with previous literature showing an important role for Bub1 kinase signaling and in SAC 
activation192,196. The results from our Bub1 knockout cells also indicate that kinetochore recruitment of 
BubR1 and Bub3 is not required for MCC formation and SAC signaling, confirming data from previous 
studies showing that conversion of O-Mad2 into C-Mad2 at kinetochores is the dominant step for MCC 
formation at kinetochores376.
In addition to Bub1, the RZZ complex is also thought to be involved in kinetochore recruitment of Mad1-
Mad2 in higher organisms199, explaining its function in SAC signaling. We show that in human cells, the 
RZZ complex is indeed the main kinetochore receptor for Mad1-Mad2 (chapter 7). In the absence of 
the RZZ complex subunit Rod1, Mad1-Mad2 was no longer stably associated to the kinetochore and 
cells lacking Rod1 were unable to maintain a prolonged SAC response. Surprisingly, we found that 
cells lacking Rod1 were able to transiently recruit Mad1-Mad2 to unattached kinetochores in early 
mitosis and these cells depend on this temporary Mad1-Mad2 recruitment phase for their survival. 
This indicates that an additional, likely transient kinetochore receptor for Mad1-Mad2 exists that 

Van_Heesbeen.indd   125 9-7-2015   11:10:36



126  |  Chapter 8

functions in parallel with the RZZ complex. We currently do not know which factor is responsible for 
this temporary recruitment. However, noticed a clear reduction in this temporary recruitment after 
depletion of Bub1. This could indicate that Bub1 supports the kinetochore recruitment of Mad1-Mad2 
by transiently binding to Mad1 and subsequently transferring it to the RZZ complex. The existence 
of two separate KT-pools of Mad1 that display different turnover rates in Drosophila cells, further 
supports our hypothesis regarding the existence of two parallel Mad1 recruitment pathways357. 
However, the results after Bub1 depletion might also be indirect due to the delayed Mps1 activation in 
these cells and Mps1 has previously been shown to be essential for Mad1-Mad2 recruitment168,170,377. 
Since the recruitment of Mad1-Mad2 does not require Bub1 kinase activity189, it would be interesting 
the test if expression of kinase-dead Bub1 can rescue the transient early recruitment of Mad1-Mad2 
to kinetochores in Rod1 knockout cells.

Concluding remarks
Faithfull chromosome segregation during mitosis is essential to maintain genome integrity and is 
mediated by a dynamic structure known as the mitotic spindle. The results described in this thesis 
provide novel insights into the complex mitotic processes mediating mitotic spindle assembly and 
function. By using sensitized backgrounds in our screening approaches, we discovered previously 
unrecognized parallel pathways involved in mitotic spindle assembly. Our work has contributed to the 
understanding of how these different pathways function together to mediate robust mitotic spindle 
assembly. Similar screening approaches can be a valuable tool for the discovery of new genes and 
pathways that function in other cell biological processes as well.
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Mitose
Elk mens bestaat uit biljoenen cellen die allemaal afstammen van één enkele bevruchte eicel. Deze 
uitzonderlijke hoeveelheid cellen kan alleen maar worden bereikt door vele rondes van celdeling 
waarbij een bestaande cel zich deelt en twee identieke dochtercellen vormt (Figuur 1). Het proces 
van celdeling wordt ook wel mitose genoemd. Deze term is afgeleid van het Griekse woord mitos, wat 
vertaald kan worden als “draad” en refereert naar de draadvormige structuren (de chromosomen) die 
zichtbaar zijn tijdens het proces van celdeling. Celdeling is niet essentieel voor groei, maar ook voor 
het functioneren van organismen; cellen worden continue vervangen om alle organen goed te laten 
functioneren.
Het meest essentiële onderdeel van celdeling is het splitsen van het DNA. Het DNA bevat alle 
erfelijke informatie en is verdeeld over zesenveertig chromosomen. Voor de celdeling wordt van elk 
chromosoom een exact kopie gemaakt die vervolgens tijdens het delingsproces verdeeld worden over 
de twee dochtercellen.
De gelijke verdeling van de chromosomen tijdens mitose is essentieel om de fitheid van de 
dochtercellen te waarborgen. Het ongelijk verdelen van chromosomen tijdens mitose resulteert in 
dochtercellen met meer of minder dan zesenveertig chromosomen en als consequentie een disbalans 
in de hoeveelheid DNA. Een ongelijk aantal chromosomen wordt ook wel aneuploïdie genoemd en 
resulteert in de meeste gevallen tot een slecht functionerende cel die niet verenigbaar met leven 
is. Daarnaast kunnen defecten in het splitsen van de chromosomen bijdragen aan het ontstaan 
van kanker: ongeveer 70% van alle tumoren zijn aneuploïd en verdelen de chromosomen ongelijk 
tijdens mitose. Daarnaast kan een aanhoudende verandering van de hoeveelheid chromosomen in 
tumorcellen ook bijdragen aan groeivoordelen en resistentie tegen anti-kanker medicijnen.

Het verdelen van de 2 kopieën van elk chromosoom is een ingewikkeld proces. In het eerste stadium, 
prophase, condenseren de chromosomen zich tot compacte staafachtige structuren in de celkern. 
Daarnaast hebben cellen tijdens mitose twee centrosomen liggen net buiten het kernmembraan die 
zich ieder verplaatsen naar één kant van de kern. Deze centrosomen zijn belangrijk voor het bouwen 
en organiseren van het mitotisch spoelfiguur door een netwerk van dynamische draden (microtubuli) 
te vormen. Prometafase start met het opbollen van de cel en de afbraak van het kernmembraan. 
De gecondenseerde chromosomen komen hierdoor vrij te liggen in de cel en microtubuli die groeien 
vanuit de centrosomen kunnen nu binden aan de chromosomen. De chromosomen worden na het 
binden van microtubuli getransporteerd naar het midden van de cel. Het koppelen van microtubuli 
aan chromosomen vindt plaats op de kinetochore. Dit complex van tientallen eiwitten speelt, naast 
het maken van de fysieke contacten met de microtubuli, een belangrijke rol in het controleren van de 
contacten of deze op de juiste manier zijn gevormd: verkeerde contacten kunnen leiden tot onjuiste 
chromosoom verdeling en heeft als consequentie aneuploïdie. Het mitotisch spoelfiguur is klaar zodra 
alle chromosomen op een correcte manier gekoppeld zijn aan de microtubuli van de centrosomen. 
Dit moment wordt ook wel metafase genoemd. Na deze fase volgt anafase, waarin alle chromosoom 
kopieën van elkaar gescheiden worden en door de microtubuli ieder naar een eigen kant getrokken 
worden. Telofase wordt bereikt zodra alle chromosomen zijn aangekomen aan de overzijde van de cel. 
Tegelijkertijd vormt zich er een nieuw kernmembraan rond de verdeelde chromosomen en worden de 
cellen fysiek van elkaar gescheiden in een proces dat ook wel cytokinese genoemd wordt.
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De formatie van het mitotisch spoelfiguur
Het mitotisch spoelfiguur is een dynamisch netwerk van microtubuli en bevat daarnaast een groot 
aantal verschillende microtubuli-bindende eiwitten die een essentiële rol spelen voor de integriteit 
en dynamiek van het spoelfiguur. Een belangrijke groep van deze eiwitten zijn de zogenaamde 
motoreiwitten zoals kinesine en dyneïne. Deze eiwitten kunnen door te ‘lopen’ over het oppervlak 
van microtubuli krachten uitoefenen op de microtubule waarmee chromosomen en centrosomen 
verplaatst kunnen worden in de cel. Zonder deze groep van eiwitten is het onmogelijk om het 
mitotisch spoelfiguur te vormen en om chromosomen te scheiden over de twee dochtercellen. 
Diverse medicijnen die in de kliniek worden gebruikt voor de behandeling van kanker hebben het 
spoelfiguur als doelwit. Door de formatie van het spoelfiguur te blokkeren zijn cellen niet in staat om 
de chromosomen op een correcte manier te verdelen, wat resulteert in celdood. Snel delende cellen 
zoals tumorcellen zullen hier het meeste last van hebben, waardoor de groei van tumoren kan worden 
afgeremd. De huidige medicijnen die de formatie van het spoelfiguur blokkeren realiseren dit door de 
dynamiek van de microtubuli te veranderen. De microtubuli spelen echter ook een belangrijke rol in 
een groot aantal andere cellulaire processen waardoor er tijdens de behandeling met deze medicijnen 
veel bijwerkingen optreden. Het is daarom een uitdaging voor onderzoekers om meer gerichtere 
medicijnen te vinden die specifiek werkzaam tijdens de celdeling zodat andere belangrijke cellulaire 
processen onaangetast blijven.

Inhoud van dit proefschrift
Het onderzoek dat beschreven is in dit proefschrift richt zich met name op functie van motoreiwitten 
die betrokken zijn bij de formatie van het mitotisch spoelfiguur.
In hoofdstuk 1 wordt een uitgebreid overzicht gegeven van de huidige kennis van de processen die 
betrokken zijn bij mitose en met name de formatie van het mitotisch spoelfiguur. Het motoreiwit Eg5 
is essentieel voor de formatie van het mitotisch spoelfiguur. Eg5 kan microtubuli uit elkaar duwen om 
hiermee het spoelfiguur te organiseren. Zonder Eg5 zijn cellen niet instaat om de chromosomen te 
verdelen tijdens mitose en deze essentiële functie maakt Eg5 een interessant doelwit om te inhiberen 
om op deze manier de groei van tumorcellen tegen te gaan.
Echter, recente studies hebben laten zien dat er mogelijk alternatieve mechanismen zijn om het 
spoelfiguur te vormen zonder de functie van Eg5.
In hoofdstuk 2 wordt beschreven dat tumorcellen zich door ‘gerichte evolutie’ gemakkelijk kunnen 
aanpassen om het mitotische spoelfiguur te formeren zonder het normaal gesproken essentiële 
motoreiwit Eg5.
Door gebruik te maken van deze Eg5-onafhankelijke cellen hebben wij een nieuw mechanisme 
blootgelegd dat belangrijk is voor het separeren van de centrosomen tijdens profase en hierdoor 
Eg5-onafhankelijke formatie van het spoelfiguur toelaat. Het motoreiwit dyneïne dat onder andere 
te vinden is op het kernmembraan speelt een centrale rol in dit mechanisme. Door dyneïne specifiek 
te verwijderen van het kernmembraan kunnen we deze vorm van Eg5-onafhankelijke formatie van 
het spoelfiguur blokkeren. Daarnaast laten we zien dat het motoreiwit Kif15 essentieel is voor de 
separatie van de centrosomen in prometafase van deze cellen. Dit eiwit werkt samen met Eg5 om 
microtubuli uit elkaar te duwen. De functie van Kif15 is normaal gesproken niet essentieel voor de 
formatie van het spoelfiguur, maar wordt wel essentieel in Eg5-onafhankelijke cellen.
In hoofdstuk 3 hebben wij een geautomatiseerd genoomwijd onderzoek uitgevoerd om genen te 
identificeren die belangrijk zijn voor Eg5-onafhankelijke formatie van het mitotisch spoelfiguur. Door 
systematisch alle genen één voor één uit te schakelen hebben we twee motoreiwitten geïdentificeerd 
die hun krachten gebruiken om de dynamiek van microtubuli aan te passen. Zonder deze motoreiwitten 
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kunnen microtubuli niet opti maal functi oneren en blokkeren ze de formati e van het spoelfi guur 
specifi ek in de Eg5-onafh ankelijke cellen. Daarnaast hebben we de kinase Aurora A geïdenti fi ceerd, 
die belangrijk is voor de acti vati e het motoreiwit Kif15. Zonder de acti viteit van Aurora A kan Kif15 zijn 
functi e niet naar behoren uitvoeren waardoor de formati e van het spoelfi guur geblokkeerd wordt.
In hoofdstuk 4 beschrijven we hoe drie motoreiwitt en samenwerken om een robuust spoelfi guur 
te vormen die op een correcte manier de chromosomen kan scheiden. De motoreiwitt en Eg5 en 
Kif15 gebruiken hun krachten om ervoor te zorgen dat microtubuli uit elkaar worden geduwd. Het 
motoreiwit dyneïne doet daarentegen het tegenovergestelde en gebruikt zijn kracht om de acti viteit 
van Eg5 en Kif15 tegen te gaan om te voorkomen dat de microtubuli niet te ver uit elkaar worden 
geduwd. Door de gecombineerde acti viteit van deze motoreiwitt en behoudt het spoelfi guur zijn 
normale constructi e zodat deze instaat blijft  om de chromosomen op een correcte manier binden en 
te verdelen.
In hoofdstuk 5 wordt een uitgebreid overzicht gegeven over de huidige kennis van het motoreiwit 
Kif15 en de mogelijkheden om dit eiwit, samen met Eg5, als doelwit te gebruiken voor de behandeling 
van kanker.
In hoofdstuk 6 en 7 onderzoeken we het mitoti sch checkpoint. Dit checkpoint zorgt ervoor dat anafase 
in delende cellen niet start voordat alle chromosomen op een correcte manier gebonden zijn aan 
het spoelfi guur. Dit checkpoint is in de meeste cellen essenti eel; zonder dit checkpoint hebben de 
cellen te weinig ti jd in prometafase om alle chromosomen te koppelen aan het spoelfi guur, waardoor 
er chromosomen niet in de juiste dochtercel terecht komen. Wij beschrijven in dit hoofdstuk een 
humane cellijn die kan leven zonder dit checkpoint doordat ze op een zeer effi  ciënte en snelle manier 
het spoelfi guur kunnen formeren voordat anafase in deze cellen start. We hebben in deze cellen een 
geneti sche onderzoek uitgevoerd om genen te vinden die syntheti sche letaliteit vertonen met het 
verlies van het mitoti sch checkpoint. Syntheti sche letaliteit is een type geneti sche interacti e waarbij 
het verlies van twee genen letaal is voor cellen, maar het afzonderlijk verlies van dezelfde genen 

Profase Prometafase Metafase Anafase Telofase

Figuur 1: Fases van mitose.

Een schemati sche en een werkelijke weergave van de verschillende fases van mitose. Tijdens profase condenseren de 
chromosomen tot compacte, staafvormige structuren en verplaatsen de twee centrosomen zich ieder naar een kant van het 
kernmembraan. In prometafase breekt het kernmembraan af en wordt het spoelfi guur gevormd. De chromosomen binden aan 
die microtubuli van het spoelfi guur en worden vervolgens getransporteerd naar het midden van de cel. Metafase is bereikt zodra 
alle chromosomen op een correcte manier gebonden zijn. In anafase worden de chromosoom kopieën gescheiden en ieder naar 
een andere kant getransporteerd. In telofase wordt het kernmembraan gevormd om de gesplitste chromosomen en wordt de 
cel fysiek in twee dochter cellen gesplitst.
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niet letaal is voor de cel. In dit onderzoek karakteriseren we aantal genen die synthetische letaliteit 
vertonen met het verlies van het mitotisch checkpoint.
In hoofdstuk 8 tenslotte worden alle vindingen van dit proefschrift samengevat en bediscussieerd in 
relatie tot de huidige literatuur.
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werd doorlopen in het laboratorium van prof. dr. Rik Korswagen onder begeleiding van dr. Martin 
Harterink aan het Hubrecht Instituut te Utrecht. In 2008 ronde hij zijn bachelor studie cum laude 
af en is hij gestart met de master opleiding Cancer Genomics and Developmental Biology aan de 
Universiteit Utrecht. Tijdens deze master heeft hij een onderzoeksstage gelopen in het laboratorium 
van prof. dr. Geert Kops onder begeleiding van dr. Saskia Suijkerbuijk aan het UMC Utrecht. Daarna 
vertrok Roy voor 10 maanden naar het laboratorium van dr. Jagesh Shah aan Harvard Medical School 
te Boston, Massachusetts, USA. In 2010 heef hij zijn master opleiding afgerond en is hij in december 
van datzelfde jaar gestart met zijn promotieonderzoek in het laboratorium van prof. dr. René Medema 
bij de afdeling Medische Oncologie aan het UMC Utrecht. In januari 2012 is het laboratorium verhuisd 
naar het Nederlands Kanker Instituut te Amsterdam, waar hij zijn promotieonderzoek heeft voortgezet.
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Dankwoord

Als afsluiting van dit boekwerk, het dankwoord. Het werk dat beschreven staat in dit proefschrift had 
onmogelijk tot stand kunnen komen zonder de steun van vele mensen om mij heen, zowel binnen het 
lab als daarbuiten.

Allereerst mijn promotor René. Tijdens mijn masterstages ben ik onder de indruk geraakt van 
motoreiwitten en toen ik eind 2010 terug kwam in Nederland was er eigenlijk maar één lab op dat 
moment waar ik onderzoek wilde gaan doen en ik ben blij dat jij mij deze mogelijkheid hebt gegeven! 
Gedurende jaren heb ik ontzettend veel van je geleerd, zowel op het gebied van wetenschap als 
daarbuiten. Ondanks je drukke nieuwe baan als chef van het AVL ben je altijd betrokken gebleven bij 
de projecten in het lab. Het blijft me verbazen hoe gemakkelijk jij weer die omschakeling kan maken na 
lange vergaderingen over fusies, site visits en andere zaken. Bedankt voor alle discussies, humor en je 
enthousiasme! Mocht je in de toekomst nog hulp nodig hebben om eindelijk zes keer die Alpe d’Huez 
op te komen, dan houd ik mij aanbevolen!

Uiteraard wil ik ook mijn paranimfen, Jonne en Judith bedanken. Jonne, afgelopen jaren hebben wij als 
“een getrouwd stel” onwijs goed samengewerkt aan diverse projecten binnen het lab. Ook buiten het 
lab op meetings, de vele borrelavondjes en niet te vergeten carnaval was het altijd gezellig met jou, 
want gij wit als Broabander net als ik hoe ge ‘n fijn fistje mot moaken! Mede door jouw inzet had ik een 
droomstart als promovendus. Hopelijk kunnen we de checkpoint screen ook nog snel publiceren! Het 
was een enorme eer om jouw paranimf te zijn en ik ben blij dat jij op 3 september ook naast mij wilt 
staan. Veel succes de komende jaren met het opzetten van je eigen onderzoek. Ondanks dat je zelf 
heel bescheiden bent over je kwaliteiten als onderzoeker, ben ik ervan overtuigd dat jij in de toekomst 
iets kan doen aan het tekort aan vrouwelijke professoren!
Judith, samen aan de master begonnen, naar de USA gegaan en vervolgens weer naast elkaar in het 
lab als promovendus. Altijd een vrolijke verschijning op het lab en daarbuiten en daarnaast nog samen 
met Jonne en mij een uitdagend project gestart! Ik vind het heel bijzonder hoe jij al die verschillende 
projecten in afgelopen jaren hebt kunnen combineren. Succes met de laatste loodjes en bedankt dat 
je 3 september met Jonne naast mij wil staan!

Mijn boekje had nooit tot stand kunnen komen zonder Marvin. Bedankt dat je mij het eerste halfjaar 
alle kneepjes van het vak hebt geleerd! Je hebt een enorme bijdrage geleverd aan drie hoofdstukken 
uit dit boekje en ik ben blij dat je ook betrokken bleef bij mijn projecten nadat je ons lab had verruild 
voor het lab van mr. Kinesin. Heel veel succes met het starten van je eigen lab aan het Hubrecht 
instituut! Ik ben ervan overtuigd dat we nog veel van je gaan horen in de toekomst!

De afgelopen jaren heb ik met veel plezier op het lab gewerkt met name door de ontzettend fijne 
groep collega’s. Rita, our lab mommy! You were always there for me and you helped me a lot with 
critically reading my manuscripts, proposing experiments and everything else in and around the 
lab! Good luck with finishing your mice projects and I hope that you might stay a little longer in the 
Netherlands! Miho, you changed from a quiet girl into an energetic girl in the last few years. And if you 
become a little bit more confident about your results, I’m sure you’ll become an excellent scientist! 
Thanks for all the nice dinners and helping me out with a sushi workshop and of course good luck with 
finishing your PhD! Andre, ze German, thanks for your input on my experiments, many beer moments, 
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the endless discussions about football. I enjoyed our trips to Philly, NYC and the Ardennes! Mar, our 
newest addition to the lab! Always happy in the lab, even when the microscopes let you down again. 
Good luck the upcoming years with all your ploidyprojects and don’t forget to take your morning 
coffee! Lenno Bokito! Helaas is het is je na vier nog steeds niet gelukt om deze naam aan mij over te 
dragen. Bedankt voor de borrelavonden, labpranks, gezelschap op de retreats en de AD6! Veel succes 
met het afronden van je proefschrift en je toekomstige job in het Tanenbaum lab! Jeroen, na je eerste 
stagedag was het al duidelijk dat jij feilloos past binnen het profiel van een Medema promovendus. 
Tevens de perfecte benchmate die net als ik houdt van een georganiseerde en opgeruimde werkplek. 
Succes met al je CRISPR/Cas9 projecten en probeer het toebrengen van al die DNA schade zoveel 
mogelijk te beperken tot de cellen! Daniel, mr. DNA damage. Bedankt voor het regelen van twee 
topstudenten! Femke, buurmeisje uit de Pijp! Met jou was het altijd gezellig op de borrels en 
afterparties! Gelukkig dat ik die beruchte avond in de chipito’s heb overgeslagen! Anja, een luisterend 
oor voor iedereen in het lab. Succes met de kikkers! Melinda, our superb technician! Thanks for all 
your help and Indonesian dinners in the past years! Alba, balle! Glad you’re back in our lab! Good luck 
with the organoids! Ahmed, always busy and the lab and now even more with you’re newest addition 
in the Elbatsh family. Good luck with finishing your thesis! Iraia, you fit in well together with all the 
other Spanish people on the floor! Benjamin, altijd kritisch en gedreven tijdens de werkbesprekingen. 
Ik ben altijd onder de indruk geweest van jouw manier van presenteren! Succes met de gistjes en alle 
samenwerkingen daaromheen! Babet, fijn dat er nu een echte microtubule expert rondloopt in het 
lab! Rob, zonder jouw enorme inzet zou het Medema lab geen bestaansrecht hebben! Bedankt voor al 
je hulp de afgelopen jaren en voor je geduld op de momenten dat ik wederom alle servers overvol met 
data had gegooid. Mariet en Marianne, onmisbaar voor de afdeling! Bedankt voor het organiseren van 
vele boottripjes en andere activiteiten!

Of course I also need to thank many former collegues from the Medema lab. Wytse, wij hebben 
onvergetelijke avonden beleefd op borrels, maar ook in de stadions die we samen bezochten. De 
2-1 overwinning van RKC op PSV was toch wel de meest memorabele! Daarnaast ook een gedreven 
trainingsmaatje voor de Alpe d’Huzes! Nog veel succes in NYC en ik kom graag nog eens op bezoek! 
ָׁש  Indra! Bedankt voor al je tips voor onze reis naar Israël, jammer dat het leger een stokje stak םֹול
tussen onze ontmoeting. Volgende keer lopen we elkaar hopelijk niet mis! Veel succes met de family 
in Heidelberg. Aniek, jouw lach zal ik nooit vergeten! Bedankt voor al je input de afgelopen jaren, ik 
heb echt veel van je geleerd in die tijd! Geniet nog van je tijd in California! Monica, Yan Juan, Claudio, 
Andre, Bilge, Vincentius and all other previous labmembers: it was nice working with all of you! Belen, 
thank you for your help with the NE-dynein project! Livio, onze microscope man, zonder jou was het 
Stratenum maar een dooie boel! Succes met je nieuwe toekomst in Australië!

Lisanne en Louise, het was een eer om jullie te mogen begeleiden! Bedankt voor jullie enthousiasme, 
hulp en inzet en heel veel succes met jullie toekomstige carrières!

Alle mensen van B5: Boekie, jij was toch wel echt de smaakmaker van B5! Bedankt voor alle koekjes, 
discussies, feestjes, fietstochtjes, weekendjes en slechte grappen! Veel succes in NYC in je nieuwe 
lab! Erik, wat een indrukwekkend labjournaal hield jij bij! Veel succes met je nieuwe carrière in Oss! 
Veenie en Bram, bedankt voor de gezelligheid op de Firemen weekendjes, de Alpe d’HuZes en de vele 
borrels! En Veenie, wanneer zie ik je weer op de training? To all the other (former) people from B5: 
Elisa, Wouter, Marcel, Daniela, Kasia, Pablo, Leila, Elisabetta, Arnoud, Kees, Jeffrey, Maaike, Alba, Lisa, 
Coert, Connie, Linda, Veronika: thank you for all the diners, borrels and the fun times in the lab!
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De mensen van B8: Thijn en Vincent, bedankt voor de samenwerking met de HAP1 screen! Matthijs, 
leuk dat je lid bij ZTIKZ bent geworden! Lucas, Markus, Joppe, Jacqueline bedankt voor jullie hulp en 
input!

David, Daphne, Roderick and Cor: Thanks for all the help with the analysis of the genome-wide RNAi 
screen!

Of course I also want to thank the other people from the NKI for a lot of discussions and fun times at 
the Friday borrels, parties and retreats!

De voormalig collega’s uit Utrecht van het Kops en Lens lab. Geert en Saskia, jullie hebben mij kennis 
laten maken met de wereld van mitose. Ik heb ontzettend veel van jullie mogen leren tijdens mijn 
eerste master stage. Geert, bedankt voor al je input de afgelopen jaren tijdens werkbesprekingen, 
retraites en voor het beoordelen van mijn proefschrift. Veel succes met de verhuizing van je lab naar 
het Hubrecht! Saskia, veel succes nog in Cambridge! Also the other (former) members of the Kops lab: 
Nanette, Wilco, Tale, Mattie, Timo, Vincent, Ade, Banafsheh, Eelco, Manja, Ajid, Richard and all the 
new people: thank you for all the input during work discussions and retreats!

Natuurlijk wil ik ook de mensen van het Lens Lab bedanken; Susanne, bedankt voor al je input en 
discussies de afgelopen jaren en voor het plaatsnemen in de leescommissie van mijn proefschrift! 
Rutger, Amanda, Maike, Armando, Martijn, Sanne, Michael en alle nieuwe aanwinsten: Bedankt voor 
jullie hulp de afgelopen jaren!

Alle overige mensen van het Stratenum, Patrick, Miranda, Robert, Milou, Ron, Eva, Marten, WJ, René 
en vele anderen, bedankt voor alle gezelligheid tijdens mijn korte verblijf in het Stratenum!

Alle overige leden van mijn AIO en leescommissie: prof. dr. René Bernards, prof. dr. Hans Bos, prof. 
dr. Marcel Janson, prof. dr. Sjaak Neefjes, dr. Rob Wolthuis. Bedankt voor de jaarlijkse evaluaties en 
beoordeling van mijn proefschrift.

Ook wil ik al de mensen buiten het lab bedanken voor de nodige ontspanning, inspanning, feestjes, 
weekenden enz. enz. Uiteraard de ZTIKZ maatjes voor de vele gezellige fietstochtjes, weekenden, 
borrels en vakanties naar Limburg, de Ardennen, Alpen en de Dolomieten. Kim, Sandra, Spike, Kristine, 
Karin, Vincent, Hans, Judith, Hilda, Irene, Melvyn, Michiel, Wouter, Nick, Mireille, Rutger, Femke, Anne, 
PW, Dolf, Michael en vele anderen, bedankt voor alle gezelligheid en ik hoop jullie allemaal te zien op 
mijn feestje!

En niet te vergeten, de mensen uit Wolluk! De afgelopen jaren heb ik onder andere veel tijd 
doorgebracht bij de scouting waar ik veel goede vrienden aan heb overgehouden. Frank, Barbra, 
Mark, Esther, Jorg, Sandra, John, Sabine, Rik, Iris, Jozef, Gerrit, Maarten, Jochem, Alain, Marcel, 
Marcel en vele anderen: bedankt voor jullie interesse en alle gezelligheid de afgelopen jaren als ik 
in Waalwijk was! Natuurlijk de skimaatjes: Dirk, Nick, Bas, Joost, Emil, Casper, ik hoop dat wij nog 
veel onvergetelijke skireisjes tegemoet gaan! De leden van de Rotaract, oud-studie en huisgenoten, 
Boston-maatjes, bedankt voor alles!

Van_Heesbeen.indd   161 9-7-2015   11:10:40



162  |  Addendum

Neven, nichtjes, ooms, tantes en oma van de familie van Feestbeen en Verhoef: wat is het fijn om zo’n 
hechte en gezellige familie te hebben! Leuk dat jullie altijd betrokken zijn geweest en ik hoop dat jullie 
er allemaal bij zijn op mijn feestje! Laura, ontzettend bedankt voor het maken van de cover van mijn 
proefschrift!

Mijn schoonfamilie, Marjolein, Tsvika en Jonat, bedankt voor jullie steun, interesse en heerlijke diners!

Lieve papa en mama, bedankt voor al jullie steun in de afgelopen jaren. Heel vroeger hebben jullie 
vaak gedacht wat er van mij terecht moest komen, maar ik denk dat jullie nu toch aardig tevreden 
kunnen zijn. Ondanks jullie drukke levens met werk, clubjes en vele andere dingen staan jullie dag en 
nacht voor mij klaar. Zonder jullie was ik nooit zover gekomen! Christel en Jorg, naast broertje en zusje 
zijn we ook hele goede maatjes waar ik altijd op kan rekenen. Christel, toch geen geneeskunde, maar 
met jouw gedrevenheid en toewijding ga je echt een super nurse worden en hopelijk binnen het AVL! 
Jorg, samen in een studentenhuis, op rondreis in Amerika, skiën, wielrennen en discussiëren over 
uiteenlopende zaken. Af en toe vergeet ik dat je naast een goede vriend ook nog mijn broertje bent. 
Je gaat als een trein bij Eneco en succes met je eigen spin-off! Bedankt voor al jullie steun, adviezen 
en interesse!

Lieve Dana, de afgelopen jaren stond jij altijd voor mij klaar! Je hebt me de ruimte gegeven voor mijn 
hobby’s en vele andere dingen en zorgde ervoor dat ik altijd weer kon ontspannen wanneer dat nodig 
was. Wat ben ik ontzettend blij met jou en ik hoop dat we nog lang van elkaar kunnen genieten! Ik hou 
van je!

Roy
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