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Zusammenfassung
Die Zellteilung ist ein essentieller Prozess, der für die Entstehung von Leben notwendig war 
und sowohl für die Vermehrung als auch die Entwicklung komplexer Organismen zentral 
ist. Der korrekte Ablauf dieses Prozesses, der Teil der Mitose ist, bedarf einer intakten mito-
tischen Spindel, einer bipolaren dynamischen Struktur welche Schwesterchromatiden 
trennt und so das Genom an die zwei entstehenden Tochterzellen weitergibt. Die Form der 
Spindel wird durch die Anordnung von Mikrotubuli, polaren Filamenten aus denen sie 
zum größten Teil besteht, bestimmt. Mitotische Defekte können apoptotischen Zelltod, a-
ber auch, wenn die zellulären Kontrollmechanismen versagen, die Entstehung von Krebs 
zur Folge haben. Man nimmt an, daß das Tetramere bildende Motorprotein Eg5 zur Tren-
nung der Spindelpole beiträgt, indem es an den Polen entspringende und einander am 
Spindeläquator überlappende Mikrotubuli quervernetzt und auseinanderdrückt. Die Inhi-
bition oder Depletion dieses Proteins führt in fast allen Eukaryoten zur Bildung von stern-
förmigen, monopolaren Spindelstrukturen. Die Funktionsweise der mitotischen Spindel 
hat während der letzten Hundert Jahre sehr viel Aufmerksamkeit erfahren, weshalb die in-
dividuelle Rolle vieler ihrer Bausteine sehr detailliert charakterisiert ist. Neue Technologien 
wie RNA Interferenz, Hochdurchsatzsequenzierung und -mikroskopie haben unser Wissen 
über diesen Vorgang signi!kant erweitert. Obwohl es Konzepte gibt, wie die individuellen 
Elemente der Spindel im gegenseitigen Wechselspiel zur Spindelbildung führen könnten, 
konnte ihre Weiterentwicklung nicht mit dem rasanten Wachstum an experimentellen Er-
gebnissen Schritt halten. In dieser Arbeit haben wir versucht, die Wechselwirkungen zwi-
schen Eg5, seinen Synergisten und Antagonisten während der Spindelentstehung besser zu 
charakterisieren, indem wir nach zellulären Veränderungen gesucht haben, die die Bildung 
von bipolaren Spindeln in Abwesenheit von Eg5-Aktivität ermöglichen.
In der Planungsphase dieses Projekts bemerkten wir, daß die am häu!gsten angewendete 
Methode, den Anteil an fehlerha"en Spindeln nach experimentellen Manipulationen zu 
bestimmen, nämlich deren Zählung nach Fixierung und Immun#uoreszenzfärbung, fun-
damental fehlerha"e Ergebnisse liefert. Dies wird indirekt durch den Spindelkontrollpunkt 
("spindle assembly checkpoint") verursacht, der Zellen mit fehlerha"en Spindeln daran 
hindert, die Mitose zu beenden und selektiv zu deren Anreicherung in der mitotischen Po-
pulation führt. Wir beweisen durch ein mathematisches Modell, dessen Voraussagen wir 
durch Beispielexperimente beweisen können, dass diese Verzerrung zu falschen experi-



mentellen Ergebnissen führt. Deshalb wurden alle quantitativen Ergebnisse des nachfol-
genden Projekts mit Hilfe von Echtzeitaufnahmen von lebenden Zellen generiert.
Das Hauptergebnis dieser Arbeit ist die Entdeckung, daß mitotische Zellen nach leichter 
Stabilisierung von Mikrotubuli durch niedrige Dosen des Mikrotubuligi"es Nocodazol o-
der Depletion des Proteins TOGp bipolare Spindeln bilden, obwohl Eg5 inhibiert wird. 
Dieser Vorgang geht mit einer Verstärkung der Mikrotubulinukleation in der Nähe von 
Chromatin einher. Dies ist das erste Mal, das eine direkte Verbindung zwischen chromo-
somaler Mikrotubulinukleation und Polseparation gezeigt wird. Darüber hinaus zeigen wir, 
dass es sich um einen alternativen, redundanten und Eg5-unabhängigen Mechanismus der 
Spindelbildung handelt. Da bestehende Modelle für diesen Vorgang generell auf Eg5 als 
einen grundlegenden Erzeuger von nach außen gerichteten Krä"en au$auen, werden sie 
um den von uns gefundenen Mechanismus ergänzt werden müssen. Da frühere Modelle 
zudem zum größten Teil auf mit !xierten Proben gewonnenen Ergebnissen basieren, müs-
sen sie außerdem revalidiert werden.
Schließlich könnten unsere Ergebnisse sich auch auf die laufende Entwicklung von Chemo-
therapieprotokollen, in denen Eg5-Inhibitoren aufgrund ihrer antiproliferativen Wirkung 
verwendet werden, auswirken. Die Überlegung dahinter ist, daß sie antiproliferativ auf 
Krebszellen wirken. Weil nocodazolähnliche Mikrotubuligi"e einen !xen Bestandteil von 
solchen Kombinationsprotokollen darstellen, könnte ihre gemeinsame Verwendung mit 
Eg5-Inhibitoren zu einer verminderten Wirksamkeit beider Medikamentklassen führen.
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Summary
Cell division is an essential process which was prerequisite for the development of life and 
is key for both development of complex organisms and reproduction in general. %e accu-
racy of this process, which is a part of mitosis, depends on the mitotic spindle, a bipolar, 
dynamic structure which segregates sister chromatids and thus separates the genomes of 
the two developing daughter cells. Its shape is de!ned by the arrangement of polar !la-
ments called microtubules. Mitotic defects can result in cell death but also, if missed by cel-
lular control systems, in the development of cancer. %e tetrameric motor protein Eg5 is 
believed to separate spindle poles by cross-linking and pushing apart microtubules emanat-
ing from opposite poles and overlapping at the spindle midzone. Depletion or inhibition of 
Eg5 causes the formation of star-shaped, morphologically monopolar spindles. %e func-
tion of the mitotic spindle has received a lot of attention in cell biology for the last 100 years 
leading to a very detailed characterization of the role of its individual substructures or pro-
teins in spindle formation. During the last two decades, the advent of novel technologies 
like RNA interference, high-throughput sequencing and microscopy resulted in signi!cant 
growth of our knowledge about this process. Although existing ideas about how individual 
elements might cooperate and the development of an integrated concept of bipolar spindle 
formation are evolving rapidly, we still struggle to keep pace with the experimental results 
made possible by technological progress. In this work, we aimed to better understand the 
interplay of Eg5 with its synergists and antagonists during spindle formation by searching 
for perturbations allowing bipolar spindles to form in absence of Eg5 activity.
During preliminary studies for the project, we !nd that the most frequent approach to 
quantify the fraction of defective spindles forming a"er experimental perturbations, count-
ing of their frequency in !xed immuno#uorescence microscopy samples, results in funda-
mentally wrong conclusions. %ey are caused by the spindle assembly checkpoint, which 
arrests malformed spindles in mitosis until their defects can be repaired, and thus leads to 
their preferential accumulation in mitosis. We prove both the resulting distortion in !xed 
samples as well as the potentially false results using both mathematical modeling and 
proof-of-concept experiments.
%erefore focusing on a rigorous live-cell-imaging approach, we identify a new pathway of 
bipolar spindle formation which does not depend on Eg5 motor activity. Upon slight per-
turbations of microtubule dynamics using either low doses of the microtubule drug noco-
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dazole or depleting the protein TOGp, functional bipolar spindles assemble despite inhibi-
tion of Eg5. %is process is accompanied by an increase in microtubule nucleation in the 
vicinity of chromatin. %is is the !rst time that chromosomal nucleation is directly linked 
to centrosome separation. Moreover, we show that this is a fully redundant, self-su&cient 
and Eg5-independent pathway which suggests that current bipolarization models, collec-
tively relying on Eg5 as a pivotal force behind pole separation, will have to be adjusted.
Furthermore, because most current models rely on !xed samples as the main source of ex-
perimental evidence, these results will have to be revalidated using live-cell imaging. Our 
results might also have implications for the ongoing development of chemotherapeutic 
treatment regimens involving Eg5 inhibitors which are currently under evaluation for can-
cer treatment because of their antiproliferative e'ect. Because microtubule drugs (similar 
to nocodazole) are also used in such protocols, combination therapies involving both may 
be less e'ective than predicted.
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Introduction

(1) Cell division and the cell cycle

Cell division constitutes a conditio sine qua non for the development of life. It involves equal 
distribution of all cellular components from the mother to two daughter cells, most promi-
nently the information stored in the genome. Randomly splitting the genome in two halves, 
like many cellular organelles, is not a viable option, because the separable subentities of the 
genome, the chromosomes, are not identical to each other. %us, random splitting would 
result in daughter cells with redundant or missing copies of genetic information which ei-
ther causes cell death or uncontrolled cell proliferation. %erefore and because of the emi-
nent importance of genomic integrity for correct cell function, the transmission of the ge-
netic template to daughter cells is a very complex and tightly controlled process. Cell divi-
sion is only one part of the cell cycle, which is the "coordinated series of events leading to 
eukaryotic cell reproduction" (D. Morgan). Preparations for mitosis happen throughout the 
cell cycle, culminating in the division process (!gure 1).
Mitotic defects leading to chromosome segregation problems can have di'erent conse-
quences, depending on the organism in which they occur. In unicellular organisms, mitotic 
defects may result in death of one or both daughter organisms. From an evolutionary point 
of view, this situation is not very dramatic because formation of a new organism requires 
just one cell division and the cell cycle of unicellular organisms is relatively short. In multi-
cellular organisms, the situation is quite di'erent, because abnormal division behavior of 
one out of the billions of cells that form the organism can result in cancer and death of the 
whole organism. Mitotic chromosome segregation problems resulting in uneven distribu-
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tion of the genetic material constitute the basis for chromosomal instability (CIN), a hall-
mark of most human cancers (Lengauer et al., 1998). Because multicellular organisms have 
a much longer life-span and maturation can take years, from an evolutionary point of view, 
mitotic defects are much more severely penalized with increasing complexity of the organ-
ism. %us, it is essential that mitotic errors are prevented in multicellular organisms and 
while accurate mitosis is essential for survival of all organisms, the qualitative requirements 
for mitosis in multicellular organisms are much stricter than in unicellular ones.

(2) !e mitotic spindle

Accurate chromosome segregation is essential for successful mitosis and depends on the 
function of the mitotic spindle (Heald and Walczak, 2008; Walczak and Heald, 2008), a 
structure consisting of two symmetrical halves. Its most obvious shape-de!ning component 
are microtubules which consist of polymerized tubulin dimers and are polar structures with 
a de!ned plus and minus end. Within the fully formed spindle, minus ends of microtubules 
are focused at the poles and plus ends are either attached to chromosomes at the spindle 
equator (kinetochore !bers) or overlap and interact with their antiparallel counterparts 
originating from the opposite pole (interpolar microtubules). Recent results suggest that 
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figure 1: the cell cycle
Overview over the cell cycle. In preparation for mitosis, the cell passes through two G (gap) - 
phases and S-phase, when DNA replication takes place. In mammalian cell lines, mitosis is 
just a  short part of the cell cycle. In HeLa cells, for example, mitosis lasts for ~1h and one en-
tire cell cycle for~24h. Reproduced, with permission, from Morgan, 2006.



spindle organization might be more complicated in that individual microtubules do not 
span the whole distance from poles to the spindle equator but spindle halves are rather 
emerging from organization of shorter microtubule fragments with heterogeneous dynamic 
properties (Dumont and Mitchison, 2009), but most functional models of the spindle in 

use today do not take this aspect into account. 
Apart from microtubules, many other structures and proteins (!gure 2) are equally impor-
tant for spindle function:

• Two centrosomes, which, during mitosis in somatic cells, are a source of microtu-
bule nucleation and localize to the spindle poles (Nigg and Ra', 2009). In inter-
phase, they form the microtubule organizing centers (MTOCs) of the cell, which 
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figure 2: the mitotic spindle 
and its main components
a) Schematic representation. + signs 
mark microtubule plus-ends. 
minus-ends are bundled at the 
poles. x symbols at poles between 
parallel and at the midzone between 
antiparallel overlapping microtu-
bules symbolize molecular motors 
like dynein and Eg5 (see text). Each 
pole contains a centrosome with two 
perpendicular centrioles
b) Microscopic image of a spindle. 
Reproduced, with permission, from              
Morgan, 2006.



are important for the organization of the cytoskeleton. %ey constitute the most 
prominent nucleation centers for microtubules during mitosis and their nucleation 
activity becomes visible just before mitotic entry. %ey do not exist in oocytes and 
plant cells and do not seem to be strictly required for spindle formation (see sec-
tion 8). Centrosomes consist of two centrioles each and pericentriolar material, 
which again, are formed by hundreds of di'erent proteins (Andersen et al., 2003). 
Importantly, MTOCs containing centrioles are called centrosomes but MTOCs 
can also form in absence of centrioles, consisting only of pericentriolar material. 
%us, per de!nitionem, centrosomes are always MTOCs but not vice versa. Similar 
to the genome, they duplicate every cell cycle and during mitosis one centrosome 
is distributed to each daughter cell. %eir structure and maturation is very pre-
cisely regulated during the cell cycle (Nigg, 2007).

• Microtubule associated proteins (MAPs): %ey bind to microtubules and can 
modulate their dynamic properties. %ey are essential for the striking change in 
microtubule dynamics happening at mitotic entry.

• Molecular motors (Zhu et al., 2005): %ere are three families of molecular motors: 
dynein, myosins and kinesins (Miki et al., 2005). %ey translate energy gained 
through ATP hydrolysis into mechanical force. %e force can be used in di'erent 
ways: motors can transport cargos, perform sliding movements between adjacent 
microtubules or other !laments or a'ect microtubule dynamics.

• Kinetochores form the link between microtubules and chromosomes once these 
are attached. %ey are formed of multiple protein complexes and ful!ll diverse 
functions (Santaguida and Musacchio, 2009): modulation of microtubule dynam-
ics depending on the respective mitotic stage, transmission of the force pulling 
chromosomes apart and sensing of microtubule attachment to chromosomes and 
tension coupled to a signaling mechanism reporting the detected state. %is "sen-
sor" function is exerted through the spindle assembly checkpoint and ensures that 
chromosome segregation starts only a"er all chromosomes are correctly attached 
(Musacchio and Salmon, 2007).

• Chromosomes used to be regarded as a passive component of the mitotic spindle 
which is being distributed to the daughter cells. %e traditional view on the role of 
chromosomes in mitosis was nicely summarized by Daniel Mazia: "Indeed, the 
role in mitosis of the chromosome arms, which carry most of the genetic material, 
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may be compared with that of a corpse at a funeral: they provide the reason for the 
proceedings but do not take an active part in them" (Mazia, 1961). In the last 15 
years, however, it became obvious that the spindle is a self-organizing system 
which cannot form without chromosomes (Wadsworth and Khodjakov, 2004; Rie-
der, 2005; O'Connell and Khodjakov, 2007). In particular, they play a very impor-
tant role by driving microtubule nucleation through the non-centrosomal micro-
tubule nucleation pathway (see section 8). %is pathway is known as the Ran de-
pendent pathway because it depends on the GTP-binding protein Ran. While even 
somatic cells can form spindles in absence of centrosomes, chromosomal nuclea-
tion was found to be essential in all systems studied to date (Rieder, 2005).

(3) Mitotic phases

Mitosis is divided into phases which follow the di'erent steps in bipolar spindle formation 
very closely (!gure 3). Here, we describe their morphological characteristics in cells from 
higher eukaryotes. In prophase, centrosomal nucleation is highly increased and chromo-
some condensation becomes visible. Centrosomes may have started to separate already, al-
though this is not always the case, as, at least in humans, 50% of the cells separate centro-
somes a"er nuclear envelope breakdown (Toso et al., 2009). Nuclear envelope breakdown 
marks the beginning of prometaphase, which is the main phase of spindle formation in 
which poles !nish separation and chromosomes attach to microtubules. %is process is fol-
lowed by metaphase, which is de!ned as the brief state when chromosomes are perfectly 
aligned at the spindle equator and form a metaphase "plate". When the last chromosome is 
aligned, the spindle assembly checkpoint is switched o' and anaphase starts (Rieder et al., 
1994). %us, metaphase (the state of perfect alignment) is very brief (about 15 minutes). 
During anaphase chromosomes are segregated and !nally mitosis is concluded by telo-
phase, which marks the separation of the newly formed daughter cells and reformation of 
new nuclear envelopes (karyokinesis). Finally, division is !nalized by cytokinesis, the sepa-
ration of the daughter cells. %is is performed by a contractile actin-myosin ring which !rst 
generates a furrow between the two reformed nuclei during late anaphase and !nally 
pinches o' the connection between the cells. %is study will focus on the process of spindle 
formation in mammalian somatic cells from prophase to metaphase and the role of the mo-
lecular motor Eg5 therein. %us, the following sections introduce !rst the essential proteins 
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involved in spindle formation followed by an overview of current concepts how these ele-
ments might contribute to pole separation and !nally the introduction of the two most im-
portant models trying to explain spindle formation in an integrated way by combining the 
contribution of individual elements.

14

figure 3:
phases of mitosis
For details, consult main 
text. Reproduced, with 
permission, from                  
Morgan, 2006.



4) Eg5 and spindle pole separation

Eg5 is a human motor protein belonging to the kinesin super-family. It consists of a motor 
domain with ATPase activity and a tail domain. By sequence homology analyses, Eg5 was 
identi!ed as a member of the BimC (or kinesin 5-like) group of kinesins (Miki et al., 2005). 
BimC-like kinesins have an N-terminal ATPase domain, which de!nes the direction of 
movement along microtubules. Kinesins with an N-terminal head can move only towards 
the microtubule plus-ends, which, as mentioned above, are found close to the equator of 
the mitotic spindle or attached to chromosomes. Interestingly, BimC-like motors form tet-
ramers through parallel alignment and bundling of the kinesin tail domains, with two 
heads pointing toward each end of the bundle. %is is a unique characteristic of the kinesin 
5 family and enables Eg5 to bundle both parallel and antiparallel microtubules and slide 
them apart through its plus-end directed activity (Kapitein et al., 2005). Eg5 is localized 
mainly at the spindle poles and on the peripheral parts of the spindle and is essential for 
spindle pole separation. Without Eg5 ATPase activity, poles do not separate and thus cells 
form collapsed spindle structures with a star-like shape, also termed a monoaster (Sawin et 
al., 1992; Mayer et al., 1999). C. elegans constitutes a notable exception in that it has a motor 
which belongs to the kinesin-5 family (BMK-1), but it is not essential for mitotic progres-
sion or accurate spindle formation (Bishop et al., 2005; Saunders et al., 2007). Such mono-
polar spindles result in a circular arrangement of chromosomes, surrounding the star-
shaped microtubule structure. Monoasters are prevented from entering anaphase by activa-
tion of the spindle assembly checkpoint (Kapoor et al., 2000). Most cells arrested in a 
prometaphase-like state by Eg5 inhibition die a"er about 14 hours (our observation). Some 
are able to escape the spindle assembly checkpoint mediated arrest and either perform de-
fective anaphase or exit mitosis bypassing anaphase, in both cases resulting in aneuploidy.

(5) Other proteins involved in spindle formation

Spindle formation is a complex process which is only partially understood. While their ex-
act individual contribution in an in vivo context is o"en unknown, many proteins were 
found to be essential for normal spindle function and accurate pole separation (Tillement 
et al., 2009). Most of them belong to one of the following functional classes:

• Centrosomal proteins. %eir depletion leads to defects in centrosomal duplication 
and thus interferes with the formation of two distinct spindle poles. Importantly, 
plants and oocytes (which undergo meiosis) do not contain centrosomes but still 
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form bipolar, fully functional spindles. Mammalian cells with arti!cially removed 
centrosomes also form bipolar spindles (Khodjakov et al., 2000). Problems arise, 
however, when supernumerary or defective centrosomes are present.

• Motor proteins. %ey can directly generate force by pushing or pulling on micro-
tubules or contribute indirectly to spindle formation through regulation of micro-
tubule dynamics or cargo transport (chromosomes or other proteins). %e best 
characterized motors involved in mitosis are dynein and the kinesins. While they 
can both move on microtubules, they are very di'erent from each other in many 
respects (Vale, 2003). Dyneins are a large multi-subunit complexes with multiple 
force-generating ATPase sites. %ey move towards microtubule minus ends. Only 
two groups of dyneins are known, cytoplasmic and axonemal dyneins (King, 2000; 
Hook and Vallee, 2006). Kinesins are a heterogenous family of motors which, de-
pending on the localization of their ATPase domains, can move towards microtu-
bule plus or minus ends or even directly modulate microtubule dynamics (Miki et 
al., 2005). Recently, myosins were also found to play a role in mitosis, although 
they move on actin !laments (Rosenblatt et al., 2004) and the importance of actin 
for mitotic spindle structure is still a matter of debate (Forer et al., 2008). Com-
pared to dynein and kinesins, the role of myosins in mitosis is not very well char-
acterized yet.

• Kinases. %ey are thought to be regulators of many downstream targets involved in 
bipolarization. Beside CDK1/cyclin B, which is essential for mitotic entry, many 
other kinases have more specialized functions in spindle formation. A prominent 
example is Plk1, the inhibition of which results in monopolar spindles (Lenart et 
al., 2007). %e Aurora kinase family is also involved in most aspects of spindle 
formation from centrosome maturation to correct chromosome attachment and 
the spindle assembly checkpoint (Taylor and Peters, 2008).

• Microtubule associated proteins (MAPs): Like molecular motors, this group was 
already mentioned in section 2. %is redundancy results from the fact that both 
groups of proteins ful!ll their roles in a di'use arrangement on the spindle rather 
than by forming a distinct, complex structure within the spindle. MAPs are a 
somewhat arbitrary, heterogeneous group of proteins, which, by de!nition, bind to 
microtubules. Many MAPs are involved in regulation of microtubule dynamics. 
%ey can be either stabilizers or destabilizers. Although some motor proteins also 
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ful!ll these criteria, they are usually not classi!ed as MAPs.
• Proteins of the Ran pathway. As mentioned above, the Ran pathway drives micro-

tubule nucleation in the proximity of chromosomes. Its mediators, o"en called 
spindle assembly factors (SAFs), include Tpx2 or NuMa, which contribute to 
chromosomal nucleation in proximity of the chromosomes and are then trans-
ported towards spindle poles, where they contribute to pole focusing. Notably, the 
chromosomal nucleation pathway is essential for spindle formation while the cen-
trosomal one is dispensable. %e molecular details of the Ran pathway are pre-
sented in section 8.

(6) Microtubule dynamics and the spindle

%e spindle consists of microtubules as the essential structural element being organized by 
all the other spindle proteins cooperating to form its shape. Precisely regulated dynamic 
properties of microtubules are essential for pole separation. %e net length of microtubules 
is the sum of polymerization and depolymerization taking place at both ends. %is is in#u-
enced by MAPs, the concentration of free tubulin and many additional factors. In a bipolar 
spindle, microtubules are not static structures. Instead, tubulin dimers are constantly added 
to their plus ends resulting in polymerization which is compensated for by continuous de-
polymerization at the minus ends (poles). %is results in microtubules (and thus a spindle) 
of constant length which exhibit poleward "#ux", meaning that individual tubulin dimers 
move from the spindle equator towards the poles (Mitchison, 1989). %us, the spindle is a 
highly dynamic structure and its metaphase state should not be regarded as static but rather 
as resulting from a steady-state equilibrium between the individual elements. Depletion of 
many proteins involved in the regulation of microtubule dynamics results in the formation 
of monopolar spindles (Tillement et al., 2009). An example is the depolymerizing kinesin 
Kif2a, which is localized at the pole. Depletion of Kif2a is also believed to result in a de-
creased depolymerization rate at spindle poles and formation of monoasters (Ganem and 
Compton, 2004), although this has recently been questioned (Tanenbaum et al., 2009). %is 
e'ect can be rescued by depletion of MCAK, a depolymerizing kinesin which !ne-tunes 
polymerization at kinetochores. Depletion of the kinetochore-localized MAP CLASP (cy-
toplasmic linker protein-associated protein) (Maiato et al., 2002; Maiato et al., 2003) also 
results in the inability to separate spindle poles. %ere are many models which try to ex-

17



plain how #ux contributes to pole separation and the literature is very contradictory re-
garding the precise mechanistic role of #ux for spindle formation (Rogers et al., 2005). %e 
situation is further complicated by the fact that the di'erent populations of microtubules 
have di'erent dynamic properties: kinetochore microtubules (also known as k-!bers) are 
much more stable than interpolar microtubules and #ux tends to slow down in vicinity of 
the spindle poles. In general, it is believed that an inequilibrium in #ux, polymerization and 
depolymerization can lead to kinetochore !ber shortening and delayed or incomplete pole 
separation. Flux is also important during anaphase and meiotic (acentrosomal) spindles are 
believed to be more dependent on #ux for chromosome segregation than mitotic ones 
(Rogers et al., 2005).

(7) Sliding motors and the spindle

A second essential process for pole separation is the activity of sliding motors, i.e. motors 
which have the ability to cross-link and move microtubules. %e prototypic example of 
such a motor is Eg5, because of its eminent role in pole separation as well as its tetrameric 
structure  allowing it to move on two microtubules simultaneously. A"er its discovery in 
1992 (Sawin et al., 1992), it became immediately a central protein in mitosis research. 
%ough lacking motor domains pointing in two opposite directions, other proteins like 
HSET (a minus end directed kinesin) also have the ability to cross-link microtubules 
through non-motor binding domains, but move only on one of them (Cai et al., 2009). 
Based on depletion and overexpression phenotypes, it is clear, however, that many of them 
are involved in bipolarization. It is important to note that the sliding properties of these 
motors were observed in in vitro experiments and with current tools, it is di&cult to de-
termine how they contribute to pole separation in vivo. Currently, the most appealing and 
popular model explaining how sliding motors contribute to pole separation is the "push-
pull mitotic muscle" model. It extrapolates from the in vitro observation that Eg5 can cross-
link and slide apart microtubules (Kapitein et al., 2005; van den Wildenberg et al., 2008) to 
explain the in vivo observed monoaster phenotype caused by Eg5 inhibition. It postulates 
that sliding motors push and pull overlapping interpolar microtubules at the spindle mid-
zone and the net force resulting from motor activity results in spindle elongation or main-
tenance of the steady-state length when metaphase is reached. Other motors have been as-
sociated with the sliding motor model, which is inspired from force generation in striated 
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muscle, like dynein (minus-end-directed) (Tanenbaum et al., 2008) and Kif15 (plus-end-
directed kinesin) (Tanenbaum et al., 2009). Although only Eg5 is essential for bipolar spin-
dle formation, depletion of HSET (Mountain et al., 1999) or dynein or overexpression of 
Kif15 can rescue bipolar spindle formation when Eg5 is inhibited.

(8) Assembling the machine - integrative 
models of spindle formation

In sections 4 - 7 the most important 
building elements of the spindle as well as 
some important ideas about how they are 
thought to function in the context of 
spindle formation were presented. While 
explaining how individual parts of the 
spindle might work, these elements do 
not provide a conceptual framework able 
to integrate all current observations into a 
single model. How do #ux, nucleation, 
microtubule dynamics and motor activity 
cooperate to form a spindle? Are these 
elements independent from each other? 
%ere are two di'erent integrative mod-
els, which seem to be mutually exclusive 
at !rst, because they postulate two di'er-
ent sources of microtubule nucleation. 
%e !rst, older one, is called the search-
and-capture model (!gure 4) and was 
proposed in the 1980s (Kirschner and 
Mitchison, 1986). It assumes that micro-
tubules are nucleated at centrosomes, thus 
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figure 4: the search-and-capture 
model of spindle formation
Reproduced, with permission, from              
Morgan, 2006.



giving rise to two dynamic asters which start to separate, probably as a result of plus-end-
directed motor activity generated by Eg5 acting on overlapping antiparallel microtubules. 
%ese asters attach to chromosomes in a stochastic process as soon as they encounter them. 
When all chromosomes are correctly attached to both asters, a bipolar structure is formed. 
Obviously, this model cannot explain the formation of acentrosomal spindles, which exist 
in plant cells and oocytes and can also form in cell extract. %e centrosomal model regards 
chromosomes as a passive element in spindle formation which, through the pairwise oc-
currence of sister kinetochores, indirectly contribute to spindle shape by placing the two 
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figure 5:
the ran cycle
Reproduced, with permission, 
from Morgan, 2006.



poles opposite to each other. Because asters 
form independently of the chromosomes 
and reach out to them, this is also referred 
to as an outside-in process (Wadsworth and 
Khodjakov, 2004).
It was about ten years later that the source 
of microtubule nucleation in acentrosomal 
spindles was found (Wilde and Zheng, 
1999). It is called the "Ran pathway" be-
cause it depends on the small GTPase Ran 
(Ciciarello et al., 2007; Clarke and Zhang, 
2008). Ran is active when it binds GTP and 
inactive when associated with GDP. GTP 
hydrolysis requires a GTPase activating 
protein called RanGAP. Ran is reactivated 
through dissociation from GDP and reasso-
ciation with GTP. %is reaction depends on 
the guanine-nucleotide exchange factor 
RCC1, which is bound to chromosomes 
(!gure 5).
During interphase and in early mitosis, Ran 
is essential for transport of proteins across 
the nuclear membrane into the nucleus. 
%is is because proteins larger than 40kDa 
can only pass through nuclear pores a"er 
binding transporter proteins such as the 
dimeric complex importin, which however, 
prevents them from exerting their function 
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figure 6:
the acentrosomal model of spindle 
formation
Reproduced, with permission, from              
Morgan, 2006.



(Rout et al., 2003). Active Ran can bind importin and thus release and activate its cargo. 
%e high concentration of RanGTP in the nucleus (around chromosomes) favors the acti-
vation and release of transported proteins from importin. RanGAP is concentrated in the 
cytoplasm and mediates the generation of RanGDP, thus allowing importin to bind its car-
gos. In mitosis, once the nuclear envelope breaks down during prophase, all the mentioned 
proteins can spread throughout the cell, except for RCC1, which remains bound to chro-
mosomes (Moore et al., 2002). %is leads to the formation of a RanGTP gradient with the 
highest concentrations close to chromosomes and lower levels towards the cell periphery 
(!gure 6). Importin is associated with factors which contribute to microtubule nucleation 
and stabilization like Tpx2 and NuMa. %eir RanGTP-dependent release around chromo-
somes leads to the formation of stable microtubules which form an unordered microtubule 
meshwork. %ese microtubules are thought to be arranged in an antiparallel manner by Eg5 
and focused at poles by minus-end directed motors like HSET and dynein, in a similar way 
as in the search-and-capture model. %e RanGTP gradient is also believed to play an essen-
tial role in bipolarization (Gruss and Vernos, 2004; Caudron et al., 2005). While a bipolar 
structure is formed, Tpx2, NuMa and other nucleation factors are translocated along micro-
tubules to the spindle periphery where they also contribute to pole formation and focusing. 
%us, the acentrosomal model describes spindle formation as an inside-out process where 
chromosomes are able to generate their own spindle and only during anaphase become a 
passive component being segregated towards the poles. Importantly, it does not depend on 
centrosomes as microtubule nucleation sources, in contrast to the search-and-capture 
model.
Intuitively, one would assume that these two mechanisms of spindle formation are inde-
pendent of each other and were developed during evolution for centrosomal and acentro-
somal systems, respectively. It was discovered, however, that inhibition of chromosomal 
nucleation by depletion of Tpx2 in human somatic cells prevents spindle formation even in 
presence of centrosomal nucleation, resulting in two unconnected mitotic asters (Gruss et 
al., 2002) or multipolar spindles (Garrett et al., 2002). Moreover, destruction of centro-
somes using a laser in living cells led to the formation of viable bipolar spindles through an 
acentrosomal mechanism (Khodjakov et al., 2000). %ese observations suggest that, al-
though centrosomal nucleation is visually dominant in somatic cells, it masks the function-
ally essential Ran-mediated nucleation. In some species, at least, centrosomes seem to be 
dispensable for spindle formation and development in general (Basto et al., 2006; Mahoney 

22



et al., 2006), although the search-and-capture mechanism is clearly important for the inte-
gration of centrosomal asters into a fully functional spindle (Maiato et al., 2004). While 
dispensable for spindle formation per se, in somatic cells centrosomal asters are important 
for the nucleation of cortical microtubules which connect spindle poles to the cell mem-
brane and provide important cues to accurately position the spindle within the cell by pro-
viding "preformed" poles which are integrated into the spindle. Moreover, centrosomes are 
important as seeds for cilia and #agella (Basto et al., 2006). Because the Ran pathway is re-
quired in both centrosomal and acentrosomal systems, the current view is that both the 
search-and-capture and the Ran dependent mechanism cooperate to form spindles in 
mammalian cells (Wadsworth and Khodjakov, 2004; Rieder, 2005).

(9) Design and aims of this study

As mentioned above, the current assumptions about how Eg5 contributes to pole separa-
tion are mostly based on attempts to explain Eg5 inhibition or depletion phenotypes 
through extrapolation from the in vitro observed properties of puri!ed Eg5 protein. Cur-
rently available tools do not allow us to directly visualize the molecular role of Eg5 in vivo 
and limit us to observations resulting from inhibition or overexpression of Eg5. %us, the 
aim of this study was to learn more about how Eg5 contributes to pole separation by sys-
tematically searching for conditions which allow bipolar spindle formation in absence of 
Eg5 activity. We reasoned that if we found new, Eg5-independent mechanisms of pole sepa-
ration, their characterization would allow us to better understand which functional proper-
ties of Eg5 are essential in vivo and thus how it separates spindle poles. 
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Results

(1) Fixed samples do not accurately re"ect the percentage of cells forming bipolar spindles

When we designed the strategy for this project, we aimed to !nd antagonists of Eg5 by sys-
tematically depleting proteins in Eg5 inhibited cells. We sought to perform an RNAi screen 
using commercially available siRNA libraries to systematically deplete proteins. As de-
scribed in the introduction, inhibition of Eg5 results in mitotic arrest of cells in a 
prometaphase-like state with a star-like spindle which is termed a monoaster. We reasoned 
that inhibition of an antagonistic force simultaneous to inhibition of Eg5 would reduce the 
percentage of monoasters we encounter compared to cells with full antagonistic activity to 
Eg5. We !rst wanted to !nd the most suitable approach to measure the percentage of cells 
dividing normally and being arrested by Eg5 inhibition during the experiment, respectively. 
%e usual approach is to !x cells at a de!ned experimental endpoint and perform immu-
no#uorescence, followed by counting the percentage of bipolar or monopolar cells within 
the mitotic population. Determining these numbers from !xed samples, however, does not 
re#ect the actual behavior of mitotic cells during the experiment accurately.
To understand why, it is necessary to be aware that using !xed samples to assess cell behav-
ior constitutes a surrogate measurement which is used to draw conclusions about the actu-
ally relevant parameter, namely the fate of individual mitotic cells during the experiment. 
%is can only be measured directly by following the cells through the entire experiment by 
live-cell-imaging. If we determine the percentage of bipolar spindles (vs. monoasters) in the 
mitotic population of !xed samples, we compare the size of two populations: cells with 
monopolar spindles and cells with bipolar spindles. For this percentage to accurately repre-
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figure 7: discrepancy between live-cell-imaging and fixed samples
Schematic example illustrating how two cell populations with di"erent mitotic residence times 
accumulate in mitosis at di"erent rates. During this experiment, 90% of cells divide normally 
and 10% are arrested by a drug. In this example, a normally dividing cell, which appears in 
!xed samples as a bipolar spindle, spends 15 min in the bipolar state. Cells featuring monoast-
ers, which are arrested in mitosis by the spindle assembly checkpoint, have a residence time of 
~14 hours. Because the number of cells entering mitosis per hour belonging to both…             



sent the division behavior during the experiment, the bipolar spindle of a normally divid-
ing cell would have to exist for the same time as a monopolar spindle. %is is obviously not 
the case, because normally dividing cells feature bipolar spindles for about 15 minutes (our 
measurements), a"er which they enter anaphase, while monopolar cells are arrested in this 
state for about 13.6 hours (our measurements) before they usually die. %us, a monopolar 
cell is much more likely to appear in a random freeze-frame than a bipolar one, resulting in 
underrepresentation of normally dividing cells in !xed samples whenever compared to cells 
which stay in mitosis for a longer time. Figure 7 illustrates how this leads to a discrepancy 
between quanti!cations resulting from !xed samples and the actual situation during the 
experiment.
Regardless of this discrepancy, !xed samples are still widely used in studies on bipolar 
spindle formation because they are much faster to analyze than movies, the equipment 
needed to acquire !xed images in large scale experiments is much less expensive and the 
discrepancy between !xed samples and live-cell-analyses is thought to be negligible. We 
wanted to understand how big the distortion introduced by !xed samples actually is and if 
it could have an impact on the interpretation of our experiments.

(2) A mathematical model that predicts the correlation between #xed samples and live cell 
experiments

First, we sought to de!ne a mathematical model which accurately predicts the percentage 
of bipolar spindles in !xed samples at a de!ned point in time knowing the percentage of 
cells dividing normally during the experiment.
Our model is based on the following assumptions:

• Cells enter mitosis at a constant rate (ve).
• Be" % of the cells entering mitosis form bipolar spindles and divide normally.
• 100-Be"% form monopolar spindles.

%us, the mitotic cell population consists of two subpopulations:
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…populations is constant, cells in both populations accumulate until some cells start exiting 
mitosis, a#er the typical residence time for the respective population has been reached. From 
here on, population size has reached a steady state because the number of cells entering and 
exiting mitosis in the respective population is equal. In this case, the population of cells with 
bipolar spindles reaches the steady state a#er 15 min and the one with monopolar spindles af-
ter 14 hours, which leads to an increasingly inaccurate representation of cell behavior by B!x 
the longer the experiment lasts. $e terms tbip, tmono, Be" and B!x are introduced in the text.



• normally dividing cells (of the size nbip), featuring a bipolar spindle for the bipolar 
residence time (tbip) and

• abnormally dividing cells (of the size nmono), featuring a monopolar spindle for the 
monopolar residence time (tmono). 

Let B!x be the percentage of bipolar cells of the whole mitotic population at a given time 
point t (as observed in !xed samples):

(1) 

€ 

B fix (t) =
nbip (t)

nmitotic (t)
∗100

nmitotic is the total number of mitotic cells at a given time point.
Because

(2) 

€ 

nmitotic = nbip (t) + nmono(t)

we can write:

(3)
 

€ 

B fix (t) =
nbip (t)

nbip (t) + nmono(t)
∗100.

%e population of normally dividing cells can be calculated as follows: 

(4) if 

€ 

nbip = ve ∗Beff ∗ tbip .

In analogy, the population of abnormally dividing cells at a given time point can be esti-
mated by:

(5) If 

€ 

nmono = ve ∗(100 −Beff )∗ tmono .

By substituting nbip and nmono in (3), we get:

(6) 

€ 

B fix (t) =
ve ∗Beff ∗ tbip

ve ∗Beff ∗ tbip + ve ∗(100 −Beff )∗ tmono
∗100 , which is equivalent to
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(7)
 

€ 

B fix (t) =
Beff ∗ r

Beff ∗ r +100 −Beff

∗100,

if we de!ne

(8)

€ 

r =
tbip

tmono
.

Equation (7) describes a direct relationship between the percentage of cells assembling bi-
polar spindles and the percentage of bipolar spindles as assessed from !xed samples at the 
end of the experiment. As we can see, contrary to common assumptions, B!x is a function 
of not one, but two independent variables:

• Be", the variable which we actually want to estimate by measuring B!x and
• r, the ratio of residence times in mitosis of the two mitotic populations.

For a population of Eg5-inhibited cells (our measurements), r equals 15min/13.6h, which is 
1/84. Using this value for r, we can plot a curve showing how B!x correlates with Be" for dif-
ferent values of Be" ranging from 0% (all cells arrested) to 100% (all cells dividing nor-
mally). Figure 8 shows this function curve compared to the perfect correlation between B!x 
and Be" if r equaled 1.
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figure 8: plot illustrating the dis-
torted representation of Beff by Bfix 
Due to r=1/54
$e functions for r=1 (45° line) and r=1/54 
(lower right corner) are plotted in white. $e 
y-axis shows the percentage of bipolar spindles 
in !xed samples corresponding to the actual 
percentage of normally dividing cells. $e grey 
area marks the di"erence between the two 
curves representing a perfect correlation be-
tween !xed samples and cell behavior (r=1) 
and the actual correlation (r=1/54). $ese pre-
dictions apply only for experiments which last 
longer than the residence times in mitosis of 
the two populations (in this case: longer than 
13.6 hours).



Note that r=1 is an implicit assumption made in all existing studies which use !xed samples 
for such experiments. %e gap between the two straight line (r=1) and distorted curve (r=1/
84) shows that the di'erence between the two conditions can be very huge, reaching up to 
70%. %e second interesting conclusion from this graph is that the distortion is not linear: 
for 0 < Be" < ~80%, B!x increases very slowly with Be", resulting in an increasing discrep-
ancy between Be" and B!x. Starting at ~80%, B!x catches up to Be" disproportionately fast. 
%us, depending on the individual experimental conditions and the actual values of Be", 
large changes in Be" can be overlooked by assessing B!x and small changes can be overesti-
mated.
While, even assuming that r is always constant, the nonlinear distortion caused by r=1/54 
rather than 1 constitutes a big problem, there is an additional implication of the depend-
ence of B!x on r: a further confounding factor is that not only Be", but also r can be subject 
to change between experimental conditions. If, upon treatment with an Eg5 inhibitor, r is 1/
54, its value can change if cells are subjected to an additional perturbation. For example, 
depletion of a protein involved in the spindle assembly checkpoint can shorten the time 
monopolar spindles are arrested in mitosis (tmono) and thus a'ect the value of r. Similarly, 
depletion of a protein which does not a'ect bipolar spindle formation but activates the 
spindle assembly checkpoint should result in an increase in tbip. Figure 9 illustrates how the 
distortion of the correlation curve changes with decreasing values of r. Interestingly, r val-
ues above 0.5 do not have a huge e'ect on B!x.
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If this mathematical model is correct, we conclude that !xed samples are not a valid tool to 
estimate the e&ciency of bipolar spindle formation.

(3) Validation of the model by proof-of-concept experiments

To validate the model presented in section 2, we designed two experiments which should 
follow the predictions symbolized by the bullets in !gure 9. In all experiments that follow, 
inhibition of Eg5 was achieved using the potent Eg5 inhibitor VS83 (Sarli et al., 2005). Un-
less stated otherwise, we used a HeLa cell line clone stably expressing GFP-tagged histone 
2B for live-cell experiments. %is allows us to directly follow chromosomes and draw con-
clusions about the corresponding spindle shape. To achieve an increase in Be" without af-
fecting r we titrated VS83 and quanti!ed both Be" and B!x from the same experiments. In-
deed, plotting the results on the function curves in !gure 8 con!rmed our predictions, 
showing that the resulting data points !t to the curve (!gure 10). We also sought to verify 
our second prediction, that a change in r alone would mimic an increased e&ciency in bi-
polar spindle formation by increasing B!x. We designed an experiment where Eg5-inhibited 
control cells are compared to cells which are both Eg5-inhibited and depleted of Sgo1 
(shugoshin). Depletion of Sgo1 causes premature loss in sister chromatid cohesion and thus 
activation of the spindle assembly checkpoint in bipolar spindles (Salic et al., 2004). %us, 
cells forming bipolar spindles are also arrested in mitosis and r should increase to a value 
close to or equal to 1. Again, plotting B!x and Be" from these experiment results in data 
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☜figure 9: the influence of r on Bfix

$ree dimensional plot of B!x as a function of Be" and r. Note how lower values for r increase 
the degree of distortion. $e color coding is the same as in !gure 9. $e bullets illustrate two 
putative experiments where estimation of Be" from B!x would result in fundamentally %awed 
interpretation of the experimental outcome. $e green bullets show how an increase in Be" 
(while r remains constant) would be overlooked if immuno%uorescence were performed. $e 
blue bullets exemplify how a change in r only (with no actual change in Be") can falsely lead to 
the conclusion that more cells divide forming bipolar spindles than under control conditions.



points closely matching our predictions, following a straight line on the 45° axis, which cor-
responds to the function graph for r=1.
A bar plot of the data shown in !gure 10 directly comparing live to !xed results clearly re-
veals the striking di'erence between the two experimental approaches in the VS83 titration 
and illustrates how arrest of normally dividing cells through Sgo1 depletion corrects this 
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figure 10: experimental results confirm model predictions
HeLa cells stably expressing GFP-tagged histone 2B were transfected with control RNAi or de-
pleted of Sgo1 for 30 hours. $en, the Eg5 inhibitor VS83 was added at the indicated concen-
trations and cells were imaged for 18 hours. At the end of the experiment, cells were !xed and 
stained with Hoechst 33258 dye (DNA) and antibodies against α-tubulin and phosphorylated 
histone H3 (serine 10) and the same positions as during the live experiment were imaged 
again. Experimental data from the validation experiments are plotted on the model predic-
tions. Note that they closely follow the curves for r=1/54 and 1, respectively. To take into ac-
count that spindles formed in absence of Eg5 activity sometimes require hours to reach a bipo-
lar state (!gure 17), only cells which entered mitosis 10 hours before the end of the experiment 
were included in the analysis. Data points represent means ± standard error of the mean of 
multiple experiments. $e same data is replotted in !gure 11 along with the corresponding 
number of experiments and cells counted for each datapoint.



di'erence and results in roughly identical results from both !xed and live-cell analyses 
(!gure 11). 
As illustrated theoretically in !gure 9, this graph recon!rms that conclusions from !xed 
samples will be wrong because (i) if r stays constant at 1/54 (GL2 control) there is no direct 
correlation between Be" and B!x and (ii) r can be subject to change itself (Sgo1 RNAi), thus 
making the correct estimation of Be" from !xed samples completely impossible.
To show how strong the apparent e'ect on bipolarization e&ciency determined from !xed 
samples can be despite no actual change in Be", in !gure 12, the Sgo1 and GL2 data was 
used to calculate the improvement in bipolar spindle formation between Eg5 inhibited con-
trol depleted (control condition) and Sgo1 depleted cells. Similar to the blue bullets in !g-

33

0

20

40

60

80

100

%
 m

it
o
ti
c
 c

e
lls

 a
s
s
e
m

b
lin

g
 (

liv
e

) 
o

r

  
d
is

p
la

y
in

g
 b

ip
o
la

r 
s
p

in
d

le
s
 (

fi
x
e
d

)

6.
2510

0
12

.5

3.
12

5 0

GL2 control

[VS83]

in µM10
0

12
.5

3.
12

5 0

Sgo1 RNAi

B
eff

, movies
B
fix

, fixed

samples

5

715

865

5

559

486

3

313

507

3

401

295

3

381

203

2

218

141

2

213

78

2

205

525

2

172

478

n
experiments

n
movies

n
fixed

figure 11: bar plot of data from figure 6
Note the varying degree of discrepancy between B!x and Be" for di"erent doses of VS83 (GL2). 
Sgo1 depletion brings r closer to 1 and thus B!x roughly equals Be". To take into account that 
spindles formed in absence of Eg5 activity sometimes require hours to reach a bipolar state 
(!gure 17), only cells which entered mitosis 10 hours before the end of the experiment were 
included in the analysis. Data points represent means ± standard error of the mean of multiple 
experiments.



ure 9, we can observe that Sgo1 depletion can falsely suggest an up to 8x improvement in 
bipolar spindle formation in !xed samples whereas there is no change in Be".

In summary, the mathematical model introduced in section 2 and the proof-of-concept ex-
periments presented in section 3 demonstrate that !xed samples are not suitable to estimate 
the e&ciency of bipolar spindle formation and live-cell experiments are required to answer 
such questions.

(4) Dynein does not antagonize Eg5 directly

Depletion of dynein rescues bipolar spindle formation in Eg5-inhibited cells (Tanenbaum 
et al., 2008). It is believed to act as a direct antagonist of Eg5 by cross-linking and pulling 
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figure 12: Sgo1 depletion falsely suggests more efficient bipolar spindle for-
mation in fixed samples
$e ratio of Sgo1-depleted and GL2 siRNA transfected experimental results was calculated for 
Be"  and B!x to calculate the apparent (yellow) vs. actual (brown) improvement in bipolar 
spindle formation induced by Sgo depletion compared to the corresponding control. To take 
into account that spindles formed in absence of Eg5 activity sometimes require hours to reach 
a bipolar state (!gure 17), only cells which entered mitosis 10 hours before the end of the ex-
periment were included in the analysis. Data points represent means ± standard error of the 
mean of two independent experiments.
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interpolar microtubules at the spindle equator through its minus-end directed movement. 
%is conclusion is based on the fact that, with increasing inhibition of Eg5, dynein deple-
tion becomes less and less e'ective in rescuing bipolar spindle formation. %is was inter-
preted as a proof that dynein depletion reduces the force opposing Eg5 on antiparallel in-
terpolar microtubules and thus allows cells with only partially inhibited Eg5 activity to still 
separate spindle poles. %us, rescue through dynein depletion would still rely on the sliding 
motor mechanism and residual Eg5 activity. %e relevant experiments (Tanenbaum et al., 
2008, !gure 1E) were quanti!ed using !xed samples. Based on the methodological insights 
presented in sections 1 - 3, we sought to revalidate this model with live-cell experiments.
We performed a titration of the Eg5 inhibitor VS83 on cells transfected either with control 
or dynein heavy chain targeting siRNA, using the same oligonucleotide sequence as in Ta-
nenbaum et al., 2008 (!gure 13, next page). As in our proof-of-concept experiments, we 
then analyzed the same experiment both by following cell division live and quantifying the 
percentage of bipolar spindles a"er !xation. %e !xed-samples analysis closely matched the 
observations of Tanenbaum et al., 2008 in that rescue induced by dynein depletion showed 
an inverse correlation with Eg5 inhibition. Live-cell quanti!cations, however, resulted in a 
very di'erent picture: %e absolute improvement in bipolar spindle formation caused by 
dynein depletion was smaller than suggested by !xed samples, and importantly, did not in-
crease with lower Eg5 inhibition.
%us, while dynein depletion clearly helps compensating inhibition of Eg5, our experi-
ments show that it is unlikely that this happens directly by reducing the pulling force an-
tagonizing Eg5 at interpolar microtubules. Moreover, this e'ect is much smaller than pre-
viously assumed. In summary, previous conclusions were false due to the choice of !xed 
samples as a method of quanti!cation and the role of dynein in pole separation cannot be 
explained only through sliding activity between interpolar microtubules.

(5) TOGp depleted cells form bipolar spindles in absence of Eg5 activity

To search for novel pathways of bipolarization in cells lacking Eg5 activity, we decided to 
focus on a candidate-based approach. As opposed to a large-scale screening project, this 
approach requires only a limited number of conditions, thus enabling us to analyze all ex-
periments using live-cell analyses. In this context, we were interested if changes in microtu-
bule dynamics are able to rescue bipolar spindle formation in Eg5-inhibited cells because 
this problem had been addressed before using !xed samples with contradictory results 
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(Ganem and Compton, 2004; Kollu et al., 2009). We used the same setup as in the proof-of-
concept experiments presented in section 3. E&ciency of bipolar spindle formation (Be") in 
control cells, which were treated with the Eg5 inhibitor VS83, was compared to cells treated 
with VS83 and either an additional chemical compound or transfected with an RNAi oli-
gonucleotide.
First, we used RNAi transfections to deplete TOGp, a known MAP involved in microtubule 
dynamics, known to localize all over the spindle lattice with roles in centrosomal integrity 
and  !ne-tuning of kinetochore !ber stability (Barr and Gergely, 2008; Cassimeris et al., 
2009; Slep, 2009). Interestingly, depletion of TOGp in Eg5-inhibited cells resulted in a sig-
ni!cant improvement of bipolar spindle formation, as shown in !gure 14.
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figure 13: rescue by dynein depletion is independent of residual eg5 activity
HeLa cells stably expressing GFP-tagged histone 2B were were transfected with control RNAi 
or depleted of dynein heavy chain for 30 hours. $en, the Eg5 inhibitor VS83 was added at the 
indicated concentrations and cells were imaged for 18 hours. At the end of the experiment, 
cells were !xed and stained with Hoechst 33258 dye (DNA) and antibodies against α-tubulin 
and phosphorylated histone H3 (serine 10) and the same positions as during the live experi-
ment were imaged again. le#: $e percentage of mitotic cells with bipolar spindles as…          



%is suggests that changes in microtubule dynamics might enable bipolar spindles to form 
in cells without Eg5 activity. An equally likely explanation, however, would be that TOGp 
depletion has an additional e'ect, unrelated to microtubule dynamics, which reduces the 
dependence of cells on Eg5 for initial centrosome separation.
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…assessed by immuno%uorescence is plotted.
right: $e percentage of cells able to assemble bipolar spindles as assessed by live cell imaging is 
plotted. To take into account that spindles formed in absence of Eg5 activity sometimes require 
hours to reach a bipolar state (!gure 17), only cells which entered mitosis 10 hours before the 
end of the experiment were included in the analysis. Data points represent means ± standard 
error of the mean of 3 independent experiments.



(6) Low doses of Nocodazole also rescue bipolar spindle formation in Eg5-inhibited cells

To exclude this possibility, we tried to modulate microtubule dynamics using nocodazole, a 
drug which leads to depolymerization of microtubules in high doses and stabilization at 
concentrations below ~100nM (Jordan et al., 1992; Vasquez et al., 1997). Interestingly, we 
saw an e'ect similar to TOGp depletion (only) using doses between 40 and 60nM (!gure 
15).
We wanted to understand if, even in an Eg5 inhibited state, rescued spindles still depend on 
residual Eg5 activity to separate poles and thus increased the dose of VS83. Interestingly, 
nocodazole was even more e&cient in inducing the formation of bipolar spindles with in-
creasing doses of VS83. %is suggests that, in VS83 treated cells, spindles rescued by noco-
dazole do not rely on residual Eg5 activity to bipolarize. Moreover, it shows that Eg5 activ-
ity is redundant with stabilization of microtubules or even interferes with correct bipolar 
spindle formation under these conditions. Taken together, the results in sections 5 and 6 
show that bipolar spindles can form in absence of Eg5 activity upon microtubule stabiliza-
tion. We observed this using two unrelated approaches to modulate microtubule dynamics: 
TOGp depletion by RNAi and low-dose nocodazole treatment.
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figure 14:
TOGp depletion enhances bipolar spindle for-
mation in eg5-inhibited cells
HeLa cells stably expressing GFP-tagged histone 2B were 
depleted of TOGp by RNAi for 30 hours. $en, the Eg5 
inhibitor VS83 was added and cells were imaged for 18 
hours. $e percentage of cells able to assemble bipolar 
spindles is plotted. To take into account that spindles 
formed in absence of Eg5 activity sometimes require 
hours to reach a bipolar state (!gure 17), only cells 
which entered mitosis 10 hours before the end of the ex-
periment were included in the analysis. Data points rep-
resent means ± standard error of the mean of 3 inde-
pendent experiments.



(7) Centrosomes are correctly separated in rescued spindles

Next, we sought to morphologically and functionally characterize bipolar spindles formed 
in the absence of Eg5 activity. First, we analyzed !xed cells from TOGp depletion or noco-
dazole treatment experiments by immuno#uorescence. Bipolar spindles formed under 
these conditions were very similar. Since Eg5 is considered essential for centrosome separa-
tion, we stained for centrosomal markers to analyze if spindles formed under these condi-
tions have correctly separated centrosomes rather than, for example, a pole with two cen-
trosomes and an acentrosomal pole. Importantly, both spindle poles contained bona-!de 
centrosomes because they featured two centrioles each and were positive for the centro-
some marker pericentrin (!gure 16).
%is shows that rescued bipolar spindles have centrosomal poles, just as their normal coun-
terparts, which they are able to separate in absence of Eg5 activity, further supporting the 
idea that a slight change in microtubule dynamics can fully substitute for Eg5. While chro-
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figure 15:
low doses of nocodazole counteract eg5 inhibition
HeLa cells stably expressing GFP-tagged histone 2B imaged for 18 hours a#er simultaneous 
treatment with the indicated doses of VS83 and either nocodazole or DMSO. $e percentage of 
cells able to assemble bipolar spindles is plotted. To take into account that spindles formed in 
absence of Eg5 activity sometimes require hours to reach a bipolar state (!gure 17), only cells 
which entered mitosis 10 hours before the end of the experiment were included in the analysis. 
Data points represent means ± standard error of the mean of 3 independent experiments.



mosomes formed a metaphase plate, most spindles also featured some misaligned chromo-
somes.

(8) Rescued spindles perform anaphase

Having observed that the nocodazole-induced spindles were structurally intact, we won-
dered whether these spindles were also functionally as robust as their normal counterparts. 
We analyzed the movies from !gure 15 in more detail to see how fast bipolar spindles are 
formed under rescue conditions and if such cells can perform anaphase. Indeed, most of 
the cells were able to enter anaphase, proving that these spindles not only structurally re-
semble Eg5-dependent spindles but are also able to segregate chromosomes. Timing of 
spindle formation as well as anaphase entry, however, were markedly delayed compared to 
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normal spindles, which require about 40 minutes from mitotic entry to anaphase onset 
(!gure 17). In this case, both the time from mitotic entry to metaphase plate formation as 
well as from metaphase plate formation to anaphase onset were in the range of hours, sug-
gesting that while rescued spindles are fully functional, Eg5 is more e&cient in !ne-tuning 
both spindle formation and chromosome alignment.

In summary, we show that bipolar spindles formed under rescue conditions are function-
ally equivalent to physiologically formed spindles in that they can perform anaphase and 
feature centrosomal poles, but they form more slowly and less e&ciently than in unper-
turbed cells.

(9) Spindle formation in TOGp-depleted and nocodazole-treated cells involves noncentro-
somal microtubule nucleation centers

Next, we sought to understand how bipolar spindles can form in absence of Eg5 activity by 
following spindle formation directly in living cells. We performed live cell microscopy us-
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Figure 17:
Spindles rescued by 
nocodazole 
treatment are 
delayed in bipolar 
spindle formation and 
chromosome 
alignment
Timing details from the 
movies represented by the 
100µM VS83 datapoint in 
!gure 15 are shown. For 
all cells which performed 
anaphase, the times from 
nuclear envelope break-
down to metaphase plate 

formation and from metaphase plate formation to anaphase onset are shown. Black stars rep-
resent the medians of the control and nocodazole-treated populations. To take into account 
that spindles formed in absence of Eg5 activity sometimes require hours to reach a bipolar 
state, only cells which entered mitosis 10 hours before the end of the experiment were included 
in the analysis. $e data from three independent experiments were pooled.
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ing a HeLa cell clone stably expressing α-tubulin tagged with GFP as well as the GFP-
tagged kinetochore protein CENP-A to follow chromosome location (Lenart et al., 2007, 
!gure 18). As expected, in untreated cells, microtubule nucleation was prominent at centro-
somes, which started to separate in prophase or shortly a"er nuclear envelope breakdown. 
No other substantial source of microtubule nucleation was visible. If Eg5 was inhibited with 
VS83, centrosomes did not separate anymore, thus giving rise to a monoaster instead of a 
bipolar spindle. Interestingly, Eg5 inhibited cells treated with low doses nocodazole or de-
pleted of TOGp formed bipolar spindles going through a strikingly di'erent sequence of 
events than untreated cells: similar to cells treated with VS83 only, they entered mitosis 
with unseparated centrosomes. %en, the fate of centrosomes was hard to follow because 
immediately a"er nuclear envelope breakdown, additional nucleation centers appeared 
around chromosomes, sometimes along the remnants of the nuclear envelope. %ese cen-
ters, together with the still unseparated centrosomes, coalesced into an intermediate multi-
polar structure which then developed into a bipolar spindle. Lacking #uorescently tagged 
speci!c centrosomal markers, it was not possible to discriminate between centrosomal and 
acentrosomal nucleation centers a"er nuclear envelope breakdown. %us, we could not tell 
if the newly formed spindles had managed to separate their centrosomes and thus if each 
pole was centrosomal or one pole contained two centrosomes.
However, based on the immuno#uorescence experiments shown in !gure 16, most (>90%) 
of spindles had two centrosomal poles. %e appearance of additional nucleation centers 
seemed to allow cells to bypass the requirement of Eg5 and separate centrosomes through a 
di'erent pathway. %ese nucleation centers were morphologically very similar to chromo-
somal nucleation centers observed elsewhere (Tulu et al., 2006; Yang et al., 2007; Torosan-
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☞
figure 18: rescued spindles form through an intermediate multipolar state 
involving acentrosomal nucleation centers
Live-cell analysis of spindle formation immediately a#er simultaneous treatment with com-
pounds as indicated or 30 hours of depletion of TOGp by siRNA following VS83 treatment. To 
directly visualize the spindle structure, we used a HeLa cell clone stably expressing GFP-tagged 
&-tubulin (see text for details). Note the supernumerary acentrosomal nucleation centers ap-
pearing immediately a#er nuclear envelope breakdown upon nocodazole treatment and 
TOGp RNAi. Nuclear envelope breakdown was arbitrarily de!ned as 0 minutes. $e scale bar 
represents 15µm. 1.5x indicates that images starting from the respective time point are shown 
at 1.5x relative magni!cation compared to the scale bar reference.



43

-4.5 0 4.5 9 18x1.5 min

N
o
c
 5

0
n
M

V
S

8
3
 1

0
0
µ

M

centrosomal nucleation center acentrosomal nucleation center pole of undefined origin

x1.5 min-6 0 6 12 15

D
M

S
O

V
S

8
3
 1

0
0
µ

M

708

-4.5 0 4.5 9 13.5

T
O

G
p
 R

N
A

i

V
S

8
3
 1

0
0
µ

M

-4.5 0 4.5 9 13.5x1.5 min

Nuclear

envelope breakdown

-9

-6 0 x1.5 6 12 24 min

D
M

S
O

D
M

S
O



tucci et al., 2008) which made us con!dent that they are of acentrosomal nature. To exclude 
the possibility that they contained centrosomal fragments, we performed immuno#uores-
cence. In !xed prophase cells, the supernumerary nucleation centers were negative for both 
centrin and pericentrin, which are bona !de centrosomal marker proteins (!gure 19).
%us, based on their morphology, localization in the vicinity of chromosomes, appearance 
immediately a"er nuclear envelope breakdown and lack of centrosomal markers, we believe 
that nucleation at these centers is driven by the Ran pathway, as shown by Tulu et al., 2006 
and Torosantucci et al., 2008. In summary, our data show that bipolar spindles forming in 
absence of Eg5 upon modulation of microtubule dynamics form through a mechanistically 
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novel pathway di'erent from the physiological pathway utilized in unperturbed spindles. 
%is pathway does not require initial separation of centrosomes through Eg5 and involves 
additional microtubule nucleation centers which allow centrosomes to separate even 
though Eg5 activity is missing. Before the bipolar state is reached, rescued spindles pass 
through a multipolar intermediate state.

(10) To overcome Eg5 inhibition, modulated microtubule dynamics are required from the 
onset of spindle formation

To characterize this novel pathway of spindle formation more closely, we wanted to under-
stand if it could also convert preformed monoasters into the bipolar state. We treated GFP-
α-tubulin expressing TC21 cells with VS83 for 16 hours, thus allowing monoasters to preas-
semble. %en we added low-dose nocodazole and !lmed the cells for 16 hours (!gure 20). 
Only about 4% of all preformed monoasters bipolarized following nocodazole addition, 
showing that stabilization of microtubules in Eg5 inhibited cells only leads to bipolarization 
in de novo forming spindles. We wanted to understand if the requirement for newly form-
ing spindles is related to the biochemical state of the cell in prophase, when physiological 
spindle formation starts. It might, for example, be necessary that microtubule dynamics are 
perturbed during nuclear envelope breakdown to allow bipolar spindle formation while 
Eg5 is inhibited. Alternatively it might be a purely structural requirement, meaning that 
treatment with nocodazole can generate a bipolar spindle in the absence of Eg5 even if the 
cell is in a prometaphase-like state. To address this question, we repeated the previous ex-
periment using a slightly changed setup: a"er 16h exposure of cells to the Eg5 inhibitor 
VS83, the samples were moved to 4°C for 1h. Cold treatment leads to depolymerization of 
microtubules, thus resulting in monoaster disassembly. %is was recon!rmed by visual in-
spection a"er 1h. %en, we moved the cells back to a 37°C, 5% CO2 atmosphere, allowing 
them to reassemble spindle structures (!gure 21).
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☜figure 19:

supernumerary microtubule nucleation centers induced by modulated micro-
tubule dynamics are acentrosomal
A HeLa cell clone expressing stably integrated tet-inducible GFP-tagged centrin was treated as 
indicated. $en, cells were !xed and stained for immuno%uorescence using Hoechst 33258 dye 
(DNA) and antibodies against α-tubulin and pericentrin. Prophase cells are shown. Note that 
only two nucleation centers in every cell are centrosomal. Secondary antibodies were prela-
beled with Alexa568 and Cy5, respectively. $e scale bar represents 15µm.



Interestingly, in this case about 27% of 
cells which had initially assembled mono-
asters formed bipolar spindles a"er the 
reassembly process. %is is a striking dif-
ference compared to the previous ex-
periment, considering that the only 

change in protocol is the cold-induced microtubule disassembly before nocodazole addi-
tion. Together, these experiments show that the Eg5 independent chromosomal pathway of 
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figure 20:
nocodazole cannot convert 
preformed monoasters to the 
bipolar state
Monoasters were preassembled by VS83 
treatment, followed by addition of nocoda-
zole or DMSO and live cell imaging as in-
dicated. TC21 cells were used for live-cell 
imaging. Data are from 3 independent 
experiments, and the graph represents 
mean +- standard error of the mean.

Figure 21:
Nocodazole can convert 
disassembled monoasters to 
the bipolar state
$e experimental setup from !g-
ure 20 was tweaked to include a 
monoaster disassembly step in-
duced through cold treatment 
before nocodazole treatment. All 
other experimental conditions are 
identical to the experiments ana-
lyzed in !gure 20. Data are from 
3 independent experiments, and 
the graph represents mean +- 
standard error of the mean.



bipolarization explicitly requires modulated microtubule dynamics during the spindle for-
mation process and it can generate bipolar spindles a"er cold-induced disassembly of pre-
assembled monoasters.

(11) Rescued spindles are functionally equivalent to wild-type spindles

In the preceding sections, we have shown that a novel, Eg5-independent pathway can self-
su&ciently lead to the formation of bipolar spindles, if microtubule dynamics are modu-
lated during the spindle formation process. %ese spindles, however, need much more time 
than unperturbed bipolar spindles to enter anaphase (!gure 17). While the delay in the 
time from nuclear envelope breakdown to metaphase plate formation shows that the util-
ized Eg5 independent pathway of bipolarization is less e&cient than the physiological one, 
we hypothesized that the slow progression from metaphase to anaphase might be a "side-
e'ect" due to chromosome congression defects caused by nocodazole or TOGp depletion 
in the same way as these treatments a'ect normal spindles. Reportedly, chromosome con-
gression requires dynamic microtubules (Zhou et al., 2002) suggesting that nocodazole, 
while enabling Eg5-inhibited cells to form bipolar spindles, prevents e&cient alignment of 
chromosomes at the spindle equator. %is would activate the spindle assembly checkpoint 
and thus delay anaphase onset. To test this idea, we separated the two e'ects of nocodazole 
by wash-out experiments. If our hypothesis is true, spindles formed under rescue condi-
tions should enter mitosis much faster if nocodazole is washed out a"er they reached a bi-
polar state. We let bipolar spindles assemble under rescue conditions (simultaneous Eg5 
inhibition and low-dose nocodazole) for 16h. %en, we washed out the corresponding 
compounds, replaced them with either VS83 and DMSO or DMSO only, followed the pre-
formed bipolar spindles and timed their entry into anaphase (!gure 22).
In both cases, rescued spindles entered anaphase less than 100min a"er compound wash-
out, a huge improvement from more than 200min observed in presence of nocodazole (!g-
ure 17). Importantly, like normal spindles (Tanenbaum et al., 2009), in the condition where 
only nocodazole was washed out but cells were further exposed to the Eg5 inhibitor, spin-
dles did not collapse, further con!rming that rescued spindles are functionally equivalent 
to Eg5-generated ones. We conclude that, while pole separation is slower than in unper-
turbed cells, spindles formed in absence of Eg5 upon modulation of microtubule dynamics 
are functionally equivalent to normal spindles. Stabilized microtubules are required only 
during the pole separation process, but not a"er the bipolar state has been reached, exactly 
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matching the requirements for Eg5 during spindle formation.

(12) Rescued spindles depend on Kif15 activity for pole separation

Eg5 is commonly assumed to directly push apart antiparallel microtubules to separate 
spindle poles and is essential for bipolarization. Because Eg5 is inactive when rescued spin-
dles are formed, we asked if another plus-end directed motor might take over the role of 
Eg5 under these conditions. Kif15 is currently the only other plus-end directed motor 
known to be involved in pole separation and thus an obvious candidate for this role. Under 
normal conditions, Kif15 contributes to bipolar spindle formation, but is not essential (Ta-
nenbaum et al., 2009; Vanneste et al., 2009). We compared TC21 cells depleted of Kif15 by 
siRNA transfection and treated with Eg5 inhibitor and low-dose nocodazole to control cells 
transfected with non-depleting control siRNA. On average, only about 4% of Kif15 de-
pleted cells were able to form bipolar spindles, compared to 51% if Kif15 was present (!g-
ure 23).
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Figure 22:
nocodazole wash-out accelerates anaphase entry of rescued spindles
HeLa cells stably expressing GFP-tagged histone 2B were allowed to form bipolar spindles un-
der rescue conditions for 16 hours as indicated. $en, compounds were washed out (4 times 
media exchange) and media supplemented with either VS83 or DMSO was added as indi-
cated. Bipolar spindles were followed and time required for entry into anaphase starting from 
wash-out was measured. $e average percentage of cells with bipolar spindles which entered 
anaphase is shown. $e right graph shows the distribution of times cells required to enter ana-
phase. Data from 2 independent experiments were pooled.



Importantly, in Kif15-depleted cells chromosomal nucleation centers formed in the same 
way as in control cells and, up until prometaphase, spindles behaved similarly. A"er acces-
sory poles and centrosomes coalesced, however, spindles failed to separate their poles and 
formed a monoaster instead of a bipolar spindle (!gure 24). %us, Kif15 is essential for bi-
polar spindle formation through a novel, Eg5 independent pathway.
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figure 23:
kif15 is essential for bipo-
lar spindle formation un-
der rescue conditions
TC21 cells were depleted of 
Kif15 by 4 di"erent siRNA du-
plexes and treated with nocoda-
zole or VS83 as indicated. $en, 
they were imaged for 18 hours 
to monitor bipolar spindle for-
mation.
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Discussion

(1) Overview

%is work sought to better understand the role of Eg5, its synergists and antagonists during 
spindle formation by searching for complementary, Eg5-independent pathways of bipolari-
zation. We met this goal by !nding a novel, Eg5-independent pathway of bipolar spindle 
formation which depends on altered microtubule dynamics and Kif15 and involves the 
formation of supernumerary acentrosomal nucleation centers. 

• As we hoped, the ensuing characterization of this pathway and its interplay with 
Eg5 dependent bipolarization has multiple implications on the current working 
model of spindle formation. 

Our results are also important in two unexpected areas:
• We show that the currently most popular technical approach to the problem of 

bipolar spindle formation is methodologically #awed. %is will be essential for fu-
ture studies.

• Our !ndings might have important consequences for the use of Eg5 inhibitors in 
cancer therapy. 

We will !rst discuss the methodological part of this work (section 2). %en, we will try to 
describe how the bipolarization pathway described here might function at the molecular 
level and look into how it a'ects current working models of bipolarization (sections 3 to 
11). %e last section (12) will address the consequences for the currently evaluated use of 
Eg5 inhibitors to treat cancer.
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(2) Implications of methodological #ndings

Historically, our knowledge about bipolar spindle formation derives from experiments in 
three di'erent systems: i) pure in vitro setups using puri!ed proteins, ii) cell extract, most 
frequently from Xenopus laevis eggs and iii) in vivo systems using cell lines. For experi-
ments performed using the cell culture system, the most frequently used approach to quan-
tify the e&ciency of bipolar spindle formation is immuno#uorescence microscopy. In this 
case, cells need to be !xed and stained to quantify the percentage of di'erent phenotypes 
among mitotic cells. %is approach could be compared to a !lm critic judging the plot of a 
whole "movie" by looking at a "freeze-frame" or a single scene. Nevertheless, the extrapola-
tion from single “measurements” to estimate the mitotic behavior of cells over time is 
widely accepted as a good-enough methodological compromise and results from !xed 
samples are considered equivalent to and interchangeable with live-cell experiments for this 
purpose. Although it might seem more straightforward to use live-cell imaging instead of 
the indirect method involving !xation, mainly practical obstacles have made immuno#uo-
rescence the dominant approach: it is much cheaper, less-time consuming to analyze, re-
quires less sophisticated equipment and is easier to set up for high-throughput screenings. 
Only recently has the wider availability of sophisticated live-cell imaging technology led to 
an increased adoption of this method beyond higher-resolution follow-up experiments ad-
dressing only very speci!c questions.
We found that !xed samples re#ect the actual percentage of cells dividing normally in, for 
example, an Eg5-inhibited cell population in a distorted way. As discussed in section 1 of 
the results, this is due to the di'erence in mitotic residence times between arrested cells 
and those passing normally through mitosis. If the mitotic population consists of a mixture 
of both, the non-arrested cells passing faster through mitosis will be underrepresented in 
freeze-frames of the experiment. Because this is known in the !eld and was never consid-
ered relevant, one would assume that the distortion introduced by quantifying percentages 
of bipolar spindles from !xed samples is negligible.
Here, we describe the situation in such an experiment in mathematical terms and show that 
underestimation of normally dividing cells from !xed samples inevitably leads to misinter-
pretation of experiments. Using proof-of-concept experiments, we show that this approach 
bears the potential for both false-positive and false-negative results. Most impressively, we 
show that immuno#uorescence analysis of an experiment involving depletion of Sgo1, 
which leads to mitotic arrest of spindles in mitosis independent of their morphology and 
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thus corrects the inherent distortion found in the control condition, would inaccurately be 
interpreted as improving the e&ciency of bipolar spindle formation in absence of Eg5 activ-
ity. %us, Sgo1 would be falsely identi!ed as a functional antagonist of Eg5. %e degree of 
distortion caused by quanti!cation of !xed samples a'ecting a de!ned experiment cannot 
be predicted because it is in#uenced by two unknown variables simultaneously: 

• the percentage of cells dividing normally within the mitotic population (which is 
the actually interesting variable) and 

• the ratio of residence times in mitosis of cells with bipolar and, in our case, mono-
polar spindles.

Each of these variables can change between two experimental conditions, thus making it 
impossible to interpret experimental results correctly without additional knowledge about 
the experimental treatment applied (the characterization of which, again, would require 
live-cell imaging).
%erefore, future studies will have to utilize live-cell imaging exclusively to address such 
questions. Although shown here only for Eg5 inhibition, the mathematical model presented 
applies to any experimental setup which relies on comparison of the size of two populations 
with di'erent residence times. %erefore, all conclusions are also valid for other perturba-
tions of spindle formation.
To our knowledge, this is the !rst time that the correlation of !xed samples and live-cell 
experiments is de!ned and addressed as a source of fatal errors in this context. Many exist-
ing studies, which, as partially discussed below, shaped the current picture how bipolar 
spindles bipolarize in cells, rely on immuno#uorescence experiments not only for morpho-
logical but also quantitative measurements of spindle formation e&ciency. Examples di-
rectly relevant for this work are Ganem and Compton, 2004; Manning et al., 2007; Tanen-
baum et al., 2008; Kollu et al., 2009; Tanenbaum et al., 2009; Vanneste et al., 2009, but a 
thorough review of the literature reveals that evidence for nearly every aspect of current in 
vivo models of bipolar spindle formation can be traced back, at least in part, to quanti!ca-
tions of experiments based on !xed samples. %us, existing models will have to be revali-
dated using live-cell imaging and future studies should rely exclusively on live-cell-imaging 
to assess the penetrance of perturbations a'ecting spindle formation.

(3) Summary and context of biological #ndings

%e remaining sections of this discussion will focus on the biologically relevant results of 
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our work. Based on the methodological insights outlined above, we tried to understand 
how sliding motors and microtubule dynamics interact in vivo to separate spindle poles us-
ing an approach based exclusively on live-cell-imaging. Figure 25 gives an overview over 
the biological !ndings in this work and puts them into context considering the existing lit-
erature on the topic. Unless otherwise stated, this discussion applies only to mitosis and 
spindle formation in mammalian cells.

figure 25:
overview over biological findings in this work
$e main experimental results of this work are summarized and put in context with the exist-
ing literature. Our work is at the interface of the previously thoroughly characterized processes 
of microtubule sliding (bottom) and microtubule dynamics (top). Importantly, this is the !rst 
study to show that modulated microtubule dynamics can drive bipolar spindle formation in 
complete absence of Eg5 activity. See text for details.

First, I would like to brie#y review previous work and existing concepts on the topic. %ere 
are multiple ways to arti!cially induce monopolar spindle formation in mammalian cells 
(Tillement et al., 2009) and the existing models trying to understand their contributions in 
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an integrated manner still fail to explain them satisfactorily (see introduction, section 8). In 
this work we look at the interface of two of them: perturbation of sliding motor activity and 
perturbation of microtubule dynamics (see also sections 6 and 7 in the introduction, re-
spectively). Currently, the degree of redundancy between these two processes is unclear. It 
has been suggested that sliding motors and proteins related to microtubule dynamics oper-
ate in two mutually exclusive and equally essential pathways (Ganem and Compton, 2004). 
%us, it was believed that only a compensation through modulation of sliding motor activ-
ity could restore the equilibrium and thus bipolar spindle formation a"er depletion of Eg5 
(Tanenbaum et al., 2008; Tanenbaum et al., 2009) and, mutatis mutandis, only manipulation 
of proteins related to microtubule dynamics could compensate perturbations of microtu-
bule dynamics (Ganem and Compton, 2004; McAinsh et al., 2006; Manning et al., 2007; 
Toso et al., 2009). Only one publication to date suggests that destabilization of nonkineto-
chore microtubules might partially compensate for Eg5 inhibition (Kollu et al., 2009), but 
also here, (reduced) Eg5 activity is regarded as essential for the formation of a bipolar spin-
dle and centrosome separation. Here, we show that stabilization of microtubule dynamics 
can fully replace Eg5 activity and generate functional bipolar spindles. Moreover, centro-
some separation under these circumstances happens through a novel, self-su&cient bipo-
larization pathway, which follows a sequence of events which is morphologically di'erent 
from normal spindle formation (see section 3 in the introduction).

(4) A novel bipolarization pathway

In this work, we show that bipolar spindles can form through a novel, Eg5 independent 
pathway. Before addressing possible scenarios how it might function, we should describe 
how it di'ers from physiological spindle formation. In unperturbed mitosis in mammalian 
cells, the two centrosomes constitute the main visible sites of microtubule nucleation. 
Normally, 50% of cells !nish prophase with partially separated centrosomes while the re-
maining 50% start centrosome separation in prometaphase. Eg5-inhibited cells enter mito-
sis with unseparated centrosomes (Toso et al., 2009 and our observation). When cells are 
Eg5-inhibited and microtubules are stabilized by TOGp depletion or nocodazole treatment, 
they are able to form bipolar spindles despite their initial failure to separate centrosomes. 
%is happens through a "detour" from the normal, Eg5 dependent pathway of bipolariza-
tion. %e morphological hallmarks and main di'erences compared to unperturbed cells 
are:
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• Most cells enter prophase with initially unseparated centrosomes and centrosome 
separation is hard to follow. %is is hardly surprising and corresponds to our ex-
pectations because Eg5 activity is inhibited in these cells. We could verify by im-
muno#uorescence of bipolar spindles formed in cells with modulated microtubule 
dynamics that lack Eg5 activity that centrosomes are indeed separated and both 
poles are centrosomal.

• Upon nuclear envelope breakdown, supernumerary extracentrosomal nucleation 
centers form around chromosomes which lead to the formation of a temporary 
multipolar structure and coalesce with centrosomes.

• %is intermediate structure is organized into a fully functional bipolar spindle in a 
Kif15 dependent manner.

How might this mechanism work at the molecular level? A closer look at the existing litera-
ture gives us some hints as to what the underlying mechanisms might be. Based on the fol-
lowing lines of evidence, we can assume that the supernumerary nucleation centers we ob-
served are of chromosomal origin and nucleation is driven by the Ran pathway (described 
in the introduction, section 8):

• Morphologically, they look identical to the structures shown to be dependent on 
the Ran pathway which appear a"er wash-out of high doses of nocodazole by Tulu 
et al., 2006 and Torosantucci et al., 2008. Importantly, in Tulu et al., 2006 it is ex-
plicitly mentioned that such centers are not observed if nocodazole is washed out 
thoroughly (i.e. a"er four fold media exchange) but only if nocodazole is washed 
out using one washing step. %is implies that low doses of nocodazole are required 
for the formation of such nucleation centers during spindle assembly.

• %ey appear immediately a"er, but never before nuclear envelope breakdown, 
which coincides with activation of the RanGTP dependent nucleation pathway.

• Accessory poles form in immediate vicinity of chromosomes, o"en along the rem-
nants of the nuclear envelope immediately a"er its breakdown, as described by 
(Rebollo et al., 2004).

• Such centers have also been previously observed following TOGp depletion and 
suggested to be of chromosomal origin (Barr and Gergely, 2008).

(5) Accessory nucleation centers are not physiological

In this context, it is important to address some di'erences between the mentioned litera-
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ture and our !ndings: %ere is a number of studies, all of them going back to Tulu et al., 
2006, which investigate chromosomal nucleation as a factor in unperturbed spindle forma-
tion and, in this context, consider the appearance of extracentrosomal nucleation centers a 
physiological process. Tulu et al., 2006 established a nocodazole wash-out assay to follow 
and de!ne the requirements for the appearance of such chromosomal nucleation centers. 
%is assay involves the arrest of cells in mitosis with high doses of nocodazole (which leads 
to microtubule depolymerization and prevents spindle formation) followed by release from 
nocodazole through media exchange. As soon as nocodazole is washed out, both the cen-
trosomes and scattered nucleation centers around the chromosomes start polymerizing mi-
crotubules. Since all experiments had to be performed using only one nocodazole wash-out 
step (see above), it seems highly unlikely that the appearance of chromosomal nucleation 
centers is a physiological process in mammalian spindle formation. Further evidence sup-
ports our opinion:

• Kinetochore-nucleated microtubules which appear during unperturbed prophase 
or prometaphase have a very di'erent, much less prominent appearance (Khod-
jakov et al., 2003; Tulu et al., 2003; Maiato et al., 2004).

• Upon release from cold treatment (an alternative method to depolymerize micro-
tubules) such centers are observed only if Plk1, a kinase involved in multiple mi-
totic processes (Sumara et al., 2004; Lenart et al., 2007) is simultaneously depleted 
(Torosantucci et al., 2008).

• Visible nucleation centers appear upon depletion of TOGp (Barr and Gergely, 
2008 and our observation).

%us, such structures are not detectable under physiological conditions and invariably de-
pend on additional interventions by the experimenter like small-molecule treatment or 
RNAi depletion of mitotic proteins. We therefore believe that while the Ran pathway holds 
the potential to nucleate microtubules which are integrated into the spindle (Tulu et al., 
2003; Maiato et al., 2004), its materialization as distinct nucleation centers rather than indi-
vidual microtubules is a sign of disturbed equilibrium in the physiological nucleation proc-
ess.

(6) Why do acentrosomal nucleation centers form?

Most essential chromosomal nucleation factors (like Tpx2 and NuMa) show a characteristic 
localization pattern which changes while cells progress through mitosis. Typically this in-
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volves di'use localization within the cell a"er nuclear envelope breakdown with increased 
accumulation around chromosomes, where they drive chromosomal nucleation, followed 
by microtubule-dependent transport to centrosomes accompanying progressing spindle 
bipolarization. %is is true for NuMa (Tousson et al., 1991; Compton et al., 1992), Tpx2 
(Wittmann et al., 2000), importin (Ciciarello et al., 2004) and others. It is believed that 
these proteins are required for microtubule nucleation at kinetochores and then trans-
ported to spindle poles where they are involved in pole focusing and centrosome stabiliza-
tion. Transport to the poles is microtubule and (at least for Tpx2) #ux dependent (Ma et al., 
2010). It is tempting to speculate that delayed or faulty transport of spindle assembly factors 
of the Ran pathway results in their accumulation close to chromosomes and the generation 
of additional, acentrosomal nucleation centers. Because this putative accumulation is trig-
gered upon both low-dose nocodazole treatment and TOGp depletion (which are known to 
a'ect microtubule dynamics and inhibit #ux (Vasquez et al., 1997; Barr and Gergely, 
2008)), we hypothesize that it is indirectly mediated through disturbed microtubule #ux. 
Supporting this evidence, Ma et al., 2010 showed that #ux is required for poleward trans-
port of Tpx2 and it is inhibited by low doses of nocodazole and we observed that both 
TOGp depletion as well as 50nM nocodazole inhibit #ux in metaphase spindles (data not 
shown).

(7) !e role of Kif15 

%e next step in the alternative bipolarization pathway is the Kif15 dependent separation of 
centrosomes and organization of a bipolar spindle. It is important to remember that under 
physiological conditions, Kif15 is dispensable for bipolarization and cannot drive pole 
separation in absence of Eg5 at normal expression levels (Tanenbaum et al., 2009; Vanneste 
et al., 2009). %e same two studies also show, however, that Kif15, as a plus-end directed 
motor, nevertheless contributes to pole separation, albeit in a nonessential manner: its de-
pletion leads to shorter spindles and slower pole separation. Moreover, preformed bipolar 
spindles do not collapse upon Eg5 inhibition unless Kif15 is also depleted. %e authors 
conclude that, under physiological conditions, this motor contributes especially to the later 
stages of pole separation, a"er centrosomes have been initially separated by Eg5. %e func-
tional relevance of Kif15 for spindles with partially preseparated poles might be the reason 
why it is able to form a functional bipolar spindle in absence of Eg5 activity under rescue 
conditions in our experiments: In contrast to centrosomes, which initially stay very close 
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together if Eg5 is inhibited, chromosomal nucleation centers arise de novo a"er nuclear 
envelope breakdown scattered around the chromosomes. %us, upon alteration of microtu-
bule dynamics, an intermediate multipolar structure with partially separated poles is able to 
form even in absence of Eg5 activity (see !gure 18) through coalescence of these accessory 
nucleation centers lacking centrosomal components. %is initial separation of some of the 
nucleation centers might be su&cient to ful!ll the functional requirements of Kif15. %us, 
this multipolar intermediate stage, might, for our purposes, be functionally equivalent to a 
bipolar spindle which has undergone initial pole separation through Eg5 and thus enable 
Kif15 to !nalize bipolar spindle formation. Since the multipolar stage is an exclusive feature 
of the alternative pathway presented here, this would also explain why Kif15 cannot sepa-
rate centrosomes during unperturbed spindle formation. In this context, it is astonishing 
that, despite the transient multipolar state, the system eventually tends towards a bipolar 
equilibrium with separated and correctly localized centrosomes. %is is an impressive proof 
of how e'ective the pole focusing mechanisms that cells utilize to prevent multipolar ana-
phases are (Quintyne et al., 2005).

(8) Regarding the term "absence" of Eg5 activity...

Importantly, a !ne distinction has been made in the past between pole separation driven by 
"residual" Eg5 activity and pole separation in complete absence of Eg5 activity. To our 
knowledge, no existing study has found spindles to form in absence of Eg5 activity, unless it 
was replaced through overexpression of another, redundant motor (Kif15, (Tanenbaum et 
al., 2009)). Here, we show that cells possess the ability to form bipolar spindles in absence 
of Eg5 activity without modulating any additional motor activity. %e claim that Eg5 activ-
ity is absent is based on an experimental setup used for the !rst time in (Tanenbaum et al., 
2008). %erein, increasing concentrations of Eg5 inhibitors reduce the e&cacy of dynein 
depletion to restore spindle bipolarity. When a plateau of Eg5 inhibition is reached the abil-
ity of bipolar spindles to form is lost altogether, no matter if dynein is depleted or not. 
%us, Tanenbaum et al. concluded that dynein is a motor antagonist of Eg5 directly pushing 
in the opposite direction and creating a physical resistance to Eg5-generated outward 
forces. In this scenario, depletion of dynein lowers the resistance Eg5 has to overcome in 
order to separate spindle poles. In absence of any Eg5 activity, there is no separating force 
le" to drive pole separation. Having shown that due to the use of !xed samples, the inter-
pretation of this experiment is problematic (see section 10), we used live cell imaging in the 
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same experimental setup to address the question if residual Eg5 activity is required for bi-
polarization a"er treatment with low doses of nocodazole (Figure 15). Interestingly, not 
only was this not the case, but higher inhibition of Eg5 even improved the ability of 
nocodazole-treated cells to form bipolar spindles, suggesting that Eg5 activity and pertur-
bation of microtubule dynamics interfere with each other. Existing models of spindle for-
mation invariably rely on Eg5-generated force as an essential and pivotal activity for centro-
some and, more generally, spindle pole separation. We show that Eg5 activity is not re-
quired for bipolar spindle formation under certain circumstances where the dynamic prop-
erties of microtubules are slightly altered. Admittedly, so far there is no evidence that the 
Eg5 independent pathway shown here is required in unperturbed cells, since the treatments 
we used so far to activate it (nocodazole treatment, TOGp depletion) are exogenous. It 
could be that it is a backup pathway which is conserved from acentrosomal systems and 
can be activated in certain cases when centrosomes fail to organize the spindle properly. 
%is would !t to the observation that destruction of centrosomes induces acentrosomal 
spindle formation in somatic cells (Khodjakov et al., 2000). Importantly, our experiments 
prove that spindles can be assembled in vivo in absence of Eg5 activity and thus its direct 
motor activity acting on overlapping microtubules is not required for pole separation. In-
stead, the remaining molecular motors as well as microtubule #ux and balanced nucleation 
and depolymerization activities can separate spindle poles on their own. We conclude that 
we found a pathway which is self sustainable and fully redundant to the role of Eg5 in bipo-
larization. If both pathways are active in vivo, precise coordination of their activity is man-
datory since their simultaneous activation can have a negative e'ect on the !delity of spin-
dle formation.

(9) Problems of the sliding motors model

What is the relationship of the alternative pathway to the sliding-motor mechanism, which 
is a pivotal element of both the search-and-capture and acentrosomal models of spindle 
formation (see introduction)? As mentioned, Eg5 (with the help of Kif15) is believed to 
push antiparallel microtubules apart and is antagonized by the minus-end directed motors 
dynein (Tanenbaum et al., 2008) and HSET (Mountain et al., 1999). Because the plus-end 
directed motors would exert stronger forces until the spindle reaches its full length, the re-
sulting vector would be an outward-directed force and a bipolar spindle with separated 
poles would form. Direct evidence supporting this model is not available because of techni-
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cal obstacles and limitations. Instead, this model is based on three lines of indirect evi-
dence:

• Striated muscle cells produce force in a similar fashion, albeit relying on di'erent 
combinations of motors and !laments (myosin and actin).

• In vitro, Eg5 is able to cross-link and push antiparallel microtubules (Kapitein et 
al., 2005; van den Wildenberg et al., 2008).

• Eg5 inhibition results in formation of a monopolar spindle in both centrosomal 
and noncentrosomal systems.

While providing a very elegant and intuitive explanation for the monopolar phenotype, the 
sliding motor model has some limitations. Most importantly:

• It does not !t to the observation that Eg5 localizes mainly to spindle poles and on 
the microtubule lattice, with hardly any signal to be detected at the spindle mid-
zone.

• It is contradicted by observations that the directions of movement of the two cen-
trosomal asters during spindle formation are independent of each other (Waters et 
al., 1993).

• It cannot explain why monopolar spindles are able to switch to the bipolar state 
a"er Eg5 inhibitors are washed out, although most microtubules are parallel and 
their geometry suggests that no antiparallel microtubules are available for Eg5 to 
push on in this situation. Since Eg5 can "walk" on both parallel and antiparallel 
microtubules, one would rather expect a stabilization of the monoaster upon in-
hibitor wash-out through cross-linking of parallel microtubules.

Although these observations do not exclude the possibility that the sliding motor model is 
valid, they strongly suggest that alternative mechanisms of force generation must exist 
which modulate the force resulting from this pathway. It has been suggested that additional 
contributions might come from pulling forces from the cell cortex (Dujardin and Vallee, 
2002; Grill and Hyman, 2005), pushing forces from the kinetochores (Toso et al., 2009), or 
microtubule #ux (Ganem and Compton, 2004), but in all cases, Eg5 was considered essen-
tial and these mechanisms as complementary.

(10) Rescue of Eg5 inhibition through dynein depletion contradicts a simple push-pull 
model

In this study, we provided more evidence that the role of sliding motors in mitosis is more 
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complicated than previously assumed. As already mentioned in section 9, performing ex-
periments based on !xed samples, Tanenbaum et al., 2008 found that Eg5 and dynein work 
as direct antagonists in centrosome separation. %ey showed that depletion of dynein in-
creases the percentage of cells with bipolar spindles in an Eg5-inhibited cell population. 
With increasing doses of Eg5 inhibitor, however, dynein depletion loses its ability to rescue 
bipolar spindle formation. %is data was explained by the push-pull mitotic muscle model 
(see above). %us, if Eg5 is completely inhibited, no residual plus-end directed activity will 
be le" to separate spindle poles. In presence of at least some residual Eg5 activity, lowering 
the antagonizing forces by depleting dynein will facilitate pole separation.
We repeated the experiments from Tanenbaum et al., 2008 using the same siRNA target 
sequence against dynein heavy chain (and a di'erent Eg5 inhibitor), but we quanti!ed the 
results both by immuno#uorescence and live-cell-imaging. Con!rming our methodological 
!ndings, we show that live-cell-imaging results do not correlate with !xed samples in this 
setting. While the immuno#uorescence results con!rmed the !ndings of Tanenbaum et al., 
2008, quanti!cation by live-cell imaging reveals that dynein depletion rescues Eg5 inhibi-
tion to a lesser degree than previously assumed and the improvement in bipolarization does 
not increase with higher levels of residual Eg5 activity. We conclude that the e'ect of 
dynein depletion does not depend on residual Eg5 activity. Moreover, the rescue pattern of 
live-cell imaging cannot be explained by the force balance between dynein and Eg5 at the 
spindle equator. We believe that the role of dynein in bipolar spindle formation is much 
more complex and is mediated also through its role at kinetochores (King et al., 2000; 
Howell et al., 2001) and as a link between cell cortex and astral microtubules (Busson et al., 
1998).

(11) Alternative model: Eg5 as a coordinating link between the Ran pathway and sliding 
activity

Although the involvement of Eg5 and dynein in pole separation has received more atten-
tion recently, these proteins have been found to have multiple functions, as exempli!ed 
above for dynein. Interestingly, both dynein and Eg5 have been implicated in pole focusing 
and poleward transport of spindle assembly factors to spindle poles (Gaglio et al., 1996; 
Merdes et al., 1996; Wittmann et al., 1998; Salina et al., 2002; Uteng et al., 2008; Ma et al., 
2010). Notably, Gaglio et al., 1996 even show the two motors to play an antagonistic role in 
aster formation and poleward transport of NuMa. %us, previous studies show that Eg5 and 
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dynein are involved in both the classical sliding motor pathway of bipolarization and accu-
rate function of the Ran dependent chromosomal nucleation pathway. Here, we show that 
the latter can drive bipolarization of the spindle on its own, without the sliding motor 
pathway. Could the involvement of Eg5 and dynein in both processes provide a link be-
tween the sliding motor and chromosomal nucleation pathways of bipolarization? Could 
the involvement of both dynein and Eg5 in this second pathway explain why rescue of Eg5 
inhibition through depletion of dynein cannot be explained by the push-pull model alone? 
We believe that this idea deserves serious consideration and should be tested in future stud-
ies. In this scenario, two fully redundant pathways of pole separation coexist: Eg5 is the 
main driving force behind the sliding motor pathway and coordinates, together with 
dynein, the accompanying activity of the chromosomal nucleation/pole focusing pathway. 
Although not intended to do so under physiologic circumstances, this alternative pathway 
can drive pole separation on its own if the sliding motor pathway is inactive and microtu-
bules are stabilized and do not #ux (Figure 26).

figure 26: integrated model for the role of eg5 in bipolar spindle formation
Sliding motors might contribute to pole separation through two redundant pathways: directly 
through sliding activity exerted on cross-linked microtubules and indirectly through contribu-
tion to poleward transport of chromosomal nucleation factors. $e key role of sliding motors 
in both processes may allow for coordination of the two processes, thus !ne-tuning the timing 
of chromosomal microtubule nucleation, their organization through sliding motors into an 
antiparallel array and pole formation.
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In such an integrated model sliding motors would constitute a link to coordinate pole sepa-
ration through sliding activity and nucleation activity.

(12) Implications for cancer treatment

Most current approaches to treat cancer are based, at least in part, on antimitotic drugs. 
%e rationale for the use of such drugs in treatment regimens is provided by evidence-
based medicine, meaning that their use is based on systematic empirical evaluation of their 
e'ectivity. O"en, the mechanism of action was found a"er the drug itself and it provided a 
theoretical legitimation for its use long a"er its inclusion in standard chemotherapeutic 
protocols. %is is especially true for traditional "non-targeted" drugs which were not de-
signed to a'ect a tumor-speci!c molecule or biochemical process. Most existing non-
targeted drugs are believed to kill tumors by inhibition of cell proliferation. For example, 
microtubule drugs like vincristine, vinblastine, paclitaxel (Taxol) and others are believed to 
hit tumors by arresting them in mitosis and causing apoptosis. Under this assumption, tu-
mors would be hit harder by such drugs than normal tissues because they have a higher 
rate of proliferation. If the therapy is successful, the tumor is eliminated before normal tis-
sues have been terminally damaged. Today, it is a major goal of pharmaceutical research to 
design new targeted drugs. From a theoretical point of view, a perfect drug targets an en-
zyme or process which is exclusive to tumor cells, thus sparing healthy tissues. A notable 
example of such a drug is imatinib (Gleevec®), a drug for chronic myeloid leukemia which 
targets Abl, a kinase which is constitutively active in leukemic cells due to its fusion to the 
Bcr gene by chromosomal translocation. %ere are few tumor entities which can be patho-
genetically linked so directly to a molecular marker which can be inhibited by drugs, how-
ever. In this case, the next best option is to design antiproliferative drugs and hope that, by 
choosing a target protein which is only relevant during mitosis, they might be more e'ec-
tive and speci!c than traditional antiproliferative drugs. Conceptually, Eg5 inhibitors !t 
into this approach very well: they are very selective, mitosis-speci!c drugs, which activate 
the spindle assembly checkpoint and arrest cells in mitosis. Moreover, as far as we know, 
Eg5 has a much more restricted biological function than tubulin, which is an ubiquitous 
structural component of cells. %us, Eg5 inhibitors would constitute an ideal targeted anti-
proliferative drug and are currently considered as lead compounds for the development of 
cancer drugs and even tested in clinical trials for this purpose (Sakowicz et al., 2004; Blag-
den et al., 2008). Despite the advantages mentioned above, however, their success was, to 
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date, rather limited. We believe that the results presented here might explain why they were 
less successful than expected:
Most patients included in early clinical trials have already been treated with and, most of-
ten, tumor cells have become resistant to standard chemotherapeutic drugs like microtu-
bule poisons. Multiple publications show that, for example, Taxol resistance in cancer cells 
is mediated through mutations which a'ect microtubules and microtubule dynamics 
(Zhang et al., 1998; Goncalves et al., 2001; Alli et al., 2002; Balachandran et al., 2003; Mar-
tello et al., 2003). %us, it is tempting to speculate that these changes in microtubule dy-
namics enable tumor cells to overcome Eg5 inhibition, similar to the situation in our cell 
culture experiments. %is might explain why the tumors of such patients are insensitive to 
Eg5 inhibition.
%e same mechanism might be relevant in a second scenario: combination chemotherapeu-
tic protocols. Modern chemotherapeutic protocols involve administration of multiple cyto-
toxic agents to minimize the possibility of resistant tumor clones emerging through muta-
tions which render them resistant to individual agents. Most frequently, these protocols in-
clude at least one microtubule drug. If such drugs are directly combined with an Eg5 in-
hibitor, again, the e'ect might be similar to our observations, resulting in lower mitotic ar-
rest with the combination therapy than with any of the two individual agents. Importantly, 
we also observed a rescue of Eg5 inhibition in cells treated with low doses of vinblastine 
instead of nocodazole (data not shown). Vinblastine is currently used to treat, among oth-
ers, breast cancer and di'erent types of lymphoma and sarcoma.
It will be important to verify if these results hold true for actual tumor samples. %e fact 
that the HeLa cell line is derived from a cervical cancer sample suggests that these observa-
tions might also be valid in tumor samples.
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Materials and Methods

(1) Bu$ers

%e following bu'ers were used:

phosphate bu'ered saline (PBS)
 137 mM NaCl
 2.7 mM KCl
 10.2 mM Na2HPO4
 1.8 mM KH2PO4
 pH 7.4

TRIS-bu'ered saline (TBS)
 10mM Tris HCl pH 7.4
 150mM NaCl

TBST
 TBS + 
 0,1% Triton X-100

Antibody dilution bu'er (AbDil)
 TBST+
 2% bovine serum albumin (BSA)
 0.02% sodium azide

permeabilization bu'er
 100mM Pipes KOH pH 6.8
 10mM EGTA
 1mM MgCl2
 0.2% Triton X-100

mounting medium
 0.5% phenylendiamine
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 20mM Tris HCl pH 8.8
 90% Glycerol

RNAi dilution bu'er (Qiagen):
 30 mM HEPES (pH 7.4)
 100 mM Potassium Acetate
 2 mM Magnesium Acetate

RNAi dilution bu'er (Dharmacon):
 30mM HEPES (pH 7.5)
 300mM KCl
 1.0mM MgCl2

LB media
 10g Bacto-Tryptone
 5g yeast extract
 10g NaCl
 water up to 1l

TBE bu'er
 8.9mM TRIS
 8.9mM Boric acid
 2mM EDTA

Agar plates
 10g Trypton (Bacto)
 5g yeast extract (Bacto)
 10g NaCl
 15g Bacto-Agar
 1l H2O
 Ampicillin: 0,1g

77



(2) Molecular biology

Unless indicated otherwise, all molecular biological methods were performed according to 
standard techniques as described in (Sambrook, 2001).

PCR

Reaction mix
 5µl 6µM forward primer
 5µl 6µM reverse primer
 5µl 2mM dNTP mix (consisting of dATP, dCTP, dGTP and dTTP, 2mM each)
 5µl 10x Pfu bu'er
 1,5µl Pfu Turbo DNA polymerase
 5µl cDNA
 water to 50µl total volume

PCR program
 1 x 
 2min 95°C
 
 5 x 
 30sec 95°C
 1 min average Tm of primers -10°C
 length of product in bp/1000bp x 1min at 72°C
 
 20 x
 30sec 95°C
 1 min average Tm of primers -5°C
 length of product in bp/1000bp x 1min at 72°C

 1 x
 5min at 72°C

PCR products were puri!ed by electrophoresis on an 1% agarose gel, followed by extraction 
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with the QIAquick Gel Extraction Kit (Qiagen, Cat. No. 28706). Agarose was dissolved in 
TBE bu'er and the gel was run at 90V in TBE bu'er. A"er puri!cation, they were digested 
(in parallel with the vector) with FseI (R0588L, New England Biolabs) and AscI (R0558L, 
New England Biolabs) in NEBu'er 4 (B7004S, New England Biolabs) with bovine serum 
albumin according to the manufacturer’s protocol. For the last 20min of the vector digest 
only, shrimp alkaline phosphatase was added to the reaction mix to prevent religation of 
the cut vector. Successful digestion of the vector was ensured by electrophoresis on an aga-
rose gel and extraction with the QIAquick Gel Extraction Kit and the digested insert was 
isolated using the QIAQuick PCR Puri!cation Kit (Qiagen, 28106). Insert and vector were 
ligated with T4 DNA Ligase (Roche, Cat. No. 10716359001) following the recommended 
protocol using 20ng of cut vector and a 3fold molar amount of insert. %e mix was incu-
bated for 2h at room temperature.
Ligated plasmid DNA was ampli!ed in the TG1 E. coli strain. For transformation, DNA was 
incubated for 30min at 4°C with heat competent bacteria, followed by a heat shock at 42°C 
lasting 40sec.
%en, bacteria were plated on ampicillin-containing agar plates and kept at 37°C overnight. 
%e next morning, single colonies were picked and “mini-prep” cultures with LB media 
containing ampicillin (100µg/ml) were inoculated and allowed to grow for about 6 h.
From these cultures, plasmid DNA was isolated using a QIAprep Spin Miniprep Kit (Qia-
gen, Cat. No. 27106). 

(3) RNAi experiments

RNAi transfections were performed at 25nM !nal concentration using HiPerfect (Qiagen, 
Cat. No. 301705) following the manufacturer's protocol. siRNAs were dissolved in RNAase 
free RNAi dilution bu'er provided by the manufacturer and, if recommended, annealed in 
a thermocycler by heating to 95°C for 1min followed by 1h at 37°C.
%ey were performed in 3 plate formats, depending on the experimental application:
For all live cell movies quanti!ed and summarized using descriptive statistics, µClear 96 
well plates were used (Greiner, Cat. No. 655090). In this case, a “reverse-transfection” pro-
tocol was used:

• Oligonucleotides were diluted to a concentration of 0.33µM in RNAi bu'er, fol-
lowed by further dilution to 40nM in Optimem (Invitrogen,  Cat. No. 11058-021).

• 25µl of diluted oligo were pipetted into a well.
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• 1µl of HiPerfect was premixed with 24µl of Optimem per well and added to the 
diluted oligonucleotides.

• %e plate was incubated for 5min at 37°C
• 10000 cells suspended in 150µl of DMEM media + 10% FCS+antibiotics (see be-

low) were added to the mix.
High resolution live-cell imaging was performed in optical bottom µ-slide 8 well plates 
(ibidi, Cat. No. 80826). RNAi transfection was performed using the “traditional protocol” 
according to the HiPerfect Transfection Reagent Handbook:

• 25000 cells per well were plated one day before transfection in 200µl fully supple-
mented DMEM per well.

• 24h later, 4.5µl of 0.33mM siRNA solution were mixed with 50µl of Optimem and 
1.5µl of HiPerfect for each well. A"er 5min incubation at RT, the mix was added to 
the well.

For experiments performed on coverslips (larger scale transfections) for high-resolution 
immuno#uorescence, 

• cells from a con#uent dish of cells were split 1 in 4 into a new dish with prear-
ranged glass coverslips (traditional protocol).

• One day later, cover slips were distributed into individual wells of a 12 well plate 
(Greiner, Cat. No. 665180), each containing 1ml of DMEM fully supplemented 
with FCS and antibiotics.

• A few hours a"er transfer, cells were transfected: 3µl of 2µM siRNA dissolved in 
RNAi dilution bu'er were mixed with 100µl of Optimem and 6µl of HiPerfect. As 
above, a"er 5min of incubation, the mix was added to the media.

%e following siRNA oligonucleotides were used:

target gene
company* 

(order number) target sequence
Luciferase GL2 D (D-001100-01-20) sense: 5'-CGUACGCGGAAUACUUCGAdTdT

antis.: 5'-UCGAAGUAUUCCGCGUACGTdTdT
Sgo1 Q (SI00716919) target sequence: CAAGATAGTCTTGAAGACATA

TOGp Q (SI00107961) target sequence: CAGCTTTAGTTTACTAAACTA
Kif15 (#1) D sense: 5'-GCAUGUACAGCUUCAAUUAUU

antisense: 5'-UAAUUGAAGCUGUACAUGCUU
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Kif15 (#2) D sense: 5'-CCGAGAGGAUCAAAUAAUAUU
antisense: 5'-UAUUAUUUGAUCCUCUCGGUU

Kif15 (#3) Q (SI00125615) sense: r(GGAUUCCUAUGACAACUUA)dTdT
antisense: r(UAAGUUGUCAUAGGAAUCC)dTdG

Kif15 (#4) Q (SI00125622) sense: r(GACAGAGCUGAAUAAUUCA)dTdT
antisense: r(UGAAUUAUUCAGCUCUGUC)dTdG

* D - Dharmacon, Q - Qiagen
%e sequences are provided as ordered from the manufacturer to facilitate reordering.

DNA transfections (see section "cell lines") were performed with Fugene6 (Roche, Cat.No. 
11815091001) according to the manufacturer's protocol. In one well of a 6-well plate (Grei-
ner, Cat. No. 657160), cells were plated in 2ml of fully supplemented DMEM 24h before 
transfection. For transfection, 3 μl Fugene6 and 1.5 μg of pure plasmid DNA were diluted 
in 100µl Optimem each. A"er mixing and 20min incubation time, DNA and Fugene6 were 
mixed and incubated for an additional 10min. Finally, the mix was added to the cells.

(4) Cell culture and cell lines

All cell lines were grown in Dulbecco's modi!ed Eagle medium (DMEM, Invitrogen, 
61965-059) with 10% FCS (Invitrogen) and Penicillin (100U/ml)/Streptomycin (100µg/ml), 
(Invitrogen, Cat. No. 15140-130) at 37°C and 5% CO2.
For immuno#uorescence experiments, we used HeLa cells or a HeLa cell clone stably ex-
pressing GFP-tagged centrin in a tetracyclin-inducible manner. %is clone was generated 
using the FlpIn system from Invitrogen following the manufacturer's protocol. All men-
tioned vectors were bought from the manufacturer. In summary, the pFRT/lacZeo vector 
was used to generate a stable, Zeocin-resistant, clone with only one FRT site. To ensure that 
only one FRT site was integrated into the genome, Southern Blotting was performed by 
Martina Baack according to standard protocols (Sambrook, 2001). In a second step, we 
transfected this clone with pcDNA6/TR (for CMV promoter-driven expression of the Tet 
repressor) and isolated stable integrands with blasticidin and Zeocin. We then cloned the 
ORF of centrin 1 (NCBI acc. no. NM_004066, ampli!ed by Martina Baack by PCR from 
cDNA). %e following primers were used for PCR:
hu-Centrin1-P1 attggccggcccatggcttccggcttcaagaa 5' primer

hu-Centrin1-P2 aatggcgcgcccgtaaaggctggtcttcttcat 3' primer for PCR without stop 
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codon
%e ampli!ed product was ligated into a modi!ed version of the pcDNA5/FRT vector in 
which the multiple cloning site was replaced by a 5’ FseI restriction site and a 3’ AscI re-
striction site, #anked by a C-terminal eGFP tag. %is construct was cotransfected with 
pOG44 (for Flp recombinase expression) into the tet-inducible, FRT site containing HeLa 
clone. Positive clones were selected with Hygromycin B (400 µg/ml) and analyzed for in-
ducible expression of centrin 1-GFP by #uorescence microscopy. For all experiments, 
centrin-eGFP expression was induced with 16ng/ml tetracycline immediately a"er cells 
were seeded.
For live cell imaging we used either a HeLa clone stably expressing GFP tagged histone 
H2B or the TC21 HeLa clone coexpressing genomically integrated GFP-tagged α-tubulin 
and CENP-A (Lenart et al., 2007).

(5) Compounds

VS83 (Sarli et al., 2005) was synthesized by Vasiliki Sarli and was a kind gi" of the lab of 
Athanassios Giannis. Nocodazole (M1404) was purchased from Sigma. 

(6) Immuno"uorescence staining

Cells were !xed for 10min in 4% formaldehyde (added as 20% aqueous solution to the me-
dia) followed by a 10min treatment with permeabilization bu'er. %en, samples were 
washed twice with TBST and incubated for 1 hr in TBST + 2% bovine-serum albumin 
(AbDil). Antibodies were diluted in AbDil and cells were incubated for 1h, followed by two 
washing steps. A"er the !nal antibody incubation step, samples for high-resolution micros-
copy were washed twice with PBS and incubated for 10min with Hoechst 33342 (stock dis-
solved in water) diluted in PBS to a !nal concentration of 2µg/ml. A"er an additional 
washing step with PBS, samples were mounted in mounting media. Fixed samples in 96 
well plates were imaged in situ in TBST.
%e following antibodies and dyes were used: 

• mouse anti α-tubulin-FITC (clone DM1A, 1:500, F2168, Sigma), 
• mouse anti α-tubulin (clone DM1A, 1:1000, T6199, Sigma), 
• rabbit anti pericentrin (1:1000, ab4448, Abcam),
• anti-phospho-histone H3 (Ser10), Mitosis Marker (1:1000, 06-570, Millipore/

Upstate) 
• Alexa Fluor 568 goat anti-mouse IgG (H+L) (1:1000, A-11031, Invitrogen), 
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• Cy5-conjugated donkey anti-rabbit IgG (1:1000, 711-175-152, Jackson Laborato-
ries),

• Hoechst 33342 (Sigma, Cat. No. 14533-100MG)
 

(7) Microscopy

For low-resolution microscopy (all experiments quanti!ed in this study) we used an Im-
ageXpress Micro automated microscope (Molecular Devices) with heating option and a 5% 
CO2 supply and 96 well plates with optical bottom (Greiner 655090).
%e objectives were

• a CFI Plan Fluor DLL 10X, N.A.: 0.3, W.D.: 16mm or 
• aCFI Plan Fluor ELWD DM 20x C, N.A.: 0.45, W.D. 8.1-7.0 (Nikon).

Cells were either imaged live or !xed and stained with the respective antibodies before im-
aging. 
%e experiment in !gure 22 was performed on a Zeiss Observer.Z1 inverted microscope 
with a heating chamber in CO2-independent medium (Invitrogen, Cat. No. 18045-054) 
with 10% FCS on µ-Slides VI 0.4 (ibidi, Cat. No. 80606) using a Plan-Apochromat 20x, 
N.A. 0.8, W.D. 0.55 objective (Zeiss). %e washing procedure was performed using a multi-
channel pipette. Media was exchanged four times to ensure complete washout of nocoda-
zole and/or VS83 without removing the slide from the microscope to avoid dri"ing of the 
sample. Only cells which had a bipolar spindle before the washout procedure was started 
were included in the quanti!cation.
High resolution images were acquired as z-stacks on a DeltaVision Core System (Applied 
Precision) using a PlanApo N 60x, N.A. 1.42, W.D. 0.15 oil objective for live cell imaging in 
CO2 independent medium (Invitrogen) and a UPlanSApo 100x, N.A. 1.4, W.D. 0.13 oil ob-
jective (both Olympus) for !xed samples.

(8) So%ware

High resolution images acquired on a DeltaVision Core System were deconvolved using 
so"Worx 4.0 so"ware (Applied Precision). %e additive enhanced algorithm was used for 
deconvolution and iterated 8 times (all other settings were default). Projections were gener-
ated using the 'quick projection' function and the maximal intensity in the stack for each x/
y position. Images of !xed samples were exported as 16bit greyscale TIFF !les for every 
channel and the white point was readjusted using the Levels function in Adobe Photoshop 
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CS3. A"er conversion to CMYK mode, the !nal images were converted to 8 bit and resaved 
as ti' !les. %e black and white points of projected frames of movies were adjusted and 
they were exported as 8bit jpeg image sequences with ImageJ v.1.44f. Data analysis and 
plotting were done in Aabel 3.0.4 (Gigawiz) and Grapher (Apple). Figures were assembled 
in Adobe Photoshop CS3 and Adobe Illustrator CS3 without any further adjustments to 
microscopy images.

(9) List of used chemicals

Ampicillin (Roth, Cat. No.: K029.2)
Boric acid (Riedel-de Haën, Cat. No. 31146)
Bovine serum albumin, Fraction V, Modi!ed Cohn, pH 5.2 (Calbiochem, Cat. No. 12660)
dATP (100 mM, Cat. No.: D-4788)
dCTP (100 mM, Cat. No.: D-4913)
dGTP(100 mM, Cat. No.: D-5038)
dNTPs, all from SigmaAldrich:
dTTP (100 mM, Cat. No.: T-9659)
EDTA (Calbiochem, Cat. No. 324503)
EGTA (Sigma, Cat. No. E4378-250G)
Human Testis Marathon-Ready cDNA (Clontech, Cat. No. 639314)
KCl (Merck, Cat. No. 1.04936.1000)
KH2PO4 (Merck, Cat. No. 1.04873.1000)
LE Agarose (Biozym, Cat. No. 840004)
MgCl2 (Agros Organics, Cat. No. 197530010)
NaCl (Roth, Cat. No. 3957.2)
Pfu Turbo DNA polymerase (Stratagene, Cat. No. 600252)
PIPES (Sigma, Cat. No. P1851-1KG)
Triton X 100 (Roth, Cat. No.: 6683.1)
Trizma base (TRIS, Sigma, Cat. No. T1503)
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Abbreviations

List of the abbreviations used in this text. Standard (normed) abbreviations like SI-system 
units or protein names which are acronyms but can be considered part of the standard no-
menclature are not included.

• AbDil…antibody dilution bu'er
• ATP…adenosine triphosphate
• BSA…bovine serum albumin
• CIN…chromosomal instability
• dATP…deoxyadenosine triphosphate
• dCTP…deoxycytidine triphosphate
• dGTP…deoxyguanosine triphosphate
• DMEM…Dulbecco's Modi!ed Eagle's Medium
• DMSO…dimethylsulfoxide
• DNA…deoxyribonucleic acid
• EDTA…(ethylenedinitrilo)tetraacetic acid

• EGTA…ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid
• dNTP…deoxynucleotide triphosphate
• dTTP…deoxythymidine triphosphate
• FCS…fetal calf serum
• FRT…Flippase recognition target
• GFP…green #uorescent protein
• GTP…guanosine triphosphate
• HEPES…4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
• LB…lysogeny broth
• MAPs…microtubule associated proteins
• MTOC…microtubule organizing center
• PBS…phosphate bu'ered saline
• PIPES…Piperazine-1,4-bis(2-ethanesulfonic acid)
• RNA…ribonucleic acid
• RNAi…ribonucleic acid interference
• SAFs…spindle assembly factors
• siRNA…small interfering ribonucleic acid
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• TBE…tris-borate-EDTA bu'er
• TBS…tris-bu'ered saline
• TBST…tris bu'ered saline with tween
• TRIS…tris(hydroxymethyl)aminomethane
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