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Introduction

The development of multicellular organisms involves the specification and proliferation of many cell types originat-

ing from a single zygote. To generate cell type diversity, stem cells undergo asymmetric cell divisions to generate 

two progenitor cells with distinct proliferative capacities through the unequal segregation of cell fate determinants 

or by the differential placement of the daughter cells relative to a pre-existing stem cell niche. Moreover, to gen-

erate the vast number of cells present in an adult human body, stem cells undergo multiple rounds of symmetrical 

cell divisions, which would give rise to two daughter cells harboring equivalent proliferative capacities. Throughout 

development as well as for tissue homeostasis during adult life, these two types of cell divisions occur in a highly 

ordered and balanced fashion to produce appropriate numbers of stem cells and differentiated progenitor cells. In 

either occasion, cell division is a critical and highly coordinated event in the cell cycle by which the genetic material 

needs to be faithfully segregated into the two new progenitor cells. Faithful transmission of the genetic informa-

tion from one generation to the next is of great importance, as errors in this process may lead to genetic instability 

or aneuploidy, which in turn may culminate in uncontrolled cell proliferation and cancer development. This thesis 

focuses on the function and regulation of the mitotic spindle, a critical determinant of asymmetric and symmetric 

cell divisions as well as a macromolecular machine that drives chromosome segregation. 

Cell division

Adult stem cells or somatic cells divide in a process termed mitosis. Leading up to the stage of cell division, a series 

of events take place in a cell cycle phase collectively termed interphase, during which a cell is in its preparatory 

phase for mitosis. The interphase is categorized into three distinct stages. The first period of interphase immedi-

ately ensuing the preceding cell division, is the Gap1 (G1) phase, in which cells resume biosynthetic pathways at 

high rates to initiate cell growth. This is followed by a phase of DNA replication to produce a complete copy of the 

genome in the S-phase. Subsequently, cells enter a second Gap2 (G2) phase, in which they continue to grow and 

ensure genomic integrity through a DNA damage checkpoint control mechanism, before allowing cells to irrevers-

ibly enter mitosis. Mitosis is a relatively brief phase, occupying just around 10% of the total time required for the 

entire cell cycle. Nonetheless, this is a highly dynamic period, in which the most dramatic morphological changes 

unfold in the cell. This short period of the cell cycle is further categorized into five stages, based on microscopically 

distinct features of the chromosomes and the microtubules (MTs) (Figure 1). Mitosis begins with prophase, which 

is characterized by chromosome condensation and separation of centrosomes, the major microtubule-nucleating 

organelle, to opposing sides of the as yet compartmentalized nucleus. This is followed by prometaphase, where 

the nuclear envelope is abruptly fragmented in a process called nuclear envelope breakdown (NEB). Concomitant-

ly, the centrosomes begin to nucleate highly dynamic MTs that are now capable of reaching out to kinetochores; 

proteinaceous MT-attachment sites assembled on each sister chromatid. Furthermore, MTs form a dense network 

and initiate bipolar spindle formation by further pushing the two centrosomes apart. When all chromosomes have 

lined up at the equator of the spindle in a state of bi-orientation, cells have reached metaphase. Chromosome 

bi-orientation is achieved through the capture of each pair of sister-KTs by MTs originating from opposing spindle 

poles. The progression from metaphase to anaphase is characterized by the abrupt dissociation of the sister chro-

matids mediated by the rapid cleavage of cohesin, a ring-shaped protein complex that encircles and thereby holds 
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sister chromatids together from the time of DNA replication in S-phase up until anaphase. Finally, in telophase the 

nuclear membrane reassembles and chromosomes begin to decondense. The cell membrane ingresses between 

the two separated nuclei and ultimately divides the cytoplasm into the two daughter cells through cytokinesis. 

The microtubule cytoskeleton

Microtubules are cytoskeletal filaments that are assembled from heterodimers of α- and β-tubulins. As an integral 

part of the cytoskeleton in all eukaryotic cells, it has essential functions in many fundamental processes, such as in-

tracellular trafficking, cell motility, and most notably, mitosis. The protein sequences of the tubulins as well as the 

structure of microtubules are highly conserved throughout evolution. Microtubules are polarized structures, with 

the α/β-subunits arranged in a head-to-tail configuration, forming a linear protofilament with α-tubulins exposed 

at its minus-end and β-tubulins pointing towards the plus-end. Thirteen protofilaments interact laterally in a paral-

lel fashion to generate the hollow tubular structure of microtubules that are ~24nm in diameter (reviewed in [1]). 

Microtubules are inherently dynamic structures that can stochastically switch between phases of growth and 

shrinkage by the addition or loss of tubulin dimers at the plus-end of the microtubule polymer, respectively. This 

property, termed dynamic instability, is driven by GTP hydrolysis in β-tubulins that are incorporated at the plus-

ends of MTs [2,3]. While the GTP molecule bound by α-tubulin is buried in the interface between the α/β-tubulin 

dimer and is non-exchangeable, the GTP on β-tubulin is exposed on the surface of the dimer and is exchangeable 

[4,5]. GTP-tubulin incorporates efficiently at the growing ends of MTs and hydrolyzes its GTP a short while after 

integration into the MT lattice. Thus the core of the MT consists of GDP-tubulin whereas a “GTP-cap” is maintained 

at the polymerizing microtubule ends. While the GTP-cap favors a state of polymerization, the GDP-tubulin is un-

stable and prone to depolymerization. It is postulated that as long as polymerization occurs fast enough and out-

performs GTP hydrolysis of the β-tubulins, MTs will be in a growing state. However, when the kinetics of assembly 

shifts towards slower GTP-tubulin incorporation, the GTP cap can be lost. This will lead to rapid depolymerization 

and a switch to the shrinking state [6,7].

Dynamic instability is a highly conserved characteristic of microtubules, and can be observed in vitro with tubu-

lins purified from different sources [8-10]. Despite its high conservation, microtubules adapt to a large variety of 

Figure 1. Stages of mitosis
In prophase, chromosomes (light blue strings) that were duplicated in the preceding S-phase start to condense and the two centrosomes begin to separate 
towards opposite sides of the nucleus. When the nuclear envelope (dashed circle) breaks down, cells have entered prometaphase. Highly dynamic micro-
tubules are nucleated from the centrosomes and facilitate chromosome capture and alignment of the chromosomes at the center of the bipolar mitotic 
spindle to achieve metaphase. When all pairs of sister kinetochores (dark blue circle) have each attached to opposite poles, chromosomes have established 
correct microtubule attachments and enter anaphase during which the sister chromatids are pulled towards opposite sides of the cell. In telophase, the 
spindle microtubules start to depolymerize, chromosomes start to de-condense, the nuclear envelope will re-form and cytokinesis is initiated by which the 
cytoplasm will be divided over the two daughter cells.

Prophase Prometaphase Metaphase Anaphase Telophase
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cellular functions in vivo and display varying degrees of dynamicity and stability, depending on cell types and cell 

cycle stage. This adaptation is mediated by a number of factors that collectively affect microtubule dynamics in 

a multitude of ways. First, microtubules interact with a large number of microtubule-associated proteins (MAPs), 

including molecular motors and plus-end tracking proteins (+TIPs), which can either stabilize or de-stabilize MTs 

(reviewed in [11-13]). Second, the expression of different α/β-tubulin isotypes can give rise to distinct microtubule 

species with different behavioral characteristics (reviewed in [14]). Third, the generation of posttranslational mod-

ifications (PTMs) on tubulins that can affect MT function by specifying localization or activity of MAPs (reviewed in 

[15]). Combined, these factors all contribute to the differential regulation of MT dynamics under diverse cellular 

settings. In addition, the presence of an array of motor proteins that do not alter microtubule dynamics per se but 

instead move or diffuse along MT tracks, contribute to diverse MT-MT interactions as well as facilitate interactions 

of MTs with other cellular components, thereby assisting in the arrangements of MTs into various dynamic struc-

tures and networks (reviewed in [16-19]). The following chapters will focus on MTs in mitosis where they organize 

themselves into the mitotic spindle, in which distinct sub-populations of MTs exist that facilitate diverse functions 

such as chromosome segregation and spindle positioning. 

The mitotic spindle

Centrosomes play an important function in the organization of the mitotic spindle. They recruit the γ-tubulin ring 

complex (γ-TuRC), which provides the major nucleation site for MTs, resulting in a configuration where the less 

dynamic minus-ends of MTs are embedded in the centrosomes, while the highly dynamic plus-ends extend away 

from the centrosomes. Most eukaryotic cells possess two centrosomes during mitosis, which leads to the genera-

tion of two asters that jointly form a bipolar spindle. Once completed, the mitotic spindle consists of at least three 

distinct sub-populations of MTs based on their morphologically distinct features: First, the kinetochore-MTs, also 

referred to as K-fibers, that link the chromosomes to the centrosomes. The K-fibers are parallel bundles of MTs 

bound to each kinetochore that play essential functions in the alignment of chromosomes at the metaphase plate 

as well as in the segregation of chromosomes in anaphase (reviewed in [20]). The second population consists of 

the interpolar MTs that emanate from one centrosome and interact in an antiparallel fashion with MTs originating 

from the opposite centrosome. The antiparallel overlaps provide binding sites for multiple MAPs, such as Eg5 

and dynein, which assist in the proper separation of the two centrosomes required to establish a bipolar spindle 

(reviewed in [21]). The third population is comprised of the astral MTs that radiate from the centrosome towards 

the cell periphery. Aside of facilitating the congression of polar chromosomes (reviewed in [22]), the plus-ends of 

astral MTs interact with the cell cortex and this interaction plays an important role in the positioning and orienta-

tion of the mitotic spindle within the cell (reviewed in [23]). 

The mitotic spindle in chromosome alignment

At NEB, chromosomes are scattered in space and require attachments to MTs to congress to the spindle equator. 

Kinetochores are multiprotein structures that form platforms for MT attachments required for chromosome move-

ments. A human cell contains, at the stage of mitosis, 46 sets of chromosomes with each replicated sister chroma-
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tid harboring its own kinetochore, which makes a total of 92 kinetochores that must be captured. Originally, the 

so-called search-and-capture theory was put forward to explain the efficient establishments of kinetochore-MT 

interactions [24]. This idea originated from the discovery of microtubule dynamic instability and postulated that 

this behavior of MTs can facilitate the efficient searching of cytoplasmic space by MT plus-ends to quickly find 

their targets, the kinetochores. However, simulation of this process by mathematical modeling suggested that the 

search-and-capture mechanism by itself was too inefficient to account for the experimentally measured rate of 

KT-capture [25]. While the search-and-capture process may account for some part in the process of chromosome 

capture, a number of additional mechanisms have been identified since then that collectively enable the fast and 

efficient incorporation of chromosomes into the mitotic spindle. Furthermore, an error correction mechanism is in 

place in cases that erroneous kinetochore-MT attachments are initially established. The combination of multiple 

mechanisms ensures that the number of mistakes made in mitosis is reduced prior to the initiation of anaphase. 

Chromosome attachment defects and the ensuing chromosome segregation errors can lead to aneuploidy and/or 

chromosomal instability, which is a hallmark of cancer cells.

Chromosome-derived gradient

Centrosomes play an important function in the efficient nucleation of MTs and the establishment of a fully func-

tional bipolar spindle in many cell types. However, the presence of a second pathway of MT nucleation became 

evident when it was found that spindle-like structures could be induced in Xenopus egg extracts that are devoid of 

centrosomes [26,27]. Furthermore, laser ablation studies in somatic monkey cells demonstrated that destruction 

of centrosomes in the preceding interphase did not preclude spindle formation in mitosis [28]. Moreover, a mutant 

Drosophila strain that is impaired in centrosome duplication (sas-4) was found to be viable [29]. These findings 

demonstrated that centrosomes are not the only factors driving spindle assembly and led to the identification of 

the chromosome-derived Ran-GTP-mediated pathway of MT nucleation and spindle organization [30-33] (Figure 

2). 

Initially, Ran was identified as a factor regulating the nucleocytoplasmic transport of various macromolecules 

through the nuclear pores during interphase (reviewed in [34]). Ran is a small GTPase that is active in a GTP-bound 

form and inactive when GDP-bound. The conversion of Ran-GDP to Ran-GTP is mediated in the nucleus by the gua-

nine-exchange factor (GEF) RCC [35] that is chromatin-bound via its interaction with the core nucleosome histones 

H2A and H2B [36]. A variety of nuclear localization signal (NLS)-containing proteins are actively transported to the 

nucleus during interphase by associating with nuclear import factors, the importins, in the cytoplasm [34]. Once 

in the nucleus, Ran-GTP promotes the dissociation of these protein complexes by binding to the importins and 

freeing the importin substrate. Conversely, Ran-GTP promotes the association of nuclear export signal (NES)-con-

taining proteins with the chromosome-region maintenance protein 1 (CRM1), or exportins, in the nucleus, thereby 

facilitating the shuttling of these latter factors to the cytoplasm. In the cytoplasm, Ran-GTP is hydrolyzed and 

converted back to the GDP-bound form by the GTPase activating protein (RanGAP) and additional GTPase stim-

ulatory factors Ran binding protein 1 and 2 (RanBP1 and RanBP2). This hydrolysis reaction will in turn induce the 

dissociation of Ran from the NES-containing proteins in the cytoplasm [34]. 

Analogous to its interphase function, Ran-GTP locally regulates the activity of multiple NLS-harboring factors in 

mitosis by promoting their dissociation from the inhibitory interaction with importins. In mitosis, RCC remains 
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chromatin-bound whereas RanGAP and RanBP1 are cytoplasmic. The differential localization of these Ran-modu-

lating factors generates a high concentration gradient of active Ran-GTP that decreases with increasing distance 

from chromosomes [37-39]. Active Ran-GTP releases a number of factors that are required for mitotic spindle 

assembly from their inhibitory interactions with importins. Such importin substrates include HSET (kinesin-14) 

[40,41], NuMA [42] and HURP [43,44], and TPX2 [45,46]. HSET cross-links and slides antiparallel MTs, thereby 

regulating spindle length [47]. Similarly, NuMA is a MT cross-linking protein required for spindle assembly [48]. Its 

most prominent localization is observed at the spindle poles, which is thought to occur through a dynein-mediated 

transport mechanism [49]. Loss of NuMA causes spindle pole focusing defects and thus it is considered to act as a 

tether linking MTs near the spindle poles [48]. HURP, another MAP, localizes mainly on MTs in the vicinity of the 

chromosomes, where it has been described to regulate kinetochore fiber (K-fiber) stability and KT-MT interactions 

[43,44,50]. TPX2 is a MAP required for the chromatin- and KT-mediated MT nucleation. When active, TPX2 stimu-

lates γ-tubulin-mediated MT-nucleation by the augmin complex and thereby facilitates the generation of K-fibers, 

as well as the growth amplification of pre-existing MTs in the proximity of chromosomes [51,52]. Inducing MT-nu-

cleation near the chromatin is believed to greatly enhance the speed at which kinetochores are being captured by 

astral MTs and the efficient incorporation of the chromosome into the spindle. Thus, the Ran gradient facilitates 

chromosome capture by regulation of MT nucleation and organization at the KTs.

Motor proteins in chromosome congression

For the establishment of proper chromosome attachments required for faithful chromosome segregation, pairs of 

kinetochores on replicated sister chromatids need to be attached to MTs originating from opposing spindle poles 

in a stable end-on configuration. The probability of a MT to make contact with a kinetochore with its plus-end 

in a single step process is very low. In fact, many, if not all kinetochores initially interact with MTs at their lattice 

interface and subsequently these interactions become replaced with kinetochore connections with MT plus-ends 

[53,54]. The lateral kinetochore-MT attachments and subsequent chromosome congression to the spindle equator 

involves the activity of multiple motor proteins that localize to kinetochores and chromosomes (Figure 2). The 

initial lateral attachments of kinetochores depend on the multisubunit motor complex cytoplasmic dynein 1 (here-

after refereed to as dynein), a minus-end-directed motor complex that is recruited to kinetochores at the onset of 

mitosis. It facilitates kinetochore capture by astral MTs and drives chromosome movements towards the spindle 

poles [55,56]. Once chromosomes have been positioned at the proximity of spindle poles, two MT plus-end-direct-

ed chromokinesins Kid (kinesin-10) and Kif4A (kinesin-4) counteract the dynein-mediated pole-ward pulling force 

to facilitate chromosome congression towards the spindle equator by promoting MT polymerization against the 

chromosome arms [57,58]. In addition to the chromokinesins, another kinetochore-bound plus-end-directed ki-

nesin CENP-E (kinesin-7), drives chromosome movement towards the metaphase plate along the K-fibers of other 

chromosomes [59,60]. Interestingly, CENP-E has a higher affinity and activity on detyrosinated tubulins, which is 

predominantly present on KT-MTs but not on the astral MTs [61]. Thus, posttranslational modification of MTs can 

serve as a navigation system for motor proteins during mitosis and as such plays an important function in faithful 

chromosome segregation. The mechanism of how lateral kinetochore-MT attachments are converted into stable 

end-on attachments is as yet not well understood, although CENP-E has been implicated to play a role in this pro-

cess [60,62] through its processive bi-directional MT tracking motility once it encounters the MT plus-ends [60]. 
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Furthermore, the end-on conversion involves the tethering of the kinetochores to the dynamic MT plus-ends by 

the outer kinetochore Ndc80 protein complex (discussed below).

Before establishment of stable kinetochore-MT attachments, dynein as well as CENP-E form a large circle around 

the centromere, a phenomenon termed kinetochore expansion [63-65]. Kinetochore expansion is also seen for 

a number of additional outer kinetochore components, including Bub1, BubR1, Mad1, and Mad2 [63,65], which 

are spindle assembly checkpoint (SAC) proteins that play important functions in the kinetochore-borne signal-

ing cascade responsible for inhibiting premature anaphase onset (reviewed in [66]). Once kinetochores have es-

tablished end-on attachments, these factors are actively removed by a dynein-mediated stripping-mechanism 

[67-69], resulting in a smaller, disc-shaped kinetochore [65]. Computational modeling suggests that kinetochore 

expansion in the absence of kinetochore-MT attachment can functionally contribute to the efficiency of initial 

kinetochore-MT interactions, whereas the subsequent attachment-mediated kinetochore compaction suppresses 

formation of erroneous attachments [70]. Multiple mitotic kinases, such as Aurora B, Mps1, and Plk1 as well as 

protein phosphatase 1 have been implicated in the regulation of this process [65]. Thus, the phospho-regulation 

of outer kinetochore factors and the spatiotemporally controlled kinetochore localization of motor proteins are 

critical in chromosome congression. The exact mechanism of the phosphorylation-dependent regulation of kine-

tochore assembly remains to be elucidated.

Kinetochore-MT attachments and error correction

One of the critical kinetochore components to mediate end-on kinetochore-MT attachments is the KMN network, 

a multi-subunit protein complex consisting of the Ndc80/Hec1 complex, the Mis12-complex, and Knl-1, that all 

localize to the outer kinetochores. End-on attachments need to be physically stable so that they can withstand 
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Figure 2. Motors and the Ran-gradient in spindle assembly and chromosome congression
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stimlulates recruitment and activation of nucleation factors such as γ-TURC and Augmin. Microtubules formed near the kinetochores have a high chance 
to be captured and to become K-�bers. NuMA, another Ran-GTP target, is a microtubule crosslinker that is transported towards the centrosomes by 
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forces generated when chromosomes are dragged across the cytoplasm in anaphase, but require flexibility to 

allow the plus-end tracking of dynamic kinetochore MTs. In mammalian cells, kinetochores provide multiple MT 

plus-end attachment sites, ranging between 15-25, each one mediated by interaction of a MT with components of 

the KMN complex. In vitro, Ndc80 and Knl-1 both have weak MT-binding affinities by itself, and it is thought that 

multiple weak interactions of these factors with individual MTs generate a stable, yet dynamic kinetochore-MT 

end-on attachment (reviewed in [20]).

Once correct kinetochore-MT interactions are formed (i.e. amphitelic attachments are established where each 

sister kinetochore of a pair is attached from MTs originating from opposing spindle poles), tension is generated 

across the centromere due to pole-ward pulling forces generated by the KT-MTs [71,72]. However, not all kineto-

chore-MT attachments are amphitelic from the start and erroneous attachments can be formed initially [73]. In 

syntelic attachments, both sister kinetochores are attached to MTs originating from the same spindle pole. Anoth-

er type of malattachment is termed merotelic, when one of the kinetochores is captured by MTs originating from 

opposite spindle poles. Malattached kinetochores are sensed and corrected by Aurora B [74], a kinase that localiz-

es to the inner centromeric region that lies between the sister kinetochores. When chromosomes are bi-oriented 

and kinetochores are under tension, outer kinetochore proteins are spatially separated from the inner centromeric 

region and thus, are out of reach for regulation by Aurora B [75]. However, when kinetochores are malattached 

and lack tension, the proximity of outer kinetochore regions to the inner centromere permits Aurora B-mediated 

de-stabilization of kinetochore-MT attachments through phosphorylation of kinetochore factors. Among these 

substrates is Ndc80, whose phosphorylation on its MT-interacting domain leads to its detachment from kineto-

chore-MTs [76,77]. Another important Aurora B substrate mediating error-correction is the kinesin MCAK that de-

stabilizes kinetochore-MT attachments through its MT depolymerase activity [78-80]. On establishment of a new 

correct attachment, these Aurora B substrates are readily de-phosphorylated by the outer kinetochore-localized 

phosphatase PP1 [81], providing an elegant mechanism for the selective stabilization of amphitelic microtubules.

In addition to forming an essential site for kinetochore-MT attachments, the KMN network serves as a site for 

recruiting the SAC factors required for signaling of the kinetochore-MT attachment status so that mitotic pro-

gression can be slowed down when not all chromosomes have established attachments. Thus, the generation of 

a functional spindle and the proper attachments of the MTs to kinetochores are both regulated on a multitude of 

levels to ensure mitotic fidelity.

Chromosome segregation errors and tumorigenesis

Although cells have evolved multiple pathways to establish a robust and efficient mechanism for chromosome 

alignment, the probability of erroneous attachments increases dramatically when one of the spindle assembly 

mechanisms is lacking. In human cells, error frequency is increased when spindles form in the absence of the 

centrosomes [82], in the absence of certain motor proteins such as CENP-E [83,84], when the error correction 

mechanism is not fully functional [85-87], or when the SAC signaling is perturbed [88-91]. Chromosomes that do 

not establish kinetochore-MT attachments or establish erroneous attachments that prevent them from bi-orienta-

tion are at risk of missegregation, which in turn can compromise the fate of the daughter cells. Chromosome seg-

regation errors lead to numerical and structural aberrations in the set of chromosomes inherited by the daughter 

cells [92,93]. Whole-chromosome missegregation results in the formation of aneuploid daughter cells, whereas 
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segregation errors that induce damage to chromosomes give rise to chromosomes harboring translocations and 

thus, change the copy number of parts of chromosomes. Although high rates of chromosome missegregations and 

aneuploidy interfere with the proliferation of healthy cells, it is somewhat paradoxically, a hallmark of cancer cells 

(reviewed in [94]). 

In tumors, aneuploidy can be stably inherited from one progenitor to a large population of daughter cells [95]. 

However, quite often a single event of chromosome missegregation causes another round of aberrant mitosis in 

the following cell cycle, resulting in continuous alterations in the genetic make-up of a population of cancer cells 

[93,96-98]. This phenomenon is termed chromosomal instability (CIN), and is frequently associated with aggres-

sive, chemotherapy-resistant tumors [99,100]. Much effort has been made to study the contribution of aneuploi-

dy or CIN in tumorigenesis, and several mouse models have been established where CIN is induced by genetic 

modifications that compromise mitotic fidelity [101]. The findings are surprisingly multifaceted, and it appears 

that in some cases CIN promotes tumorigenesis whereas in other cases it appears to act as a tumor suppressor. 

Ndc80/Hec1 overexpression, which promotes CIN in primary mouse embryonic fibroblasts (MEFs) and produces 

high levels of aneuploidy in vivo, induces spontaneous tumor formation in mice, such as lung adenocarcinoma, 

liver tumors, and islet hyperplasia [102]. Another CIN model with a heterozygous loss-of-function allele of CENP-E 

(CENP-E+/-) is reported to result in increased incidences of spontaneous tumors in the spleen and lung [103]. 

However, CENP-E+/- animals displayed a dramatic reduction in incidences of spontaneous liver tumor formation, a 

tissue that is prone to tumor development in wild-type mice, despite of widespread aneuploidy induced by the re-

duction in CENP-E levels. Furthermore, CENP-E+/- mice that are deficient for the p19/ARF tumor suppressor gene 

displayed a reduction in carcinogen-induced tumor formation [103]. Thus, induction of CIN by reduced CENP-E 

levels promotes or inhibits tumorigenesis in a tissue- and context-dependent manner. Similar discrepancies in the 

tumorigenic potential of CIN have been reported in a variety of other types of tumor models, where mitotic fidelity 

is compromised by the loss or hyper-activation of the SAC. For instance, increased incidence of tumorigenesis 

has been reported in Mad2 over-expression [104], Mad2+/- [105], and Mad1+/- [106] mouse models. However, 

most other SAC-deficient CIN models, such as Bub1 mutant [107], BubR1+/- [108], and Bub3+/- [109] mice do not 

develop spontaneous tumors, and depending on the tissue context these mutations have a tumor promoting or 

suppressing effect when crossed with mice carrying other oncogenic alleles [110-113]. Although the functional 

relationship between CIN and tumorigenesis is still highly debated, an idea that might explain this phenomenon 

is based on the existence of an optimal level of CIN for tumorigenesis [114]. It postulates that occasional losses 

or gains of a few chromosomes may be beneficial for cancer cells to adapt to their tumor environment while 

maintaining sufficient proliferative capacity. However, an excessive CIN could push even cancer cells over a tipping 

point at which the chromosome segregation errors cause consistent and dramatic changes in the cancer genome 

that is incompatible with life. In line with this idea, increasing the levels of chromosome missegregations in the 

CENP-E+/- mouse model by additional interference in SAC function suppressed the spontaneous formation of 

spleen and liver tumors and increased cell death [115]. Thus, while chromosome missegregations due to defects 

in spindle assembly pathways might promote genomic instability and tumorigenesis, the same pathway can be 

targeted in cancer cells to induce cell death. Strategies to specifically target and eliminate CIN cells may therefore 

underlie the development of new anti-cancer drugs [114,116].
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Mitotic spindle positioning

When cells have reached metaphase and progress into anaphase, the mitotic spindle specifies the site of cell 

cleavage by establishing the spindle midzone. The spindle midzone is formed between the segregating chromo-

somes and provides a platform to recruit multiple factors required for furrow ingression and cytokinesis (reviewed 

in [117]). Thus, the mitotic spindle plays a crucial role in the coordination of chromosome segregation and cell 

division. Moreover, the cell cleavage site controls daughter cell size and the relative distribution of cytoplasmic fac-

tors between the two daughters. In this regard, mitotic spindle positioning determines whether a cell undergoes 

symmetric or asymmetric cell division. Mechanisms that control these two cell division modes play an important 

function during development, when the distribution pattern of cell fate-determining factors between the daughter 

cells specify their future proliferative capacities (reviewed in [118,119]). In addition, a more recent study using an 

in vitro cell culture system has demonstrated that spindle positioning and proper regulation of daughter cell size is 

also important in symmetrically dividing cells [120]. Mispositioning of the spindle off the center of the mitotic cell 

affects cell function and survival of the smaller daughter cell, presumably due to insufficient amounts of cytoplas-

mic factors and organelles inherited. 

The initial signal for spindle positioning in many animal cells originates from extracellular cues. Such extracellular 

factors include the sperm entry site in the C. elegans zygote [121,122], the tissue polarity cues of surrounding 

epithelial cells in Drosophila neuroblasts [123-125], as well as actin retraction fibers that connect the mitotic cell 

body of in vitro cultured cells with the underlying substratum [126,127]. Although the nature of these extracellular 

cues varies between cell types, the key concept is that these cues polarize the cell and determine the cortical sites 

where downstream factors are deposited that directly interact with and position the spindle. 

Dynein in spindle positioning

Once the polarity axis is established, spindle orientation is dictated by interactions between the dynein complex 

and the dynamic plus-ends of astral MTs. The function of dynein in spindle orientation is evolutionary highly con-

served. In some cell types dynein is proposed to position the spindle through length-dependent astral MT pulling 

in the cytoplasm [23]. This mechanism of cytoplasmic pulling appears to occur in large cell types and has been 

observed during pronuclear centering in Xenopus zygotes where astral MTs do not reach the cortex [128]. In C. 

elegans zygotes, cytoplasmic and cortical pulling mechanisms both contribute to spindle movements required for 

pronuclear centering [129]. In most cell types, cortical dynein recruitment is critical for spindle positioning and 

disruption in this localization leads to spindle positioning defects in yeast [130,131], C. elegans [132-134], as well 

as cultured mammalian cells [135,136],

As mentioned briefly earlier, dynein is a minus-end directed motor complex. The catalytic activity resides in the 

dynein heavy chain (DHC), which contains six AAA ATPase domains. Two DHCs form a homodimer and in vitro stud-

ies have demonstrated that dynein produces step-like motility on MTs that is mediated by conformational changes 

in the MT-binding stalk domain induced upon ATP hydrolysis in one of its ATPase domains [19]. It is thought that 

once dynein is anchored at the cell cortex, it drives spindle movement by walking towards the minus-ends of astral 

MTs. Consistently, dynein-mediated pulling on dynamic plus-ends of MTs has been reconstituted in vitro using 

purified budding yeast dynein that has been immobilized in a microfabricated chamber containing centrosomes 
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[137]. These experiments showed that surface-anchored dynein molecules can interact with depolymerizing plus-

ends of dynamic MTs and generate pulling forces at shrinking MT ends, which result in the efficient centering of 

the centrosome. 

Dynein regulation at the cortex

Regulated spindle positioning requires a proper balance in the spatial distribution of dynein that exerts pulling 

forces on the mitotic spindle from the cortex. The recruitment of dynein to the cortex depends on a highly con-

served protein complex consisting of Gαi, NuMA, and LGN, which together act as a cortical docking site (Figure 3). 

The Gαi/NuMA/LGN-mediated cortical recruitment pathway of dynein has been initially identified and extensively 

studied in the context of asymmetric cell divisions, specifically in Drosophila cells and C. elegans embryos. More 

recent studies have established that the function of this protein complex in spindle positioning is also conserved 

in symmetric divisions of cultured mammalian cells [135,136]. Gαi is a plasma membrane-localized heterotrimeric 

G-protein, which upon GTP-hydrolysis mediated by the GEF Ric-8, dissociates from its Gβγ subunits [138-142]. 

GDP-bound Gαi interacts with LGN through its GoLoco motifs located in the C-terminal domain [143-145]. Gαi and 

LGN both interact directly with NuMA, which in turn associates with its N-terminal region to dynein, although the 

exact interaction partner in the dynein complex is not known [134,135,146] (Figure 3). 

Dynein’s function in spindle positioning is conserved in yeast, although its cortical regulatory factors are distinct 

from the vertebrate and mammalian counterparts. Cortical recruitment of dynein depends on a yeast-specific 

receptor Num1 [147]. It is well established that the recruitment of dynein to the cortex involves an active MT-me-

diated delivery process in yeast. Firstly, Num1 deletion causes dynein accumulation at the plus-ends of astral MTs 

[147], and secondly, a mutation in dynein that disrupts its MT plus-end localization leads to its reduced cortical en-

LGN
NuMA
Dynein

PLK1

Gαi

Pl
as

m
a 

m
em

br
an

e

LGN

Gαi

NuMA

Pullin
g Force

A

B

Dynein Centrosome

F-Actin 

NuMA dimer

LGN Myristolated
Gαi
 

Mispositioned spindle Centered spindle

Figure 3. Cortical dynein regulation and spin-
dle positioning
A. The spindle oscillates in metaphase as long 
as it is not centered within the cell. This is due to 
the asymmetric cortical recruitment of dynein 
and its upstream docking factors, which is me-
diated by intracellular signals that locally re-
strict their cortical localization. The spindle-pole 
localized Plk1 (blue circle around the centro-
somes) excludes LGN from the cell cortex when 
the spindle pole comes in close cortical proximi-
ty. Furthermore, a chromosome-derived signal 
(red haze around the chromosomes) polarizes 
dynein at the cortex by inhibiting the cortical 
recruitment of LGN near the metaphase plate. 
The Ran-GTP gradient was previously suggest-
ed to function in this pathway; however, in our 
study we find conflicting data (chapter 3), and 
the nature of the chromosome-emitted nega-
tive signal remains elusive. Furthermore,  
whether the cortical regulation of Gαi depends 
on such intracellular signaling pathways re-
mains unknown. B. Inset showing cortical 
dynein interaction with its recruitment factors 
Gαi/LGN/NuMA. The N-terminally myristolated 
Gαi is targeted to the plasma membrane. 
NuMA, which dimerizes or oligomerizes at its 
coiled-coil domain, interacts with the N-termi-
nal TPR motif of LGN, thereby inducing a con-
formational change that promotes LGN associ-
ation at its C-terminal GoLoco motif with Gαi. 
NuMA interacts with components of the 
dynein/dynactin complex, which in turn is 
thought to generate a pulling force on the as-
tral microtubules by its processive minus-end 
directed motility.
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richment [148]. Furthermore, high-resolution live microscopy has enabled the direct visualization of fluorescently 

tagged dynein molecules offloading from MTs to the cell cortex [149,150]. In mammalian cells dynein is lost from 

the cortex after drug-induced MT disassembly, and cortical contact sites with the astral MTs determine dynein 

recruitment sites at the cortex, suggestive of a similar mechanism for cortical dynein recruitment as in yeast [151] 

(discussed in chapter 2).

Recent studies in mammalian cells have identified intracellular signaling pathways that efficiently center the spin-

dle in mitosis. For one, the chromosome-derived Ran-GTP gradient has been reported to inhibit cortical enrich-

ment of LGN/NuMA in the proximity of the metaphase plate, thereby polarizing the distribution of cortical dynein 

[135]. The precise molecular mechanism of Ran-GTP-mediated dissociation of NuMA/LGN from Gαi remains un-

known. Although NuMA is an established downstream target of Ran-GTP in the spindle assembly process, this 

pathway culminates in the activation rather than inhibition of NuMA by its release from importin-β [42]. Accord-

ingly, other studies, including ours (discussed in chapter 3), have demonstrated that rather than inhibiting cortical 

LGN/NuMA recruitment, Ran-GTP is required as a global positive regulator of cortical LGN localization. Thus, the 

exact mechanism of the Ran-mediated regulation of cortical factors remains controversial and requires additional 

studies. In addition to the Ran-GTP gradient, spindle-pole proximity negatively affects the cortical enrichment of 

dynein/dynactin [135,152]. Plk1, a kinase that prominently localizes to the spindle poles throughout mitosis, was 

shown to disrupt the cortical recruitment of dynein [135]. This negative feedback mechanism causes the cortical 

dissociation of dynein when the spindle pole gets too close, while enhancing dynein recruitment to the opposite 

side of the cortex where the spindle pole is further away. This results in an oscillatory behavior of the spindle along 

the polarity axis, which is thought to contribute to spindle centering (Figure 3). The precise cortical target of Plk1 

required for the delocalization of cortical factors near the poles remains to be identified. Nonetheless, the proper 

distribution of such inhibitory intracellular signaling factors plays an important function in the regulated recruit-

ment of cortical dynein and correct spindle positioning (discussed in chapter 3). 

The actin cytoskeleton in spindle positioning

In addition to the effect the mitotic spindle has on its own position, the actin cytoskeleton also has a profound 

impact on the positioning of the mitotic spindle. In cultured mammalian cells, the importance of actin in spindle 

positioning is illustrated by the fact that the orientation of the mitotic spindle is dictated by the cortical distribution 

pattern of actin filaments, so-called retraction fibers, which constitute the focal adhesion sites of a rounded-up 

mitotic cell [126]. Cells that divide on fibronectin-coated micropatterns orient the spindle relative to the micro-

pattern geometry [127]. Laser cutting of retraction fibers results in spindle re-orientation that is controlled by the 

distribution pattern of remaining retraction fibers [153]. It is thought that retraction fibers exert a mechanical force 

on the mitotic cell body, which in turn impacts the subcortical actin polarization [153]. In line with this view, the 

positioning of the retraction fibers dictates the cortical distribution of active ERM (Ezrin/Radaxin/Moezin) proteins 

[127,154], which are plasma membrane and actin cytoskeleton scaffolding factors that play important functions 

in cortical stability (reviewed in [155,156]). In addition, drug-induced actin depolymerization or depletion of ERM 

proteins lead to spindle positioning defects [127,153,154,157]. However, in 3D-cultured single epithelial Caco-2 

cells, polarized ERM activation occurs in the absence of extracellular cues [158]. Thus, both the extracellular cues 

originating from retraction fibers as well as intracellular cues mediate cortical regulation of ERM and the actin 
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network. 

How the actin cytoskeleton network regulates spindle positioning and cortical dynein at the molecular level is not 

well understood. It has been shown that localized ERM activation depends on SLK kinase-dependent phosphory-

lation of Ezrin, whereas ERM or SLK depletion lead to nonpolarized cortical recruitment of LGN and NuMA [154]. 

Other studies implicate a direct interaction of other actin-associated proteins with the plus-ends of astral MTs. For 

instance, MISP is an actin-binding protein that is required for astral MT stability. Depletion of MISP leads to shorter 

astrals and spindle positioning defects. MISP immunoprecipitates with p150glued, a subunit of the dynein/dynac-

tin complex and is required for cortical enrichment of the dynein complex. Thus, MISP has been suggested to act as 

a bridging factor between the actin cytoskeleton and cortical dynein [159,160]. Similarly, another actin-associated 

protein Afadin was recently reported to directly interact with LGN, thereby linking the actin cytoskeleton to corti-

cal dynein recruitment [161]. Interestingly, Myosin-X has been recently identified as a novel actin- and MT-binding 

protein [162], that might regulate spindle positioning in a dynein-independent manner [163]. Additionally, a num-

ber of other proteins that associate with and regulate the cortical actin network, such as Cdc42 [164], PI(3)K [165], 

and LIM kinase [166], have been implicated in spindle positioning. Whether these factors act on the spindle-posi-

tioning pathway through regulation of cortical dynein or any of its upstream docking factors Gαi, NuMA, or LGN, 

and if so, how they do this, remains to be determined.

Spindle orientation in tumorigenesis

Most tissues of an adult organism are maintained by tightly controlled proliferation of tissue-specific adult stem 

cells that constitute a small fraction of the cell population within that tissue. Errors in the regulatory mechanisms 

that control the division of stem cells and the fate of the resulting daughter cells are believed to play a role in ma-

lignant transformation [118,167,168]. This idea originally stems from studies in Drosophila, where the temporal 

regulation of asymmetric and symmetric stem cell divisions during development has been well characterized, and 

where it has been shown that loss of asymmetric cell divisions leads to tumor-like uncontrolled invasive tissue 

growth in situ or after implantation [169-173] (Figure 4). In this model system, spindle orientation defects lead to 

increased cell proliferation due to suppression of asymmetric divisions and enhancement of symmetric divisions, 

which subsequently leads to the generation of fewer differentiated and more proliferative daughter cells [174].

Similarly, a causative link between spindle orientation defects and tumorigenesis has been proposed in a number 

of malignancies based on observations that certain tumor suppressor mutations found in human cancers affect 

spindle orientation [167,175]. A very prominently studied tumor suppressor gene is adenomatous polyposis coli 

(APC), which is mutated in a majority of colon cancers and in familial adenomatous polyposis syndrome, where a 

germline mutation of this gene predisposes patients to colon cancer [176-178]. APC is a suppressor in the canonical 

Wnt/β-catenin signaling cascade, a pathway that activates cell proliferation and inhibits apoptosis. APC inhibits 

the Wnt/β-catenin pathway in two distinct ways: first, APC sequesters the transcription activator β-catenin in the 

cytoplasm where it promotes its proteolysis. Second, APC directly binds to β-catenin in the nucleus, and thereby 

inhibits its transcriptional activity [179,180]. In addition to its function in the Wnt/β-catenin pathway, APC plays an 

important role in mitosis, where it promotes MT stability by interacting directly with the MTs [181-184]. Moreover, 

APC binds to the +TIP protein EB1, a factor that regulates MT dynamics by mediating the plus-end recruitment 

of multiple additional MAPs to polymerizing MT ends [11]. APC loss-of-function by RNAi-mediated knockdown 
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or expression of a dominant negative mutant results in loss of astral MTs and spindle misorientation [185]. APC 

mutant mice develop intestinal cancer accompanied by spindle misorientation [186-188]. In addition, it has been 

shown that APC is required for cell polarization, indicating that spindle misorientation might result from defects 

in cell polarization rather than via altered MT regulation [189-193]. However, other studies have challenged the 

idea of a direct role of APC in tumorigenesis as a consequence of spindle positioning defects. For instance, APC 

mutations induce chromosome missegregation and drive CIN in vitro and in vivo, which might be sufficient to drive 

tumorigenesis in the colorectal tumor models [188,194,195]. Furthermore, activation of the β-catenin pathway 

alone without the loss of APC activity induces tumorigenesis [196], indicating that the tumorigenic effect caused 

by loss of APC activity is not solely a consequence of spindle misorientation. Moreover, it is still unclear whether 

or not intestinal crypt stem cells undergo symmetric or asymmetric cell divisions. Fate mapping of individual intes-

tinal crypt stem cells revealed that they undergo symmetric cell divisions, and it has been proposed that stem cell 

fate is determined at a later stage through competition for the stem cell niche [197], although other studies have 

reported otherwise [186,198]. 

Other tumor suppressor genes that have been implicated in the regulation of spindle orientation are the E-cadher-

in and von Hippel-Landau (VHL) genes. Germline mutations in E-cadherin result in the development of gastric and 

breast cancers [199], whereas VHL mutations are associated with the Hippel-Lindau syndrome that is characterized 

by formation of malignant tumors in multiple tissues [200]. Depletion of either genes results in spindle misorien-

tation in cultured cells [201,202]. However, both genes are required for other cellular functions aside of mitotic 

spindle positioning. E-cadherin is an important regulator of cell-cell adhesion in the epithelium and also modulates 

signal-transduction pathways by interacting and controlling the activity of multiple factors, including β-catenin 

and receptor tyrosine kinases (RTKs), which both have crucial functions in tumor progression as well as metastasis 
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Figure 4. Consequence of spindle misorientation in asymmetrically dividing Drosophila neuroblasts
During the asymmetric neuroblast cell division, the apical-basal polarity axis is inherited from the epithelial cells of the neuroectoderm. Polarity factors 
accumulate asymmetrically at the apical cortex, which in turn will recruit the spindle orientation factors to these cortical regions. The polarity factors also 
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generate excess neuroblasts in situ, whereas LGN mutant neuroblasts will generate neuroblastomas after implantation.
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[203]. VHL on the other hand is an E3 ubiquitin ligase that controls hypoxia-inducible factor (HIF) protein levels, 

thereby regulating cell proliferation and angiogenesis in relation to oxygen-availability [200]. Due to the pleiotropic 

effects that result from loss-of-function of these tumor suppressor genes, it has been difficult to directly test the 

contribution of spindle misorientation to tumor progression. 

Interestingly, a recently established mouse model expressing a truncated LGN lacking the C-terminus that encom-

passes the GoLoco domain, was found to be viable and fertile [204]. Although it exhibited spindle orientation de-

fects in neuroepithelial cells, loss of both wild-type LGN alleles did not result in major problems in neuronal tissue 

homeostasis. Furthermore, although LGN knockdown in the developing mouse embryo epidermis clearly results 

in defective spindle orientation and a variety of developmental problems, no reports of enhanced tumor develop-

ment have been made [205,206]. Thus, although there is a strong correlation between spindle misorientation and 

tumorigenesis, merely perturbing spindle orientation using LGN loss-of-function mutations indicates that spindle 

misorientation per se is not sufficient to drive tumorigenesis. Thus, it remains to be clarified if spindle misorien-

tation can contribute to tumor growth under certain circumstances, for instance when combined with other on-

cogenic mutations. Knockdown of the Rho-kinase ROK, a factor that regulates actomyosin contractility at the cell 

cortex, leads to spindle misorientation in Drosophila wing epithelial cells. However, rather than showing signs of 

tumor initiation, ROK loss causes tissue disorganization due to increased apoptotic cell death. Interestingly, when 

ROK is depleted in cells with induced expression of the apoptosis inhibitor p35, an EMT-like effect was observed 

[207]. Considering the strong association of spindle misorientation with chromosome missegregation phenotypes 

and aneuploidy, as observed with APC [188,194,195] or VHL [202] mutations in human cells, it will be interesting 

to investigate whether these defects have a synergizing effect in cancer development.

Antimitotics - targeting the mitotic spindle in cancer therapy

Microtubules are important targets in anticancer therapies due to their critical functions in mitosis. MT-targeting 

agents (MTAs) are believed to inhibit MT dynamics required for proper mitotic spindle assembly, interfering with 

normal mitotic progression, and thereby curbing tumor cell proliferation, thus also referred to as anti-mitotics. 

MTAs are classified broadly into two classes, based on their effects on MT polymer mass at high drug concentra-

tions: MT-stabilizing and -destabilizing agents. Taxanes, such as paclitaxel (taxol), and epothilones belong to the 

class of MT-stabilizers, whereas vinca alkaloids act as MT-destabilizers. Here I will focus on the effects of taxol, an 

FDA-approved drug that has been used in the treatment of solid tumors since the 90’s. Despite showing efficacy 

in cancer treatment of some patients, taxol resistance remains a major obstacle in improving the overall response 

and survival of patients.

Taxol mode of action in vitro and in vivo

The first studies aimed at determining the activity of taxol revealed that it acts as a potent MT-stabilizing agent 

in vitro [208-210]. Taxol promotes the assembly of MTs with purified tubulin dimers and protects polymerized 

tubulins from disassembly induced by low temperature or Ca2+ treatment [208]. Furthermore, taxol induces the 

assembly of tubulins into MT polymers in the absence of GTP [210]. It was subsequently determined that taxol 
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specifically binds to the β-subunit of the α-/β-tubulin heterodimer in microtubules but not to soluble free tubulin 

dimers [5,209,211,212]. 

Similar to its effect in vitro, taxol promotes MT polymerization and stabilization when given at high concentrations 

(>300 nM) to cultured cells [213,214]. However, at low concentrations (<25 nM), taxol was found to suppress MT 

dynamics without increasing polymer mass [215,216]. Phenotypically, most tumor cells treated with taxol ex vivo 

exhibit prolonged mitosis, which eventually leads to cell death. At high concentrations, cells display abnormal 

mitotic spindles and they either initiate apoptosis in mitosis or die in interphase following mitotic slippage [217-

219]. Low concentrations of taxol on the other hand, promote either multipolar spindle formation or cause minor 

defects in bipolar spindle establishment and cells do not maintain a sustained mitotic block. However, these cells 

encounter problems in chromosome alignment and exit mitosis with segregation errors, resulting in aneuploidy in 

the daughter cells, which in turn can cause cell death [220-222]. Thus, taxol exerts its anti-proliferative effect by 

distinct mechanisms in vitro depending on the concentration utilized [223]. 

The effect taxol has on tumor cells in situ is still a subject of ambiguity. Although the concentration-dependent 

effect of taxol on the mitotic spindle and mitotic progression was recognized for some time, the predominant 

idea was that taxol exerts its antitumor effect through the induction of a persistent mitotic arrest [224,225]. Ac-

cordingly, some studies have reported elevated numbers of mitotically arrested cells in mouse tumor models 

treated with taxol [226,227]. However, the increase in the fraction of mitotically arrested cells observed is minor 

compared to the extent of mitotic blockage observed in vitro at high concentrations of taxol. Similarly, histological 

examinations of tumor samples from human patients did not show a strong correlation between mitotic index and 

tumor response [228,229]. A recent study examined taxol concentration in tumor samples obtained from patients 

within 20 hours after initiation of the first dose [230]. By comparing the intracellular accumulation of taxol in these 

patient-derived tumor samples with cultured cells exposed to varying concentrations of taxol it was determined 

that the clinically relevant taxol concentration was equivalent to ~ 5-50 nM in vitro – a concentration range that is 

considered relatively low and at which taxol does not induce a robust mitotic arrest, but rather promotes multipo-

lar spindle formation and severe chromosome missegregation [230]. 

Other studies have suggested that taxol kills tumor cells during interphase rather than in mitosis based on the 

notion that, considering the doubling time of human tumor cells, an insufficient number of cells undergo mitosis 

to account for the rate of tumor shrinkage within a given time after administration of taxol [231,232]. In support 

for such an idea, intravital imaging approaches in mice showed that the increased tumor cell apoptosis induced 

by taxol treatment did not correspond to a significant increase in the occurrence of aberrant mitoses [227,233]. 

However, based on findings from cell culture studies, there is to date no indication that taxol can induce cell death 

in interphase, unless they have passed through at least one round of cell division in the presence of the drug 

[230,233]. Possibly, the tumor microenvironment facilitates an interphase effect of taxol in vivo, which cannot be 

re-constituted under normal cell culture conditions, but mechanistic insights are lacking. 

Taxol resistance mechanisms related to tubulins

Intrinsic or acquired resistance is a commonly occurring event that limits the efficacy of many chemotherapeutic 

drugs, including taxol. Resistance arises often through multifactorial mechanisms and in case of taxol, a diversity 

of potential mechanisms have been proposed to account for the resistance phenotype. These include the over-
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expression of the P-glycoprotein (P-gp) efflux pump [234], inhibition of apoptotic pathways [235], and tubulin or 

MT alterations that either affect taxol binding or MT dynamics in a fashion counteracting the effect of taxol [225]. 

Here, I will focus on the potential mechanism of taxol resistance that is related to the differential expression of a 

specific isotype of β-tubulin that is commonly observed in human tumors. 

In humans, there are at least 8 isotypes of β-tubulin that are encoded by different genes. The β-tubulin isotypes 

are structurally highly conserved but differ at their unique carboxy (C)-terminal tails comprising the last 20-30 

amino acids [236]. Within the MT, these C-terminal tails are exposed at the surface of the MT lattice and are 

targets of diverse enzymes. They undergo a variety of posttranslational modifications, which can alter the inter-

action of MTs with MAPs and modulate MT function [15]. Although some of the β-tubulin isotypes, in particular 

βI-tubulin, are ubiquitously expressed, the expression of other β-tubulin isotypes is confined to specific tissue or 

cell types [237-239]. Interestingly, the tissue-specific expression of certain β-tubulin isotypes is often disrupted 

in cancer cells. In particular, the over-expression of βIII-tubulin (TUBB3), an isotype that is normally expressed in 

neuronal and testicular Sertoli cells, has been associated with drug-resistant ovarian cancer [240] and has since 

then been validated in large-scale translational studies of resistant lung, ovarian, and breast tumors (reviewed 

in [241-243]). Subsequently, a number of functional studies implicated a direct function of TUBB3 in mediating 

taxol resistance. Non-small cell lung, pancreatic, and prostate carcinoma cells selected for taxol resistance dis-

played increased TUBB3 expression [240,244,245] and this resistance phenotype was partially reversed when its 

expression was suppressed [240]. TUBB3 gene silencing approaches in other studies resulted in similar outcomes 

[246,247]. Furthermore, overexpression of TUBB3 results in increased resistance to taxol [248,249], which has 

been suggested to be due to altered MT dynamics, opposing the activity of taxol [250-252]. Based on these find-

ings, TUBB3 was originally considered as a promising predictive marker for taxol resistance in tumors. However, 

later studies implicated a much broader function of TUBB3 in chemotherapy resistance. High TUBB3 expression 

levels was associated with resistance to several other chemotherapeutic drugs in the clinic (reviewed in [253]) and 

in cultured cell lines [249,254]. Furthermore, TUBB3 expression can be induced not only after exposure to taxol but 

also under other conditions of cellular stress [255,256]. Based on these findings, it has been suggested that TUBB3 

might decrease the efficacy of MTAs through two mechanisms – by suppression of MT dynamics and by promoting 

general cell survival. Yet, how it mediates cross-resistance to this broad range of drugs is not well understood. In 

addition, mechanisms that regulate constitutive or induced transcriptional activation of TUBB3 have been difficult 

to elucidate. HIF1α, a hypoxia-induced transcription factor, was reported to bind and to activate TUBB3 expression 

in taxol-sensitive ovarian cells [256]. However, the promoter region of the TUBB3 gene comprises multiple other 

transcription factor binding motifs [257]. Furthermore, considering that chemotherapeutic drugs induce TUBB3 

expression under normal culture conditions, it is likely that TUBB3 transcription is regulated through multiple 

pathways [240,244,245] (discussed in chapter 4). Further work is needed to improve our understanding of the role 

of TUBB3, if any, in resistance to taxol in clinical practice.

 



24 CHAPTER 1

Thesis Outline

The accurate distribution of the replicated genome during mitosis is critical for cell viability, proper development 

as well as tissue homeostasis in multicellular organisms. The formation of a functional mitotic spindle, a macro-

molecular machinery that physically links to and drives chromosome segregation, is essential to ensure that each 

daughter cell inherits the identical complement of genetic material. Furthermore, the mitotic spindle is an import-

ant determinant of the plane of cell division. The positioning of the spindle within the cell is highly regulated and is, 

to a certain extent, controlled by cell-external cues to align the mitotic spindle along a pre-determined cell polarity 

axis. Both in symmetrically and asymmetrically dividing cells, mispositioning of the mitotic spindle can have detri-

mental consequences for the fate of the respective daughter cells. Perturbations in mitotic spindle functions that 

cause chromosome alignment or spindle positioning defects can both affect cell viability on the one hand, but can 

also contribute to disease development, such as cancer. Conversely, the mitotic spindle is also the target of various 

anti-cancer therapies, as a means to curb the fast proliferation of tumor cells. However, tumor cells readily develop 

resistance mechanisms and bypass the defects induced by microtubule-targeting agents. In chapter 2, we study 

the mechanisms of spindle positioning in symmetrically dividing mammalian cells grown on adhesive micropat-

terns. Using this technique, combined with high-resolution time-lapse imaging of dividing cells, we have examined 

the spatiotemporal regulation of cortical dynein recruitment. We establish that extracellular and intracellular cues 

control cortical dynein localization in distinct phases of mitosis. While the early cortical recruitment sites are dic-

tated by the adhesion geometry of the cell, and thus by cell external signals, the sustained localized enrichment of 

dynein at the cortex requires astral microtubules. In chapter 3, we demonstrate that minor defects in chromosome 

alignment induce spindle-positioning defects. We further show that the kinetochore-pool of Plk1 disrupts cortical 

association of LGN, when misaligned chromosomes come in proximity of the cortex. Thus, minor perturbations in 

the proper functioning of the mitotic spindle can cause spindle-positioning defects as a consequence of spatial im-

balance in the intracellular signals that regulate cortical factors. In chapter 4, we have explored the potential role 

of TUBB3 overexpression in taxol-resistance. We have employed three different approaches to study TUBB3 regu-

lation and function: by examining TUBB3 levels in taxol-resistant cultured cell lines, by the induced over-expression 

of TUBB3 using the CRISPRa technology, and by knockdown of TUBB3 in a number of breast cancer cell lines. We 

find that targeted induction of TUBB3 gene expression confers cells with a minor decrease in taxol-sensitivity, indi-

cating that TUBB3 can have a direct function in the resistance mechanism. However, we also find that the altered 

TUBB3 expression that is induced upon exposure to taxol occurs unrelated to the acquisition of drug resistance. 

Furthermore, in multiple breast cancer cell lines, the downregulation of TUBB3 levels does not result in increased 

sensitivity of these cells to taxol. Thus, TUBB3 levels can be induced or it can be constitutively expressed without 

any functional implication on taxol sensitivity. Hence, while in some instances TUBB3 can mediate taxol-resistance, 

its expression level is not necessarily always directly related to the taxol resistance phenotype. Finally, in chapter 

5 we summarize and review the results described in this thesis, while discussing controversies and open questions 

related to mechanisms of spindle positioning, the implication of the link between chromosome alignment and 

spindle-positioning defects in tumorigenesis, and the implication of TUBB3 over-expression in taxol-resistance. 
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Abstract

Cytoplasmic dynein is recruited to the cell cortex in early mitosis, where it can generate pulling forces on astral 

microtubules to position the mitotic spindle. Recent work has shown that dynein displays a dynamic asymmetric 

cortical localization and th at dynein recruitment is negatively regulated by spindle pole-proximity. This results in 

oscillating dynein-recruitment to opposite sides of the cortex to center the mitotic spindle. However, although the 

centrosome-derived signal that promotes displacement of dynein has been identified, it is currently unknown how 

dynein is re-recruited to the cortex once it has been displaced. Here we show that re-recruitment of cortical dynein 

requires astral microtubules. We find that microtubules are necessary for the sustained localized enrichment of 

dynein at the cortex. Furthermore, we show that stabilization of astral microtubules causes spindle misorientation, 

followed by mispositioning of dynein at the cortex. Thus, our results demonstrate the importance of astral micro-

tubules in the dynamic regulation of cortical dynein recruitment in mitosis.
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Introduction

Proper control of the cell division plane orientation is a critical feature ensuring normal cell division and develop-

ment. The positioning of the mitotic spindle plays a crucial role in this process, as it defines the cell division axis 

and the position of the cleavage furrow [258], [259]. Failure to properly position the spindle can be deleterious to 

organisms, and is implicated in causing aneuploidy, developmental defects, or cancer [260], [118], [119]. 

The mitotic spindle is composed of dynamic microtubules that grow and shrink through the addition and removal 

of tubulin dimers, respectively [1]. This dynamic behavior of microtubules allows them to search in intracellular 

space and to interact with organelles, diverse cellular structures and the boundaries of the cell [261], [262], [263]. 

Astral microtubules are nucleated from the spindle poles in radial arrays towards the cell peripheral space and 

probe the cell cortex for anchor sites. Control of spindle positioning is achieved through pulling forces exerted on 

astral microtubules generated by cortically deposited microtubule minus-end directed motor activity [264], [265], 

[266].

In many of the systems utilized for the study of mitotic spindle positioning, including yeast [130], [267], [131], C. 

elegans zygotes [132], [133], [134], mouse skin progenitors [205], as well as cultured mammalian cells [135], [136], 

the spindle orientation pathways converge on the evolutionarily highly conserved multi-subunit motor complex, 

cytoplasmic dynein 1 (hereafter referred to as dynein). The dynein motor complex interacts with several additional 

accessory and adaptor proteins including the dynactin complex, which is essential for proper localization and acti-

vation of the dynein complex [268], [269], [270].  The minus-end directed motor activity resides in the homodimer 

of two dynein heavy chains (DHCs), each comprising six AAA ATPase motor domains that binds and hydrolyses ATPs 

and produce step-like motility with their microtubule binding “stalk” domains [269], [271]. Dynein anchored at the 

cortex is thought to drive spindle-movement by “walking” towards the minus-ends of astral microtubules [272], 

[137], [273].

The regulation of spindle positioning is well studied in yeast, where dynein plays a crucial role in pulling the nucleus 

into the bud-neck between the mother and daughter cells in mitosis. A number of recent studies support for an 

active microtubule-mediated delivery process of dynein to the cortical docking factor [274]. Loss of the cortical 

dynein anchor, Num1, leads to the accumulation of dynein at plus-ends of astral microtubules [147], whereas 

dynein mutations that disrupts astral MT plus-end localization leads to reduction in cortical dynein [148]. More-

over, high-resolution live microscopy of yeast expressing fluorescently tagged dynein have allowed direct obser-

vations of dynein offloading from microtubule plus-ends to the cortex [149]. A similar observation of a microtu-

bule-dependent two-step cortical dynein delivery process was made in fission yeast, where dynein localizes to the 

cortex to facilitate meiotic nuclear oscillations [150].

In vertebrate systems, dynein-dynactin interacts with an evolutionarily conserved protein complex at the cell cor-

tex, which is distinct from the yeast counterpart, and is comprised of Gαi/LGN/NuMA (Gα/GPR-1/2/Lin-5 in C. 

elegans) [133], [275], [135], [136]. This protein complex provides the anchor sites for dynein at the cortex from 

where it is thought to generate pulling forces on the mitotic spindle by capturing astral microtubules and subse-

quently exerting minus-end directed motility. Kiyomitsu and Cheeseman (2012) have shown that in mammalian 

cells, cortical dynein behaves dynamically throughout mitosis, mediating the oscillatory movement of the spindle 

until it is centered in the middle of the cell. Dynein forms an asymmetric cortical crescent over the spindle pole 
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farthest away from the cell cortex. As the spindle approaches towards the dynein crescent, this dynein population 

disappears and reappears on the opposite cortical site. Two distinct cell intrinsic signals were identified that medi-

ate this dynein behavior. The chromosome-derived Ran-GTP gradient inhibits LGN-NuMA localization to the cortex, 

causing the polarized distribution of dynein. Furthermore, the spindle pole-localized kinase Plk1 was identified 

as a negative regulator of dynein-NuMA interaction, which explains the asymmetric enrichment of dynein. More 

recently, the major cell cycle regulator cyclin-dependent kinase 1 (CDK1) was identified as another negative regu-

lator of dynein at the cortex, revealing an LGN-independent cortical targeting mechanism of dynein in anaphase, 

when Cdk1 activity declines [120], [276]. Thus, depending on the cell cycle stage, distinct signaling pathways confer 

temporal and spatial regulation of dynein [277].  

In addition to such cell intrinsic cues, emerging evidence also indicates that extrinsic cues from the extracellular 

matrix contribute to spindle positioning in cultured mammalian cells. Apparently non-polarized in vitro cultured 

cells exhibit regulated spindle orientation when their adhesion geometry is constrained by the usage of adhesive 

micropatterns [127], [126]. It was proposed that the extracellular matrix controls actin structure and dynamics at 

the membrane, which in turn impacts on the orientation of the mitotic spindle [127], [153]. Consistently, a number 

of factors that localize to and regulate cortical actin networks, such as MISP [278], [160], LIM kinase [279], Cdc42 

[164] and PI(3)K [165] are found to be required for regulated spindle orientation. Although a full picture has yet to 

emerge, these findings support the idea that a combination of cell-intrinsic and extrinsic factors mediates spindle 

orientation in cultured mammalian cells. 

Here, we dissect the contributions of these distinct signals by direct observation of dynein at the cortex in cultured 

cells on micropatterns. Using this experimental setup, we find that the initial cortical localization of dynein is deter-

mined by cell external cues, and is dictated by the adhesion geometry of the cell. However, in the later stages of mi-

tosis, sustained localized enrichment of dynein at the cortex depends on the presence of microtubules. Moreover, 

we show that spindle misorientation causes mispositioning of dynein at the cortex. Thus, these findings demon-

strate the importance of astral microtubules in the dynamic regulation of cortical dynein recruitment in mitosis.

 

Results

Enrichment of dynein at cortical target sites precedes spindle orientation

It has previously been established that adhesion geometry of cultured mammalian cells can dictate the axis of cell 

division. Cells grown on rectangular micropatterns preferentially orient their mitotic spindle along the long axis of 

Figure 1. Regulated spindle orientation of micropatterned cells depends on cortical dynein. →
(A) Fluorescence live cell images of a micropatterned HeLa cell stably expressing DHC-GFP. Images are maximum projections of 7 z-slices, taken every 8 
minutes. 0’ indicates the first frame acquired after NEB. (B) Left: Schematic (top) and an example (bottom) of the cortical DHC-GFP linescan method. The 
starting position of the linescan is indicated with a red arrow and moves in a clockwise direction around the cortex with a linescan width of 5 pixels. Right: 
The relative cortical dynein enrichment level is determined by the fluorescence intensity of each cortical angle point normalized to the modal value of all 
measured cortical intensity values. The normalized intensity values are further converted into a heat map (below each plot). The color code assigning the 
normalized GFP intensity values is shown on the bottom right. Grey shaded areas in the graphs indicate the preferential spindle orientation angles of 
control cells relative to the rectangular micropattern, as quantified in figures 1G and 1H. (C) Kymograph of cortical dynein intensity heatmap from the 
example cell in figure A. The angles of the mitotic spindle relative to the shape are plotted at corresponding time points (blue line). (D and E) Heatmaps 
of DHC-GFP in early (first or second frame after NEB) and late (last frame in metaphase) mitotic time points, respectively (n=102). The averaged intensity 
values of all heat maps with standard deviations are plotted in a graph (below heat maps). (F and G) The spindle angles of the cells used for the analysis 
in figures D and E measured at the corresponding time points, respectively. (H and I) Spindle angles in siGAPDH (left) and siDHC (right) treated U2OS cells 
co-expressing GFP-tubulin and H2B-RFP. Measurements were done in the last time point acquired in metaphase. 
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the rectangle [127], [126]. However, whether dynein mediates the rotational spindle movement in cells undergoing 

mitosis under such geometric constrains has never been directly shown. Visualizing dynein localization to the cell 

cortex in living cells grown on these micropattern would provide critical insights into dynein’s function. For this 

purpose, we set up fluorescence live cell imaging experiments using micropatterned HeLa cells stably expressing 

a bacteria artificial chromosome encoding GFP-tagged mouse dynein heavy chain (DHC-GFP; [280]). Seven focal 

slide images were acquired every eight minutes, which allowed us to determine cortical dynein dynamics with 

good spatiotemporal resolution (Figure 1A). In order to obtain a qualitative read-out for cortical dynein localiza-

tion and enrichment over time, we generated a macro for image analysis that converts relative cortical DHC-GFP 

intensities into a heat-map of 360 pixels corresponding to the 360° circumference of a rounded up mitotic cell 

(Figure 1B). Using this macro, we found that dynein enrichment at the cortex occurred at early prometaphase and 

coincided with the first or second time frame acquired (0-8 minutes) after nuclear envelope breakdown (NEB). At 

this early phase of mitosis, cortical dynein was symmetrically enriched at two opposing sides of the cell (Figure 1, 

A-C). Only later, as cells progressed further through prometaphase and metaphase, dynein became asymmetrically 

enriched, occasionally switching its cortical enrichment site as described previously (Figure 1, A-C and [135]). Most 

importantly, throughout mitosis cortical dynein enrichment was restricted to cortical sites that are proximal to the 

short edge of the rectangular micropattern (45°-135° and/or 225°-315°) (Figure 1, D and E). In contrast, the mitotic 

spindle assumed random orientations relative to the geometry of the micropattern immediately after NEB (Figure 

1, C and F). Whenever the mitotic spindle was initially misoriented, we observed quick and directed rotational 

movements in prometaphase/metaphase until the spindle was positioned along the long axis of the shape (Figure 

1, C and G, supplementary movie 1). Thus, cortical dynein recruitment precedes spindle positioning. These results 

suggest that the initial cortical localization of dynein is determined by cell external cues dictated by the adhesion 

geometry of the cell. 

Cortical dynein controls spindle positioning

We next tested whether dynein is required for proper spindle orientation. For this, we analyzed the orientation 

of the mitotic spindle in cells stably co-expressing H2B-GFP and mCherry-tubulin by fluorescence live-cell imag-

ing. In control cells transfected with GAPDH siRNA, the spindle was preferentially oriented along the long axis 

of the shape (Figure 1H, supplementary movie 2). Depletion of DHC by siRNA resulted in a large number of cells 

displaying severe spindle defects with unfocused spindle poles as described in previous reports [27], [281], [270]. 

Nonetheless, the presence of a fraction of cells with bipolar spindles (60%; data not shown) allowed us to analyze 

spindle orientation in this subpopulation of DHC-depleted cells. Consistent with a role of dynein in spindle orienta-

tion, DHC knockdown lead to a severe spindle misorientation phenotype, with no preferential spindle orientation 

along the long axis of the shape (Figure 1I, supplementary movie 3). Furthermore, we specifically mislocalized the 

cortical pool of dynein by siRNA-mediated depletion of the cortical dynein targeting factor LGN [135], [282] in the 

DHC-GFP-expressing cells. As reported earlier, LGN RNAi resulted in loss of cortical dynein localization with no 

other observable defects in KT-, spindle pole- and spindle localization of dynein (Figure S1, A and B). Similar to DHC 

knockdown, LGN knockdown resulted in random spindle orientation (Figure S1C). Taken together, these data indi-

cate that regulated spindle orientation in cells undergoing cell divisions under geometric constraints is mediated 

by cortically localized dynein. 
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Figure 2. Cortical dynein enrichment depends on the stability of the mitotic spindle. 
(A) Asynchronous cells were treated for 1 hour with the indicated drugs and subsequently scored for the presence of cortical dynein within 2 hours. Dynein 
localization was categorized as polarized, diffuse and absent (none). Representative images of each category are shown below. Brightness and contrast 
of images are not scaled equally. Error bars represent SD of three independent experiments. (B) Relative cortical DHC-GFP intensity level of a control un-
treated HeLa cell at the three indicated time points after mitotic entry. The graphs (right) depict the relative fold enrichment (y-axis) of DHC-GFP at each 
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experiments shown in figures A-D at indicated time points. (G) Quantification of average DHC-GFP enrichment in F plotted as a box-plot.
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Local enrichment of cortical dynein depends on the stability of spindle microtubules

As dynein presents a dynamic behavior from prometaphase to metaphase, we next set out to examine how the 

dynamic re-distribution of dynein at the cortex is regulated. It has previously been shown that both the centro-

some-associated kinase Plk1 as well as the chromosome derived Ran gradient negatively regulates recruitment of 

dynein at the cortex, mediating displacement of dynein from specific cortical areas [135]. This allows repositioning 

of the spindle and as such facilitates centering of the spindle in the mitotic cell. However, displacement of dynein 

must be associated with recruitment of dynein to sites that are (no longer) in the vicinity of the spindle poles or 

chromosomes. Possibly, this is a simple consequence of stabilization of dynein at cortical regions where negative 

regulators are not present. Alternatively, dynein targeting might involve active delivery process via astral microtu-

bules to promote localized enrichment at the cell cortex. 

To test the contribution of astral microtubules on cortical dynein localization, we subjected DHC-GFP expressing 

HeLa cells to a range of concentrations of spindle microtubule de-stabilizing agent, nocodazole (Figure 2A). In 

MG132-arrested control cells, most cells displayed a polarized enrichment of cortical dynein. Upon nocodazole 

treatment, a large fraction of cells still maintained dynein at the cortex. However, with increasing concentration 

of nocodazole an increasing fraction of cells lost dynein from the cell cortex (Figure 2A). In control cells, only a 

small fraction of cells were devoid of cortical dynein (5%), whereas the fraction of cortical dynein negative fraction 

increased more than 3-fold (17%) and 6-fold (30%) in 10 nM and 25 nM nocodazole-treated populations, respec-

tively. A further increase in nocodazole concentration (50 nM) did not lead to a dramatically enhanced effect than 

at 25nM nocodazole (34%). Consistent with these observations, analysis of spindle structure by cell fixation and 
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Figure 3. Astral microtubules determine sites of cortical dynein enrichment. 
(A) Distributions of spindle orientation at late mitotic time points in control GAPDH-depleted (top) and Kif18b-depleted cells (bottom). Data is extracted 
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tubulin staining showed that astral microtubules were severely affected at 10nM nocodazole, whereas all microtu-

bules were completely de-polymerized at a nocodazole concentration of 25 nM (Figure S2A).

In order to examine this in more detail, we carried out live-cell imaging to analyze the effect of nocodazole treat-

ment on cortical dynein enrichment over time. When cells entered mitosis in the presence of nocodazole (10 

nM and 25 nM), cortical dynein enrichment was impaired in a dose-dependent manner (Figure 2, A-C). In 10 nM 

nocodazole, small patches of dynein-enriched areas were observed at random cortical regions, whereas enrich-

ment was completely abolished in cells treated at a nocodazole concentration of 25 nM (Figure 2, B, C and E). 

Nonetheless, the initial symmetric recruitment of dynein to the cortex still took place albeit with lower efficiency 

under the detection limit of the macro (Figure S2B). This might indicate a highly transient cortical recruitment of 

dynein that is dependent on extracellular cues, which needs subsequent stabilization by microtubules that are 

nucleated upon NEB. When cells entered mitosis in the presence of nocodazole, and subsequently were allowed to 

re-polymerize spindle microtubules by nocodazole washout into new media containing the Eg5 inhibitor STLC, the 

KT pool of dynein persisted and cortical dynein enrichment was re-established to a level comparable to untreated 

control cells (Figure S3, A-C and Figure 2F). Thus, the defect in cortical dynein enrichment seen after treatment with 

spindle poisons occurs independent of the sustained KT-dynein localization caused by persistent absence of stable 

KT-microtubule attachments [283], [284].

Conversely, when cells were treated with a low dose of the microtubule-stabilizing agent taxol (1.5 nM), dynein 

was properly enriched at cortical regions near the short edge of the rectangular micropattern immediately after 

mitotic entry (Figure 2D). During the mitotic arrest, however, cortical dynein enrichment sites became randomized 

(Figure 2, D and E), presumably because the spindle started to rotate and/or due to disorganization of the mitotic 

spindle. Taken together, these data indicate that spindle microtubules are required for continued recruitment of 

cortical dynein to the cell cortex. Notably, the overall cortical dynein enrichment level in cells with taxol-stabilized 

spindles was comparable to control untreated cells (Figure 2F), suggesting that dynein enrichment does not require 

dynamic microtubules. 

Astral microtubules determine the sites of cortical dynein enrichment

In order to specifically address the role of astral microtubules in cortical dynein enrichment, we set up an assay in 

which we could selectively modulate the stability of the astrals without affecting the other population of the spin-

dle microtubules. Kif18b is a member of the kinesin-8 family that possesses microtubule de-polymerizing activity. 

Kif18b was shown to localize to the plus-ends of astral microtubules and was found to specifically affect the dynam-

ics and stability of astral microtubules [285], [286]. Despite affecting spindle dynamics at the astral tips, Kif18b de-

pletion does not cause major defects in bipolar spindle organization and cells are capable of progressing normally 

through mitosis [285]. Consistently, we did not observe any obvious defects in spindle morphology when live cell 

imaging was carried out with H2B-RFP and GFP-tubulin co-expressing cells transfected with siRNA against Kif18b 

(Figure S4A). Western blot analysis confirmed the efficiency of our siRNA-mediated depletion of Kif18b (Figure 

S4B). Importantly, Kif18b knockdown caused spindle misorientation in cells plated on the rectangular micropattern 

(Figure 3A). The randomly assumed centrosome positions at the time of NEB were maintained throughout mitosis 

in Kif18b-depleted cells and the spindle did not rotate into the correct angle relative to the shape (Figure 3, B and 

C). We then went on to test the effect of the spindle misorientation on cortical dynein localization by interfering 
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with Kif18b expression in the DHC-GFP expressing cell line. We found that the initial recruitment of dynein to the 

cortex was unaffected when compared to GAPDH-depleted control cells (Figure 3, B and C). However, as cells pro-

gressed further through mitosis, dynein enriched sites did not remain restricted to the cortical areas at 45°-135° 

or 225°-315° but shifted towards cortical regions that contact most of the astral microtubules of the misoriented 

spindle (Figure 3C). By the time cells reached metaphase, dynein enrichment sites were dominated by the position 

of the misoriented spindle, and displayed random localization relative to the shape (Figure 3D). These observations 

further support a role of astral microtubules in cortical dynein targeting. 

 

Discussion

A large body of evidence indicates that polarization of the mitotic cell body, which eventually dictates spindle ori-

entation, depends on the cell’s contacts with its adhesive microenvironment [127], [126], [153] and Figure 1). This 

suggests that extracellular factors are determinants for the (initial) sites of cortical dynein enrichment in mitosis. 

The molecular mechanism of how these extracellular cues are linked to cortical dynein recruitment remains elu-

sive. In yeast, it is clear that there are no extracellular cues that dictate spindle orientation, thus, polarization of the 

cell body occurs through a cell intrinsic pathway [287]. Spindle orientation along the polarity axis in yeast critically 

depends on the function of dynein, and astral microtubules play key functions in dynein’s cortical targeting path-

way. Through high-resolution live cell microscopy, single dynein molecules were observed while being offloaded 

from bundled astral microtubules to the cell cortex [149], [150]. While reports of astral microtubule localization of 

dynein components have been made utilizing fixed assays in some mammalian systems [288], the involvement of 

astral microtubules in cortical dynein targeting has never been carefully explored.

Here, we have manipulated (astral) microtubule stability using a number of different approaches and find that 

astral microtubules are required for localized dynein recruitment to the cortex and can be a determining factor 

for cortical dynein enrichment sites in mitosis. A number of previous studies have reported that de-stabilization of 

astral microtubules by low dose nocodazole treatments have no effect [135] or even a positive effect on cortical 

dynein localization, where new cortical regions become occupied with dynein upon nocodazole treatment  [152]. 

In addition, another study reported that cortical LGN localization becomes enhanced upon nocodazole treatment, 

suggesting that astral microtubules are required for the proper turnover of LGN towards the spindle poles [289]. 

Indeed, we also find that a substantial fraction of cells (>65%) display dynein at the cortex when asynchronous 

populations are treated with a high dose of nocodazole, and we observed a minor increase in the fraction of cells 

where the cortical dynein crescent appeared diffuse and covering a larger area of the cortex (Figure 2A; 4% in 

control, 12% and 11% at 10 nM and 25 nM nocodazole, respectively), indicating that dynein has low turnover at 

the cortex when microtubules are depolymerized in mitotically arrested cells. However, through live-cell imaging 

we find that nocodazole-treated cells fail to sustain the dynamic asymmetric distribution of cortical dynein. On the 

contrary, treatment with taxol does not result in a loss of dynein from the cell cortex. Rather it leads to perturbation 

of the asymmetric distribution of dynein. Moreover, depletion of the microtubule-destabilizing kinesin Kif18b re-

sults in spindle misorientation, which in turn causes over time the deposition of dynein at cortical sites that do not 

correspond to the initial recruitment site (Figure 3, B and E). Combined, these data suggest that astral microtubules 
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have a positive effect on cortical dynein localization and that it is required for the sustained localized enrichment 

of dynein. However, the level of dynein enrichment at the cortex is not affected in the taxol-treated or Kif18b-de-

pleted cells (Figures 2F and 3E), although microtubule-dynamics are severely compromised. This suggests that the 

presence of polymerized tubulins is sufficient to promote dynein recruitment to the cortex.

Our data show that initial recruitment of dynein to the cortex is dictated by the geometry of cell adhesion. Follow-

ing the initial recruitment phase, we find that further recruitment of dynein to the cortex depends on astral micro-

tubules. Possibly, a plus-end directed motor transports dynein to cortical sites where it is allowed to anchor to its 

upstream factors NuMA/LGN/Gαi. Alternatively, dynein is stabilized at the cell cortex whenever astral microtubules 

are present. It is not unlikely that the astral microtubules themselves function to deposit dynein at the cortex, al-

lowing them to quickly generate a pulling force on the spindle that helps to establish the proper orientation. In the 

cells grown on a micropattern initial recruitment of dynein is largely dictated by the geometry of adhesion, causing 

dynein to accumulate on opposing sides of the cell along the short axis of the cell. This pool of dynein can function 

as the initial force-generating platform to orient the spindle, such that the majority of astral microtubules will meet 

the cortex at the sites of initial dynein recruitment. This two-step mechanism can further enforce spindle orien-

tation along the long axis of the cell. As mentioned above, recruitment of dynein to the cell cortex is negatively 

regulated by chromosome- and centrosome-derived signals. This superimposes an additional level of control over 

cortical dynein dynamics that allows selective recruitment of dynein to cortical sites that are not in close proximity 

of the spindle poles or the chromosomes. Combined, these mechanisms provide all the ingredients to allow a cell 

to position the spindle in the center of the cell, aligned with its geometry of cell adhesion.

In summary, we have revealed a role for dynein in linking extracellular cues to spindle orientation in cells undergo-

ing cell division under geometric constraints. Furthermore, our data indicate a function for astral microtubules in 

cortical dynein targeting in the mammalian system. It will be of great interest for the future to resolve the molec-

ular link between the extracellular and intracellular pathways of cortical dynein recruitment, and how these two 

pathways might interplay or be differentially activated in different cell types.

 

Materials and Methods 

Cell culture and siRNA transfection

HeLa and U2OS cells were maintained in DMEM (Gibco) supplemented with 6% FCS, 100U/ml penicillin, and 

100μlg/ml streptomycin. HeLa cells expressing mouse DHC-GFP were obtained from MitoCheck [280] and further 

clonally propagated after fluorescent cell sorting of single cells. For drug treatments, cells were incubated with 

respective drugs at the following concentrations: Nocodazole, 10, 25, or 50 nM; Taxol, 1.5 nM (depicted in each 

figure); STLC, 20 μM; MG-132, 20 μM; Thymidine, 2 mM. RNAi experiments were conducted using Lipofectamine 

RNAi MAX transfection reagent (LifeTechnologies) according to the manufacturer’s guidelines. We used previously 

validated pools of 4 pre-designed siRNA oligonucleotides against human LGN/GPSM2 [135], Kif18b [285], and GAP-

DH [290]. All siRNA transfections were carried out 48 hours prior to the start of the experiments.



38 CHAPTER 2

Immunofluorescence and Microscopy

For live cell imaging of micropatterned cells, cells were synchronized at the G1/S-phase using a single thymidine 

block for 24 hours and then removed from the dish by trypsinization. Cells were re-suspended in fresh media and 

deposited on the micropatterned coverslip at a density of 3x104 cells/cm2. For live cell imaging, the media was 

replaced with Leibowitz L15 CO2-independednt medium and maintained in a heated chamber at 37 °C. Images 

were taken every eight min. with a microscope (Deltavision Elite; Applied Precision) equipped with a Coolsnap HQ2 

camera. Seven z-sections were acquired at 2.1-μm-intervals using a PlanApo N 60x/NA 1.42 objective (Olympus). 

Equivalent exposure conditions and scaling was used in each experiment. Images were deconvolved using the 

DeltaVision software. Images were generated by maximum intensity projection of entire cells and analyzed using 

ImageJ software (National Institutes of Health). 

For immunofluorescence experiments, cells were pre-extracted in PEM buffer (0.1M PIPES pH 6.8, 2mM EGTA, 

1mM MgCl2, 0.1% Triton X-100) for 1 min. and fixed in the same buffer containing 4% paraformaldehyde for 10 min. 

For immunostaining, anti-α-tubulin (Sigma) was used at 1:10 000. The primary antibody was incubated overnight at 

4 °C and secondary antibodies (Alexa-488 and Phalloidin-Alexa-561, Molecular Probes) were incubated for 2 hours 

at room temperature. The same microscope set-up was used as described above for live-cell imaging. 30-40 images 

were acquired at 200-nm-intervals. Equivalent exposure conditions and scaling was used in each experiment. Im-

ages were deconvolved using the DeltaVision software. Images were generated by maximum intensity projection 

of entire cells. Brightness and contrast were adjusted with ImageJ software.

Micropatterning on glass

The photomask was custom-made (Delta Mask, the Netherlands), and was printed with rectangular shapes with a 

dimension of 20-μm x80-μm. Adhesive fibronectin micropatterns were produced using deep-ultraviolet illumina-

tion through a photomask according to a previously described protocol [291].

Measure of cortical dynein enrichment

We developed an ImageJ macro that was able to automatically detect a fluorescent cell on a micropattern. The 

boundaries of DHC-GFP expressing cells were detected through the Otsu dark thresholding method. Subsequently, 

edge detection was applied for creating outlines for the linescan measurement. The center of the round mitotic 

cell, defined as a centroid center, was used to set the position of the linescan. The linescan measured intensity 

values around the cell perimeter at a width of 5 pixels in clockwise direction starting from the highest centroid po-

sition. The moment of mitotic rounding and anaphase onset was detected by recording the centroid’s roundness, 

defined by its x-y ratio. The cell roundness threshold was set to 0.7, above which the macro recorded linescan 

measurements throughout the time-lapse images. The macro generated relative values of GFP intensities by divid-

ing the 5-pixels mean value at each measurement point with the modal value recorded for the whole linescan at 

individual time frames. Relative intensity values were used for generating heatmaps of 1-pixel height and 360-pixel 

width for each time frame. Each heatmap was scaled equally.

Western blotting

Cells were transfected with indicated siRNAs for 48 hours. Cells were harvested and lysed with Laemmli buffer 



2

39MICROTUBULES CONTROL REDISTRIBUTION OF CORTICAL DYNEIN

(120mM Tris, pH 6.8, 4% SDS, and 20% glycerol). Protein concentration was determined by Lowry method and 

equal amounts were separated on a poly-acrylamide gel. After transfer to nitrocellulose membranes, the blots 

were probed with the following antibodies: anti-α-tubulin (1:1000; Sigma) and anti-Kif18b (1:200; [285]). HRP-con-

jugated secondary antibodies (Dako) were used in a 1:2000 dilution. 
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Supplementary figure 1. Loss of cortical dynein enrichment by LGN depletion results in spindle misorientation. 
(A) A micropatterned HeLa cell expressing DHC-GFP and treated with siRNA against LGN loses cortical enrichment of dynein and displays spindle misori-
entation. Time is relative to NEB. (B) Heatmaps (top) and quantification (bottom) of cortical DHC-GFP enrichment in LGN-depleted metaphase cells (n=78). 
(C) Distributions of spindle orientation extracted from the dataset in B.
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Supplementary figure 2. Initial cortical dynein recruitment in the absence of microtubules. 
(A) Cells were treated either with MG132 for 1 hour (control) or for 6 hours with the indicated concentrations of nocodazole (10, 25, and 50 nM) and fixed 
in 4% PFA after pre-extraction. Fixed cells were stained with DAPI, anti-α-tubulin (red), and phalloidin (blue). Magnified images from selected regions 
(white squares) are presented on the right. (B) DHC-GFP HeLa cells display initial symmetric recruitment of dynein in the presence of 25 nM nocodazole. 
An example cell is used from the experiment described in figure 2D. Time is relative to NEB. Magnified images from the right (green) and left (red) cortical 
regions at the corresponding time-points are displayed on the right. 
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Supplementary figure 3. Cortical dynein localization is re-established after re-polymerization of microtubules. 
(A) A micropatterned HeLa cell expressing DHC-GFP arrested in mitosis without cortical dynein localization in a medium supplemented with 25 nM noco-
dazole (t= -5 min), and after nocodazole washout into new media supplemented with the Eg5 inhibitor STLC (20 μM; t= 5 min to t= 60 min). Black arrow-
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rest of images in STLC (B) Heatmaps of cortical DHC-GFP enrichment before (t= -5 min) and after nocodazole washout into STLC (n=25). All heatmaps are 
scaled equally (C) Quantification of average DHC-GFP enrichment from figure B plotted in a box-plot. 

Supplementary figure 4. Depletion of Kif18b has no apparent affect on spindle morphology. 
(A) Fluorescent live cell imaging of a micropatterned HeLa cell co-expressing H2B-RFP and GFP-tubulin, after siRNA mediated depletion of Kif18b. (B) 
Depletion of Kif18b protein in lysates from cells transfected with siRNA directed against Kif18b (left) and control siRNA (right) for 48 hours. α-tubulin is 
blotted as a loading control (bottom).
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Abstract

Cortical pulling forces on astral microtubules are essential to position the spindle. These forces are generated by 

cortical dynein, a minus-end directed motor. Previously, another dynein regulator termed Spindly was proposed 

to regulate dynein-dependent spindle positioning. However, the mechanism of how Spindly regulates spindle po-

sitioning has remained elusive. Here, we find that the misalignment of chromosomes caused by Spindly depletion 

is directly provoking spindle misorientation. Chromosome misalignments induced by CLIP-170 or CENP-E depletion 

or by noscapine treatment are similarly accompanied by severe spindle positioning defects. We find that cortical 

LGN is actively displaced from the cortex when misaligned chromosomes are in close proximity. Preventing the 

KT-recruitment of Plk1 by depletion of PBIP1 rescues cortical LGN enrichment near misaligned chromosomes and 

re-establishes proper spindle orientation. Hence, KT-enriched Plk1 is responsible for the negative regulation of 

cortical LGN localization. In summary, we uncovered a compelling molecular link between chromosome alignment 

and spindle orientation defects, both of which are implicated in tumorigenesis. 
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Introduction

The bipolar spindle serves as the core structure mediating proper alignment and segregation of chromosomes 

[292]. In addition, the spindle plays an important role in defining the position of the future cleavage plane, thus 

controlling daughter cell size and the positioning of the daughter cells in a polarized tissue context [118,119]. 

Proper positioning of the spindle is an important feature in many cell types and is essential for the maintenance of 

tissue organization and stem cell renewal.

Studies in various eukaryotic systems have revealed a highly conserved pathway for spindle positioning 

[133,134,136,206,275,293,294]. This pathway involves a cortically localized protein complex consisting of Gαi, 

LGN and NuMA, which ultimately recruits the microtubule (MT) minus-end directed multi-subunit motor; the 

dynein-dynactin complex [134-136]. Cortically anchored dynein exerts forces on the astral microtubules emanating 

from the spindle poles [137], thereby moving the spindle towards the site with most dynein molecules. 

Multiple lines of evidence suggest that cell extrinsic and intrinsic cues contribute to spatiotemporal regulation of 

cortical dynein. The presence of cell extrinsic cues is illustrated by the fact that the retraction fibers, actin filaments 

that connect the mitotic cell body to the substratum, dictate spindle orientation in cells grown on adhesive mi-

cropatterns [127]. Laser cutting of retraction fibers leads to repositioning of the spindle along the cell axis where 

most force is exerted on the mitotic cell body, indicating a defined relation between external forces and internal 

regulation of spindle orientation cues [153]. Concomitantly, a number of cell intrinsic signals control cortical dynein 

behavior. The guanine-exchange factor (GEF) RCC1-mediated generation of the Ran-GTP gradient around mitotic 

chromatin was proposed to inhibit LGN-NuMA localization to the cortex, thereby indirectly causing the polarized 

distribution of cortical dynein [135]. In addition, the spindle-pole enriched Plk1 negatively regulates dynein local-

ization by disrupting its interaction with NuMA [135]. Concurrently, astral MTs facilitate re-depositing of dynein 

to the cortex facing the opposite spindle-pole, resulting in a dynamic asymmetric dynein enrichment and spindle 

oscillations until the spindle is positioned in the center of the cell [135,151].

Regulation of dynein throughout mitosis requires multiple adaptor proteins, some of which have been linked to 

the process of spindle orientation [269,295,296]. Spindly is a coiled-coil domain-containing protein that recruits 

dynein to unattached kinetochores (KTs) in prometaphase [295,297,298], and was previously proposed to regu-

late dynein-dependent spindle positioning [297]. Spindly is required for efficient chromosome alignment [299], 

a function that is separate from its role in KT-dynein recruitment [68]. Since cortical dynein recruitment is unaf-

fected in the absence of Spindly [297], the mechanism of how Spindly regulates spindle positioning has remained 

elusive. Here, we show that the spindle-positioning defect seen after Spindly depletion is caused by chromosome 

misalignments. We show that chromosome misalignments induced by several other means, including depletion of 

CLIP-170, depletion and inhibition of CENP-E and treatment with the mild microtubule poison noscapine, all result 

in severe defects in spindle orientation. This establishes a direct causal link between chromosome misalignment 

and spindle misorientation, emphasizing how distinct mitotic defects can directly cause a spindle misorientation 

phenotype due to a spatial imbalance in the intracellular signals derived from the spindle poles and chromosomes. 
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Results and Discussion

Chromosome misalignments cause spindle misorientation

To study the role of Spindly in spindle positioning, we filmed cells grown on rectangular shaped micropatterns 

and measured the angle of the metaphase plate relative to the short cell axis (Fig 1A). Since Spindly-depletion 

leads to chromosome alignment defects associated with a profound delay in mitosis ([298] and Fig EV1A), we first 

determined the optimal time point for the analysis of spindle positioning. To this end we filmed cells depleted of 

the APC/C co-activator CDC20 to induce a mitotic delay without perturbing the processes involved in chromosome 

alignment (Fig EV2A). Cells depleted of CDC20 displayed correct spindle orientation at early time points compa-

rable to GAPDH-depleted cells, as determined by measuring the angle of the metaphase plate 32 minutes post 

nuclear envelope breakdown (NEB) (Fig 1B, EV2B-C and video 1). After a prolonged mitotic delay, CDC20-depleted 

cells displayed spindle tilting and a more randomized spindle orientation as determined by measuring the spindle 

angle one frame before anaphase onset (Fig EV2C, and video 2). Therefore, we decided to determine the spindle 

angle in all subsequent analyses at 32 minutes post NEB, unless indicated otherwise. 
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Figure 1. Chromosome misalignments cause spindle misorientation
A. Schematic showing the live single cell patterning setup. U2OS cells stably expressing H2B-GFP and mCherry-tubulin are synchronized in thymidine and 
released after 16 hours into fresh medium. Cells are seeded on rectangular shaped micropatterns coated with fibronectin and incubated for additional 8 
hours before the start of the imaging. Images were taken every 8 minutes and the angle of the spindle was determined by measuring the angle of the 
metaphase relative to the short length of the rectangle at 32 minutes after NEB. Bar represents 100μm. B. Histogram of spindle angles in cells transfected 
with GAPDH siRNA for 48 hours and C. Spindly siRNA for 48 hours. D. Histograms showing spindle angles of CLIP-170-depleted cells. Due to low efficiency 
in generating a chromosome misalignment phenotype after 72 hours of CLIP-170 siRNA transfection, cells are split into two categories; ‘aligned’ and 
‘misaligned’, relating to the observed chromosome misalignment phenotype. E. Spindle angle histograms of CENP-E-depleted cells (48 hours) and in F. 
Noscapine-treated cells. Statistical analyses were carried out using Kolmogorov-Smirnov test against siGAPDH.
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In line with previous results, we could confirm a critical role for Spindly in spindle positioning (Fig 1B and C and 

[297]). Functional inactivation of Spindly after siRNA-mediated knockdown was confirmed by an increase in mitotic 

timing (Fig EV1A), a defect in chromosome alignment (Fig EV1B) and loss of dynein from KTs (Fig EV1C). Consistent 

with previous data, we observed normal recruitment of GFP-tagged dynein heavy chain (DHC) to the cortex after 

Spindly-depletion (Fig EV1C and [297]). 

So how can loss of Spindly, a KT-protein, affect spindle orientation? The most striking phenotype of a Spindly-de-

pleted cell is a defect in chromosome alignment (Fig EV1B). Since chromosome-derived signals have been shown 

to perturb the localization of cortical factors involved in spindle positioning [135], we asked if misaligned chro-

mosomes can promote misorientation of the mitotic spindle. Therefore, we depleted CLIP-170 and CENP-E, that 

both have important functions in chromosome alignment [300-303]. Depletion of either factor leads to relatively 

mild chromosome misalignment phenotypes without disrupting normal bipolar spindle assembly (Fig EV1D). Fur-

thermore, depletion of CLIP-170 or CENP-E did not lead to a defect in dynein localization to the KTs and, more 

importantly, both factors were found to be dispensable for cortical dynein recruitment (Fig EV1E). The phenotype 

in CLIP-170-depleted cells was not very penetrant with only 33% of cells presenting a clear phenotype in chromo-

some alignment, marked by an increase in mitotic timing (Fig EV1A). We therefore separated the CLIP-170-depleted 

cells into two categories, ‘misaligned’ and ‘aligned’. The ‘aligned’ cells displayed no defect in spindle orientation, 

whereas the ‘misaligned’ cells did not position their spindles correctly (Fig 1D). Loss of CENP-E also produced 

chromosome alignment defects accompanied by an increase in mitotic timing (Fig EV1A and D and [301,304]). 

Consistently, CENP-E-depleted cells displayed an almost completely random distribution of spindle angle (Fig 1E). 

Finally, we generated chromosome misalignments with a low dose of noscapine, an opium alkaloid that interferes 

with microtubule dynamics, resulting in a relatively mild chromosome misalignment phenotype (Fig EV1A and D 

and [305,306]). This drug treatment also resulted in random spindle orientation while dynein recruitment to the 

cell cortex was unaffected (Fig 1F and Fig EV1E). 

Next, we wondered whether chromosome misalignments only have a transient effect on spindle orientation in 

mitosis or whether this defect affects the position of the cell division plane upon mitotic exit. To this end, we treat-

ed cells with the CENP-E inhibitor GSK923295 and subsequently forced them out of mitosis by the addition of an 

inhibitor of the mitotic checkpoint kinase Mps1 (Cpd-5) (Fig EV2D and [307]). Consistent with our previous results 

with RNAi-mediated depletion of CENP-E (Fig 1E), addition of GSK923295 resulted in chromosome misalignments 

associated with random spindle orientation (Fig EV2D-F). Addition of a high dose of Cpd-5 caused the cells to exit 

within the following 8-16 minutes. Importantly, cells with misaligned chromosomes entered anaphase with misori-

ented spindles leading to altered division planes (Fig EV2F and video 3, 4).

Taken together, we find that chromosome misalignments induced by four different methods all result in spindle 

positioning defects in mitosis.

Misaligned chromosomes negatively regulate cortical localization of LGN

We next tested the behavior of cortically associated LGN, the cortical docking factor for dynein, by live-cell im-

aging of cells expressing GFP-LGN and H2B-RFP. Cells treated with noscapine showed a clear negative correlation 

between the presence of chromosomes near the cell cortex and the enrichment of LGN at these sites (Fig 2A). The 

distribution of LGN was extremely dynamic in these cells and appeared to circulate around the cortex. This move-
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ment of LGN was accompanied by continuous rotation of the metaphase plate (formed by alignment of the major-

ity of chromosomes), indicating that the spindle continuously re-orients towards the site with highest cortical LGN 

concentration. Most likely, this phenomenon is caused by the pulling forces on astral MTs mediated by dynein and 

concomitant displacement of its upstream cortical docking factor LGN by a negative signal emitted from misaligned 

chromosomes in its proximity. In line with the result we obtained with Spindly-, CENP-E-, and CLIP-170-depletion, 

this indicates that misaligned chromosomes create a negative feedback to cortically localized LGN, thereby prevent-

ing steady spindle positioning.

Plk1, not Ran, is required to delocalize LGN

A prominent candidate to mediate the displacement of cortical LGN from the proximity of chromosomes is Ran-

GTP [135]. Therefore, we depleted Ran by siRNA-mediated knockdown, and confirmed functional inactivation of 

Ran by staining for HURP on k-fibers (Fig EV3A and [43,44]). To our surprise, rather than promoting cortical LGN 

localization near chromosomes, Ran-depletion led to a global reduction in cortical LGN recruitment (Fig EV3B). 
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Figure 2. Plk1 restricts cortical LGN localization near misaligned chromosomes 
A. HeLa cell stably expressing GFP-LGN and transiently expressing RFP-H2B was treated with noscapine to induce chromosome misalignments. Cells were 
imaged every 5 minutes. The time is relative to NEB. The red arrows indicate cortical regions where the chromosomes are in close proximity to the cell 
boundaries, accompanied by the displacement of LGN from the cortex. B. Similar assay as described in supplementary figure 2D was carried out in the 
presence of a small molecule inhibitor against Aurora-B (ZM447439) in combination with the proteasome inhibitor MG-132 to keep cells arrested in mito-
sis and in B. with an inhibitor against Plk1 (BI2536). Drugs were added at the same timing as Hoechst, 30 minutes prior to imaging. Bar represents 10μm.
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Consistently, the addition of importazole [308] to inhibit Ran-GTP activity also resulted in a rapid reduction of corti-

cal LGN localization (Fig EV3C). In addition, transient expression of a dominant-negative mCherry-RanT24N, but not 

of a GTP-hydrolysis defective RanQ69L mutant resulted in a globally reduced cortical LGN recruitment (Fig EV3D).

Next, we treated Ran-depleted cells with noscapine to induce chromosome misalignments in GFP-LGN expressing 

cells. Although general GFP-LGN levels at the cell cortex were reduced in the Ran-depleted cells, low levels of LGN 

could still be observed. The presence or absence of cortical LGN was scored and plotted against the distance of 

the most cortex-proximal misaligned chromosome (Fig EV3E, assay described in [135]). In Mock-depleted cells, 

misaligned chromosomes restricted LGN from localizing to cortical regions when positioned less than ~1.0 μm away 

from the cortex (Fig EV3F). This negative effect of misaligned chromosome-proximity on cortical LGN localization 

persisted when cells were depleted of Ran (Fig EV3F). Based on these results, we conclude that Ran is unlikely the 

factor that mediates the displacement of LGN from the cortex near misaligned chromosomes. 

Although Ran-GTP was previously proposed to be a negative regulator of LGN at the cell cortex [135], we find that 

Ran acts as a positive regulator using three independent methods of Ran-inhibition (Fig EV3B-D). A potential ex-

planation for this discrepancy might lie in the timing at which the analyses were conducted. We routinely analyze 

LGN recruitment in cells that have been in mitosis for less than 1 hour, but can observe appearance of LGN at cor-

tical regions in Ran-inhibited cells that were delayed in mitosis for longer periods (for example see Fig EV3B lower 

panel). This appearance of LGN at later time points might reflect the presence of distinct pathways of cortical LGN 

recruitment and could be a consequence of lowered Cdk1-activity, similar to what was shown for the recruitment 

of NuMA in metaphase versus anaphase [309,310], and might involve differential regulation by Ran-GTP.

We next set out to investigate the involvement of two crucial regulators of mitotic progression, Aurora B and Plk1 

[311,312], in the cortical regulation of LGN. Aurora B localizes along entire chromosomes at the onset of mitosis 

and becomes concentrated at the inner-centromeric chromatin in prometaphase [313], whereas Plk1 localizes to 

spindle poles and KTs throughout mitosis [314]. We induced chromosome misalignments by noscapine treatment 

and subsequently, cells were treated with ZM447439 or BI2536, specific inhibitors of Aurora B and Plk1 respec-

tively [315,316]. We observed no difference between DMSO treatment and Aurora B inhibition with regard to LGN 

restriction from cortical regions in the proximity of misaligned chromosomes (Fig 2B). In contrast, LGN localization 

persisted near chromosomes that were positioned in close proximity of the cortex (<0.5 μm) in Plk1-inhibited cells 

(Fig 2C). Thus, Plk1 activity on misaligned chromosomes is required to displace LGN from the cortex. Another cen-

tromere- and KT- localized kinase NDR1, was recently reported to regulate spindle orientation through Plk1 [317]. 

To test the involvement of NDR1, we treated cells with BI2536 after siRNA-mediated knockdown of NDR1 (Fig EV4A 

and B). However, cortical LGN enrichment near misaligned chromosomes persisted in the absence of NDR1, sug-

gesting that Plk1-mediated displacement of cortical LGN occurs through as yet unknown factors.

Spindle pole-localized Plk1 restricts cortical LGN localization

Pole-localized Plk1 was previously shown to negatively regulate dynein localization at the cell cortex [135]. Howev-

er, this negative regulation was proposed to act by disrupting the interaction of dynein/dynactin with its upstream 

recruitment factors LGN and NuMA without disrupting the binding of LGN to the cell cortex. To investigate the 

effect of spindle pole localized Plk1 on LGN recruitment to the cortex we filmed HeLa cells expressing GFP-tagged 
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Figure 3. Loss of KT-localized Plk1 rescues cortical LGN enrichment in the proximity of misaligned chromosomes and spindle misorientation
A-D. Cells were Mock- or PBIP1-depleted by two sequential rounds of siRNA transfection after 24 and 48 hours and analyzed after 72 hours. A. Immuno-
fluorescence images and quantifications of KT- and centrosome-localized Plk1 in U2OS cells after PBIP1 depletion. Cells were treated with nocodazole for 
30 minutes and fixed. Cells were stained with γ-tubulin or the centromere marker ACA, Plk1 and DAPI. (Top: siMock n=67, siPBIP1 n=72 and Bottom: siMock 
n=40, siPBIP1 n=40 cells from three experiments. ****p<0.0001, and Mann-Whitney test, mean±SD) B. Representative images and histograms showing 
the effect of chromosome position on cortical LGN enrichment after 72 hours of Mock and PBIP1 depletion. C. Live cell images and histograms of GFP-H2B 
U2OS cells Mock transfected or with siPBIP1 filmed on rectangular micropatterns in the presence of a CENP-E inhibitor. The spindle angles for both condi-
tions were scored at 32 minutes after NEB. D. The total spindle angle displacement within the first hour of mitosis was determined by measuring the 
spindle angle at each time point and calculating the sum of the Δ spindle angle between each time points. Dataset from C and cells exiting mitosis within 
1 hour were excluded. (siMock n=127 and siPBIP1 n=187 cells from four experiments. ****p<0.0001, and Mann-Whitney test, mean±SD). Bars represent 
10μm.
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LGN and mCherry-tagged Arp1 (a dynactin subunit) (Fig EV5A and B). Spindle pole association of Arp1 allowed the 

tracking of spindle movements and revealed clear spindle rocking throughout mitosis. In line with previous data, 

Taken together, we identify a causal link between two mitotic defects, chromosome misalignment and spindle 

misorientation. This finding may have important relevance to studies on cancer progression, in particular that of 

chromosomally instable (CIN) tumors. For example in CENP-E +/- [103] or Hec1-overexpression [102] mouse mod-

els, where CIN is induced by interfering with chromosome alignment, the coinciding spindle orientation defects 

might potentially contribute to enhanced tumorigenesis.

 

Materials and Methods

Detailed descriptions of immunofluorescence and live imaging methods used in this study can be found in the 

Supplemental Information.

Cell lines and culture conditions

HeLa and U2OS cells were cultured in DMEM (Gibco) with 6% FCS, 100 U/ml penicillin, and 100 μg/ml streptomy-

cin. Noscapine was dissolved in DMSO and used with a final concentration of 12.5 μM. Nocodazole was used at 250 

ng/ml, Importazole at 40 μM, BI2536 at 200 nM, MG132 at 5 μM, ZM447439 at 2 μM, GSK923295 at 200 nM, STLC 

at 20 μM, and Cpd-5 at 100nM. Hoechst33342 was used at a concentration of 50 ng/ml. Transient expression of 

H2B-RFP was achieved by transducing HeLa cells with a modified baculovirus expressing Histone 2B-RFP (CellLight® 

BacMam 2.0, Molecular Probes) following manufacturer’s guidelines. 

Plasmids and siRNAs

siRNA transfections were performed using RNAiMax (Invitrogen) in a reverse transfection protocol following the 

manufacturer’s guidelines. The following siRNA’s were used: GAPDH OTP SMARTpool, Spindly OTP SMARTpool, 

CLIP-170 custom based on [321], CENP-E custom: AACACGGAUGCUGGUGACCUC, RAN OTP: CUAGGAAGCUCAUUG-

GAGA, PBIP1 OTP SMARTpool. STK38 OTP SMARTpool. siRNA’s were purchased at Thermo Scientific and were used 

at a final concentration of 20 nM. Constructs with mCherry-RanT24N (#37396) and mCherry-RanQ69L (#30309) 

were purchased from addgene.

Antibodies

The following antibodies were used for immunofluorescence microscopy experiments: anti–α-tubulin (1:10.000; 

Sigma-Aldrich), anti-HURP (1:500 custom made [44]) anti-pH3 (1:1.000; EMD Millipore), anti-centromere antibody 

(1:1000; Antibodies Incorporated, Davis, CA), anti-γ-tubulin (1:300; Sigma, T5192), and anti-Plk1 (1:1000; Santa 

Cruz, sc-17783). Secondary antibodies used were Alexa Fluor 488 and Alexa Fluor 568 (Molecular Probes). An-

ti-NDR1/STK38 (M04) was purchased from Abnova.
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A. Average time in mitosis (nuclear envelope breakdown till anaphase) of U2OS cells transfected with GAPDH, Spindly, CLIP-170 and CENP-E siRNA or 
treated with noscapine. Data adapted from experiments shown in Fig 1. Graph shows mean ±SD. B. Representative image of the mitotic phenotype ob-
served after Spindly-depletion. Cells were stained with α-tubulin, γ-tubulin and DAPI. C. Representative live cell microscopic images of HeLa cells stably 
expressing GFP-DHC from a bacterial artificial chromosome [280]. Cells were transfected with indicated siRNAs for 48 hours. One hour before images were 
taken, cells were treated with the Eg5 inhibitor STLC to arrest them in mitosis with a monopolar spindle and to allow visualization of KT- and cortical 
dynein. D. Cells were transfected with CLIP-170 or CENP-E siRNA for 48 hours or treated for 30 minutes with noscapine and fixed and stained as in B. E. 
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← Expanded View Figure 3. Ran depletion causes a global reduction in cortical LGN recruitment
A.  Representative immunofluorescence image of a U2OS cell after Ran depletion. Cells were either Mock transfected or with Ran siRNA for 24 hours. After 
fixation, cells were stained with α-tubulin, HURP and DAPI. For the quantification of the HURP staining, the spindle area was sectioned into two parts, one 
half in the vicinity of the chromosomes and the other half in the vicinity of the spindle pole. The mean HURP signal intensity within the section of the 
spindle close to the chromosomes was normalized to its mean intensity in the region close to the poles (n=40 cells per condition from two experiments. 
****p<0.0001 and unpaired t-test. Graph shows mean ±SD). B. Representative live-time microscopy images of mitotic HeLa cells stably expressing GFP-
LGN and transiently expressing RFP-H2B after Mock and Ran depletion. Time is relative to NEB. C. HeLa cells stably expressing GFP-LGN and transiently 
expressing RFP-H2B were treated for 30 minutes with 5µM MG-132. Subsequently, DMSO or 40µM Importazole was added to the medium while filming. 
Images were taken every 8 minutes. The graph on the right shows the quantification of cortical and cytoplasmic GFP-LGN levels over time. Intensity values 
are normalized over the background intensities measured around the cell (ANOVA Dunnett’s multiple comparisons test. Graph shows mean ±SEM). D. 
HeLa cells stably expressing GFP-LGN were transfected for 48 hours with mCherry-RanT24N or mCherry-RanQ69L constructs and subsequently filmed at 
8-minute intervals. Presence or absence of cortical LGN was scored at 32 minutes after NEB (n=3 experiments, *p=0.0014, Multiple t-test. Graph shows 
mean ±SEM). E. HeLa cells stably expressing GFP-LGN and transiently expressing RFP-H2B were Mock or siRan transfected for 24 hours. Cells were treated 
with 12.5 μg/mL noscapine to induce chromosome misalignments. After 30 minutes, Hoechst33342 was added to the medium to visualize the chromo-
somes. Another 30 minutes later, live images of mitotic cells with misaligned chromosomes were taken within 1 hour. Images were later used to measure 
the distance of misaligned chromosomes to the closest cortical region and to score for cortical LGN presence or absence in the same region. F. Represen-
tative images of Mock and Ran depleted cells from the experiment described in D. The histograms show the effect of misaligned chromosome position on 
cortical LGN enrichment. The frequency of incidents was plotted where cortical LGN was excluded (black bars) or enriched (red bars) from the nearest 
misaligned chromosome. Bars represent 10μm.
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Expanded View Figure 5. Spindle pole localized Plk1 restricts cortical LGN localization
A and B. Kymographs showing the cortical enrichment sites of GFP-LGN and mCherry-Arp1 switching in a single HeLa cell. Images were taken every 5 
minutes. As an example a cell was selected that took almost 200 minutes to complete mitosis to be able to show multiple switching events. Line scans 
were made from the kymographs of both the ‘upper’ and the ‘lower’ cortical regions. Fluorescence intensity values are corrected for background fluo-
rescence. C and D. GFP-LGN and mCherry-Arp1 expressing HeLa cells were treated with STLC to induce monopolar spindles and filmed for 160 minutes. 
Subsequently, DMSO or BI2536 was added (at t=0 minutes) and filmed for an additional 160 minutes. The number of switching events observed for 
cortical GFP-LGN before and after addition of the secondary drug is plotted on the right. Graphs show mean+SD.
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Abstract

Microtubules are cellular targets for a variety of anticancer therapies because of their critical function in mitosis. 

Taxol belongs to a class of microtubule targeting agents that suppresses microtubule dynamics and interferes with 

the functioning of the mitotic spindle, thereby effectively blocking cell cycle progression of rapidly proliferating tu-

mor cells. Despite its antitumor activity, drug resistance remains a common obstacle in improving its overall clinical 

efficacy. Evidence suggests that the expression of a specific β-tubulin isotype, βIII-tubulin/TUBB3, is dysregulated 

in drug-refractory tumors. However, whether enhanced TUBB3 expression is directly involved in promoting taxol 

resistance remains a subject of debate. Here, we have used several approaches to assess the functional relation of 

TUBB3 overexpression and taxol resistance. First, we have generated a number of taxol-resistant cell lines and es-

tablished enhanced levels of TUBB3 in a resistant cell line (RPE-20) derived from untransformed retinal pigment ep-

ithelial (RPE) cells, while the abundance of this β-tubulin isotype remained unchanged in four other cancer cell lines 

after taxol treatment. Although RPE-20 cells displayed enhanced TUBB3 levels, further analysis demonstrated that 

the major mechanism responsible for their resistance to taxol could be attributed to the simultaneous overexpres-

sion of the P-glycoprotein (P-gp) drug-efflux pump. Moreover, we found that TUBB3 levels were dynamically regu-

lated upon taxol exposure and withdrawal, unrelated to the resistance phenotype. Next, we generated cell lines in 

which we could induce robust overexpression of TUBB3 from its endogenous locus employing the CRISPRa system. 

We demonstrate that solely enhancing TUBB3 expression does result in a very mild decrease in the sensitivity to 

taxol. Finally, we have identified a number of breast cancer cell lines that inherently express high levels of TUBB3. 

By employing knockdown approaches, we find that TUBB3 depletion in one of these cell lines results in a marginal 

increase in its sensitivity to taxol, while decreasing the levels of TUBB3 in other cell lines tested had no effect on 

their drug sensitivity. Combined, our data suggest that while TUBB3 overexpression can result in a minor shift in 

the sensitivity to taxol, its altered expression is unlikely to be responsible for taxol resistance in the clinical setting.
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Introduction

Microtubules, polymers of α/β heterodimers, are dynamic cytoskeletal structures that are essential for many cellu-

lar functions, including cell movement, intracellular transport and cell division. Particularly during cell division, cells 

depend on the formation of a highly dynamic microtubule network, the mitotic spindle, which facilitates faithful 

segregation of chromosomes to the two new daughter cells [292]. Since uncontrolled cycles of cell divisions and 

chronic cell proliferation is a hallmark of many cancers [322], microtubules (MTs) have been exploited as therapeu-

tic targets to curb proliferation of transformed cells using a variety of microtubule-targeting agents (MTAs), also 

known as anti-mitotics [323]. 

Paclitaxel (hereafter referred to as taxol) is an MTA that suppresses microtubule dynamics and thereby disrupts 

mitotic progression.  This mode of action is thought to be responsible for the potent ability of taxol to prevent 

cell proliferation in tumors [215,219]. Taxol is used for the treatment of a variety of solid tumors, such as ovarian, 

breast and lung cancers [224]. However, in spite of its initial antitumor activity, the overall clinical efficacy of this 

drug is often limited due to intrinsic or acquired drug resistance [225,323]. Determining molecular mechanisms of 

taxol resistance is therefore of great clinical value for the design of treatment plans. 

Taxol specifically targets the β-subunit of tubulin [324], of which eight isotypes exist in humans [14]. The β-tubulin 

isotypes are highly conserved in their core globular domain; however they display subtle differences in their un-

structured C-terminal tails, a region of the protein that is positioned at the exterior surface of the polymerized MT 

lattice and provides sites for a variety of post-translational modifications as well as binding sites for microtubule-as-

sociated proteins [15,325]. Expression of most of the β-tubulin isotypes is confined to specific cell types or tissues, 

and certain compositions of tubulin isotypes may assemble into discrete MT species with unique properties and 

functions [326,327]. 

Interestingly, tumors that have become refractory to taxol treatment frequently express different sets of β-tubulin 

isotypes that are not expressed in their tissue of origin. In particular, the selective over-expression of class III β-tu-

bulin (TUBB3) has been reported to be associated with taxol resistance in an overwhelming number of translational 

studies (reviewed in [241,242]). Functional studies subsequently corroborated a direct role of TUBB3 in enhancing 

taxol resistance. TUBB3 knockdown in cancer cell lines that have aberrantly high expression of this gene product 

were shown to result in increased sensitivity to taxol [240,246,328], whereas ectopic over-expression of this gene 

in cell lines with low basal expression level of TUBB3 is accompanied by increased resistance to taxol [248,249]. Fur-

thermore, in vitro studies demonstrated that TUBB3 enhances the rate of tubulin depolymerization in the presence 

of taxol [248,251,252], indicating that TUBB3 overexpression might directly render microtubules less sensitive to 

the MT-stabilizing activity of taxol. Based on these studies, the overexpression of TUBB3 has been initially consid-

ered as a promising predictive marker for taxol resistance in tumors.

However, several other studies have since then implicated a broader function for TUBB3 in drug resistance or as a 

general cell survival factor. For instance, increased expression of TUBB3 confers cells with resistance to other che-

motherapeutic drugs, including vinca alkaloids and DNA damaging agents [254,328]. Furthermore, TUBB3 overex-

pression has been observed upon exposure of cells to challenging growth conditions, such as nutrient deprivation 

[256] and hypoxia [255]. Moreover, increased expression of TUBB3 has been associated with aggressive tumor 

phenotypes in patients that have never been treated with taxol-containing regimens (reviewed in [253]).
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In this study, we addressed the regulation and functional significance of TUBB3 in taxol resistance with multiple 

different experimental set-ups and a variety of cell lines. We have identified in multiple incidences a correlation 

between taxol sensitivity and increased TUBB3 expression. However, although induced overexpression of TUBB3 

is sufficient for a minor taxol-resistance phenotype, TUBB3 depletion experiments show that it has no major role 

in driving drug resistance. Our work highlights the multifactorial nature of taxol resistance in cultured cell lines, 

and shows that TUBB3 overexpression might have a minor effect on the sensitivity to taxol, it is unlikely that solely 

targeting TUBB3 expression can reverse taxol resistance in tumors.

 

Results

Taxol-resistance of RPE-20 is mediated through PGP

We generated taxol-resistant cell lines derived from hTERT-immortalized, untransformed RPE-1 (RPE) cells through 

prolonged exposure and clonogenic outgrowth in the presence of an increasing dose of taxol. After polyclonal 
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Figure 1. Taxol-resistance in RPE-20 is predominantly mediated through the upregulation of the PGP drug pump. 
A) Crystal violet staining of cell proliferation assays with taxol-naïve RPE-0 and resistant RPE-20 cell lines. B) Relative survival plots of the RPE-0 and RPE-20 
cell lines obtained by cell proliferation assays. Shown are the average +/- s.d. of three independent experiments and the calculated IC50. C) Cell prolifera-
tion assays (top) and corresponding relative survival plots (bottom) of the same cell lines as in A) and B) in an increasing dose of taxol and 0 and 40 nM of 
Tariquidar. D) Western blot showing increased levels of PGP in the taxol-resistant RPE-20 cell line. E) Cell proliferation assays with a drug-naïve RPE p53-
/-, a taxol-resistant RPE p53-/- (Tax-10), and a taxol-resistant RPE p53-/- cell line that was generated by a combined treatment with 40 nM of the PGP 
inhibitor (Tax-10, TQ-40). F) Cell proliferation assays (left) and corresponding relative survival plots (right) of RPE-0 and RPE-20 cells in an increasing dose 
of vincristine and 0 and 40 nM of Tariquidar. For all conditions, cell proliferation assays were carried out by growing ~1000 cells for 7 days.
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selection of taxol-resistant cells for at least 4 weeks, we obtained a cell line that could proliferate under constant 

exposure to 20 nM of taxol (RPE-20) (Fig 1A). In terms of IC50, the RPE-20 cell line displayed a 14-fold increased 

resistance to taxol compared to the parental counterpart (RPE-0) (Fig 1B; IC50=3.0 for RPE-0, IC50=43.5 for RPE-20). 

A predominant mechanism of taxol resistance reported in studies utilizing cultured cell lines is the up-regulation 

of the drug efflux pump P-glycoprotein (P-gp)/ABCB1 (reviewed in [234]). Thus, we decided to first test if taxol 

resistance in the RPE-20 cells is mediated through P-gp. Cell proliferation assays revealed that RPE-20 cells became 

highly sensitive to taxol when treated in combination with tariquidar, a specific inhibitor of P-gp [329]. While the 

RPE-20 cells have an IC50 for taxol of 41.1 nM in the absence of the inhibitor, their resistance dropped to an IC50 of 

3.8 nM after tariquidar addition (Fig 1C). This result suggests that an increased efflux of the drug mediated by P-gp 

predominantly facilitates taxol resistance in the RPE-20. In line with this idea, we confirmed increased levels of P-gp 

(Fig 1D) as well as cross-resistance of RPE-20 to vincristine (Fig 1F), an MTA that is also a well-described substrate 

of P-gp [234]. In an attempt to establish a P-gp-independent taxol-resistant RPE cell line to identify other regulators 

of taxol resistance, we cultured RPE cells in the presence of 5 nM taxol and 40 nM of tariquidar.  However, this 

approach did not yield any surviving clones (data not shown). Furthermore, we repeated the same approach with 

a p53-deficient RPE cell line. Although RPE p53-/- cells grew out resistant colonies and were viable after increasing 

the dose of taxol to 10 nM, their proliferation was severely reduced in the presence of tariquidar (Fig 1E). Thus, this 

suggests that P-gp is an important driver of taxol resistance in RPE cells and their proliferative capacity is severely 

compromised when forced to adapt to taxol through alternative mechanisms. Nonetheless, we observed that the 

RPE-20 cells remain slightly more resistant to taxol even in the presence of tariquidar (IC50=3.8 nM) compared to 

the RPE-0 cells (IC50=2.9 nM) (Fig 1C). Moreover, RPE-20 cells were hypersensitive to the MT-destabilizing drug 

vincristine, when treated in combination with tariquidar (Fig 1F). These results indicate that while the induction 

of P-gp activity provides the major mechanism of taxol-resistance in RPE cells, they have also adapted their MT 

dynamics to the stabilizing effect of taxol, albeit that the contribution of the altered MT dynamics to the overall 
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Figure 2. TUBB3 levels are dynamically regulated in RPE cells upon taxol exposure and withdrawal. 
A) Western blot showing TUBB3 levels in cell lysates prepared from taxol-resistant RPE cells. Taxol-naïve RPE cells (RPE-0) exhibit low basal levels of TUBB3. 
Note that RPE-1 and RPE-2 indicate cell lines that have been continuously cultured in the presence of 1 and 2 nM of taxol, respectively, while cell prolifer-
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duction of TUBB3 levels after a short-term, 30-hour treatment of RPE-0 cells with 5 and 20 nM of taxol. C) Fluctuating TUBB3 levels immediately after 
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proliferation assays were performed with the RPE-20 cells after different periods of taxol withdrawal, corresponding to the time-points examined in D).         
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sensitivity to taxol appears to be very minor. 

TUBB3 levels are dynamically regulated upon taxol exposure and withdrawal and does not correlate with the 

timing of resistance acquisition

Next, we set out to examine whether TUBB3 levels are altered in the RPE-20 cells compared to the taxol-naïve 

RPE cells to account for the minor decrease in taxol-sensitivity that we observed in the presence of tariquidar (Fig 

1C). Surprisingly, we observed a dramatic increase in TUBB3 protein levels in taxol-resistant RPE cells compared to 

control DMSO-treated cells (Fig 2A), similar to what was observed previously in the A549-T24 non-small-cell lung 

cancer [246] and DU-145 prostate carcinoma cells [245]. We confirmed the specificity of the TUBB3 antibody by 

western blotting of cell lysates collected after siRNA-mediated knockdown of this protein (Fig 2A). Taxol affected 

TUBB3 levels in a dose-dependent manner. Continuous exposure of RPE cells to a dose of taxol at which cell prolif-

eration is not affected (up to 2 nM, Fig 1A and B) did not affect the expression level of TUBB3 (Fig 2A). RPE cells re-

sistant to 5 nM of taxol (RPE-5), a concentration at which more than 50% of cells terminate proliferation (Fig 1A and 

B), displayed a ~2-fold induction of TUBB3 expression, and TUBB3 levels were further increased in taxol-resistant 

RPE cell lines grown in the presence of up to 20 nM of taxol (RPE-20, 5.5-fold; Fig 2A). To test whether TUBB3 over-

expression is induced in other cell lines selected for taxol-resistance, we generated taxol-resistant cell lines derived 

from a colorectal carcinoma (HCT116), an osteosarcoma (U2OS), and two triple-negative breast cancer cell lines 

(Cal-51 and HCC1806). After polyclonal selection of taxol-resistant cells, we obtained cell lines that could tolerate at 

least twice the dose of taxol when compared to their parental counterparts (Fig S1A). Next, we examined the levels 

of TUBB3 expression in these resistant cell lines and found no altered TUBB3 levels in the four taxol resistant cancer 

cell lines relative to their respective parental cell lines (Fig S1B). Thus, although some cell lines exhibit elevated 

levels of TUBB3 upon selection with taxol, as was observed with the RPE-20 cell line in this study and a number 

of other cancer cell lines in other studies [244-246], this is by no means a phenomenon that occurs ubiquitously.

We further examined TUBB3 regulation after exposure of taxol-naïve RPE cells to this drug for a short period of 

time. Surprisingly, we observed a ~2-fold and ~4-fold increase of TUBB3 levels relative to control cells after 30 hours 

of taxol at concentrations of 5 and 20 nM, respectively (Fig 2B). Next, we asked how TUBB3 expression changes 

after withdrawal of taxol from the resistant RPE-20 cells. We observed a rapid reduction in TUBB3 abundance to a 

level comparable to taxol-naïve cells within 24 hours after drug removal, although TUBB3 levels oscillated through-

out the time-course of 4 days (Fig 2C). A low level of TUBB3 was maintained after prolonged taxol withdrawal of up 

to eight weeks (Fig 2D). Cell proliferation assays conducted in parallel showed that while TUBB3 levels are reduced 

after taxol withdrawal, cells remained as resistant to taxol as the RPE-20 cells (Fig 2E). Most likely, the P-gp is still 

active in the RPE-20 cells even after prolonged taxol-withdrawal, allowing their continued proliferation after re-ex-

posure to taxol. Furthermore, the rapid changes in TUBB3 levels occurring after taxol treatment of RPE cells (Fig 

2C) indicates that TUBB3 transcription and/or protein stabilization is dynamically regulated, perhaps as a cellular 

response to stress, analogous to TUBB3 up-regulation observed after exposure of cells to toxic microenvironments, 

such as hypoxia or nutrient deprivation [255,256].

Overexpression of TUBB3 causes a mild decrease in taxol sensitivity

We next set out to directly assess whether TUBB3 facilitates resistance to taxol and hypersensitivity to vincristine 
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by altering MT dynamics. For this purpose, we introduced the SunTag-Cas9 (CRISPRa) system in RPE cells, which 

allows specific and robust transcriptional activation of genes of interest through sgRNA-Cas9-mediated targeting of 

synthetic transcriptional activators to upstream regions of transcriptional start sites (TSS) (Fig 3A, [330,331]). Exam-

ination of the TUBB3 gene locus in the USCS genome browser (https://genome.ucsc.edu/) revealed the presence 

of two prominent histone3 lysine27 acetylation (H3K27Ac)-rich regions, a type of histone modification known as a 

marker of active gene regulation [332]. The first H3K27Ac-rich region is located upstream of exon 1 and a second 

region is flanked by exon 2 and 3 of the TUBB3 gene locus. This indicates the presence of an intragenic enhancer 

for the transcriptional regulation of TUBB3, aside of a conventional enhancer at the 5’-UTR. Thus, we decided to 

design two separate sets of sgRNA pools, each targeting one of the H3K27Ac-rich regions (Table 1). In addition 

to using this system for the transcriptional activation of TUBB3, we sought to generate a CRISPRa cell line for the 

activation of P-gp/ABCB1 as a positive control (Table 1). We packaged the three pools of sgRNAs (sgTUBB3 exon 

1, sgTUBB3 exon 3, and sgABCB1) into separate lentiviral particles and transduced monoclonal RPE cells stably 

expressing CRISPRa (Fig 3A). 

By western blot analysis, we confirmed the specific induction of P-gp in the CRISPRa cell lines co-expressing sgRNAs 

targeted against ABCB1 (Fig 3B). As expected, P-gp over-expression (RPE CRISPRa sgABCB1) promoted a significant 

level of drug resistance against taxol (Fig 3C) as well as vincristine (Fig 3D). For TUBB3, we observed that the two 

distinct sgTUBB3 pools induced differential levels of TUBB3. While the expression of sgTUBB3 exon 1 induced a 

minor (~2-fold) increase in TUBB3 protein levels, we achieved highly efficient over-expression (~5-fold) of TUBB3 

with the sgTUBB3 targeting upstream of exon 3 (Fig 3B). The overall β-tubulin levels were comparable between 

the parental and the TUBB3 over-expressing cells, indicating that the increased levels of TUBB3 is compensated 

by down-regulation of other β-tubulin isotypes (Fig 3B). Interestingly, cell proliferation assays revealed that both 
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relative TUBB3 levels determined for each breast cancer cell line. TUBB3 levels depicted here are averages from three independent experiments and nor-
malized against whole β-tubulin levels. D) Cell proliferation assays of four cell lines with low and E) five cell lines with high levels of TUBB3 treated with 
different doses of taxol for 7 days after knockdown of TUBB3. Cells were transfected with siRNA targeted against TUBB3 for 48 hours prior to re-plating 
them into new plates containing an increasing concentration of taxol. 
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TUBB3 over-expressing cell lines are slightly more resistant to taxol relative to the parental cell line. The IC50 of RPE 

CRISPRa cells expressing sgTUBB3 exon 1 was 2.8 nM, a 1.1-fold increase compared to parental cells (IC50 of 2.5 

nM), while those expressing sgTUBB3 exon 3 showed a further increase with an IC50 of 3.7 nM (1.5-fold) (Fig 3C). 

Over-expression of TUBB3 also altered the sensitivity of these cells to vincristine (Fig 3D), albeit to a substantially 

lesser extent compared to the taxol-resistant RPE-20 cells (Fig 1F). We conclude that induced overexpression of 

TUBB3 is sufficient to promote mild taxol resistance, while it mildly induces sensitivity to vincristine. 

Differential functional requirement for TUBB3 in breast cancer cell lines

Lastly, we set out to examine the functional relevance of TUBB3 in taxol resistance in a panel of breast cancer cell 

lines. By cell proliferation assays, we determined taxol sensitivity in 13 cell lines, most of which are triple negative 

breast cancer cells (Fig 4A, [333]). The panel of cell lines comprised a maximum ~7-fold difference in taxol sensitiv-

ity between the most and least sensitive cell lines, with an IC50 of 0.7 nM up to 4.3 nM. Next, we examined TUBB3 

levels and found relatively high expression of this protein in five of the cell lines (CAL120, BT549, HCC1395, HCC70, 

and HS578T), while TUBB3 was barely detectable in the remaining eight cell lines (Fig 4B). Interestingly, despite 

the limited sample size, comparison of TUBB3 levels with IC50 revealed a slight positive correlation (R2=0.06846) 

between these two factors (Fig 4C). To test whether there is a functional role of TUBB3 in conferring these cells with 

decreased sensitivity to taxol, we performed cell proliferation assays after TUBB3 depletion using two independent 

siRNAs. As expected, in control cell lines with low or undetectable levels of TUBB3 (HCC1806, HCC1937, BT20, and 

T47D), taxol sensitivity was unaffected after transfection of cells with siRNA targeted against TUBB3 as compared 

to Mock-depleted cells (Fig 4D). Similarly, in four out of the five cell lines that had high levels of TUBB3 (CAL120, 

BT549, HCC70, and HCC1395), depletion of this protein did not sensitize the cells to taxol (Fig 4E). However, with 

one cell line (HS578T), we observed a consistent increase in taxol sensitivity after depletion of TUBB3 with both 

siRNAs (Fig 4E). Although the enhancement of taxol sensitivity after TUBB3 depletion in HS578T is minor, this sug-

gests that TUBB3 can be functionally relevant in certain cell types to promote proliferation in the presence of taxol. 

Nonetheless, this functional role of TUBB3 is not generally applicable, as taxol treatment after TUBB3 depletion in 

the majority of cell lines tested has no significant affect on cell viability. 

 

Discussion and Conclusion

We have generated a number of taxol-resistant cell lines in culture and examined changes in their TUBB3 expres-

sion levels compared to their parental counterparts. While we observed no induction in TUBB3 expression in multi-

ple cancer cell lines, we did detect a dramatic increase in TUBB3 protein levels in taxol-resistant RPE cells. However, 

further analysis revealed that TUBB3 levels are dynamically regulated upon taxol-treatment in taxol-naïve RPE 

cells, and in response to taxol-withdrawal from the resistant RPE-20 cells. This regulation occurred unrelated to the 

timing of acquisition of the taxol-resistance phenotype. This observation makes it difficult to sustain the idea that 

deregulated TUBB3 overexpression is responsible for the acquisition of taxol-resistance of RPE-20 cells. Rather, the 

induction of TUBB3 levels appears to occur as a cellular response, perhaps analogous to what has been observed 

after exposure of cell to other types of cellular stress [255,256]. Indeed, we find that the major mechanism of tax-
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ol-resistance in the RPE-20 cells can be attributed to the activity of P-gp drug efflux pump, a factor that frequently 

contributes to multi-drug resistance in cell culture [234]. 

As an alternative approach for the direct functional assessment of TUBB3 in chemotherapy resistance, we have 

further established an RPE cell line that efficiently over-expresses TUBB3 from its endogenous locus by utilizing 

the CRISPRa technology. Interestingly, CRISPRa-mediated recruitment of the transcriptional machinery to both the 

5’-UTR as well as to an intragenic region flanking exons 2 and 3 induces enhanced expression of TUBB3. Under 

hypoxic conditions, the recruitment of hypoxia-induced transcription factors HIF-1α and HIF-2α to an E-box motif 

located at the 3’-UTR of the TUBB3 locus induces TUBB3 expression [255]. Although additional experiments are 

needed to determine the function and regulation of these two new putative enhancer regions, our data indicate 

that additional mechanisms of TUBB3 transcriptional regulation, aside of regulation by HIFs at the 3’-UTR, are likely 

to exist. It remains an interesting question for the future to identify transcription factors that regulate these sites.

Importantly, we show that CRISPRa-mediated TUBB3 over-expression leads to a very weak change in taxol sensi-

tivity, in line with previous studies [248,251,252]. Furthermore, the overexpression of TUBB3 confers cells with 

minimally, but consistently increased sensitivity to the MT-destabilizing drug vincristine. Based on this observa-

tion, it appears that overexpression of this particular β-tubulin isotype might alter MT dynamics to counteract the 

activity of MT-stabilizing agents, while synergizing with MT-destabilizers. This is in line with the observation that 

microtubules assembled from TUBB3 exhibit increased dynamicity compared to microtubules composed of other 

β-tubulin isotypes [250,334,335], and are more refractory to the suppressive effect of taxol on MT dynamics in vitro 

[251]. However, in cells these changes have a very limited impact on the sensitivity to taxol, insufficient to establish 

robust taxol resistance. Moreover, It remains to be determined if induction of any other β-tubulin isotype confers 

cells with altered sensitivity to MTAs or whether this minor change in taxol sensitivity is a specific effect of TUBB3 

overexpression.

Finally, we have examined the functional significance of TUBB3 expression in several breast cancer cell lines that 

had inherently relatively high expression of this β-tubulin isotype. We find that RNAi-mediated depletion of TUBB3 

induced a slightly increased sensitivity to taxol in one out of five cell lines analyzed. This finding indicates that 

TUBB3 expression in breast cancer cell lines is not always functionally linked to taxol resistance. Postulating that the 

expression of TUBB3 alone can be indicative of how cells will response to taxol is therefore an over-simplified view. 

This was further exemplified by our observation that TUBB3 levels are highly dynamically regulated in RPE cells 

upon short-term exposure of cells to taxol. TUBB3 expression might be rapidly induced in certain cell types upon 

exposure to conditions of cellular stress. Whether TUBB3 has a functional role in such a stress response remains 

to be established. Taken together, TUBB3 expression can affect the cellular response to taxol, but its role in clinical 

response to taxol appears to be limited.

 

Materials and methods

Cell culture, transfection, and drug treatment

RPE-1, HCT-116, U2OS, CAL51, MDA-MB-231, MCF7, BT20, CAL-120, and SKBR-3 were grown in DMEM (Lonza, 

Basel, Switzerland), and HCC1937, HCC1187, HCC1806, HCC1395, T47D, BT-549, HCC70, and HS578T were grown in 
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Gibco Advanced RPMI 1640 medium (Fisher Scientific) supplemented with 6% fetal calf serum (Clontech, Mountain 

View, CA, USA), 50μg/ml penicillin–streptomycin (Invitrogen, Waltham, MA, USA) and 2 mM L-glutamine (Lonza). 

siRNA transfections were performed using RNAiMax (Invitrogen) in a reverse transfection protocol following the 

manufacturer’s guidelines. TUBB3 siRNA OTP Human (siTUBB3#8: GCAACUACGUGGGCGACUC, siTUBB3#9: GAAG-

GAGUGUGAAAACUGC) was purchased from Thermo Scientific and used at a final concentration of 20 nM. Drugs 

were dissolved in DMSO and prepared at the following concentrations before usage at varying final concentrations 

as indicated in each figure: Taxol at 100 μM, Vincristine at 1 mM, and Tariquidar at 100 μM. 

Cell proliferation assay

Cells were plated on 96-well plates (BD Biosciences, Franklin Lakes, NJ, USA) at a starting density of ~1000 cells 

per well. Drugs were added the following day. On day 7, plates were fixed for 15 min with 96% methanol at -20 

°C, stained with 0.1% crystal violet and washed with dH2O. Dried plates were scanned and analyzed with ImageJ 

software (NIH, Bethesda, MD, USA). Cell survival graphs were prepared and IC50 calculations were performed using 

GraphPad Prism (La Jolla, CA, USA).

Antibodies

The following antibodies were used: anti-TUBB (1:1000; TUB2.1, Sigma-Aldrich), anti-TUBB3 (1:500; TU-20, Milli-

pore), anti-SMC1 (1:1000; A300-055A, Bethyl), anti-HSP90 (1:1000; H114, Santa Cruz), and anti-PGP (1:200; H-241, 

sc-8313). 

Plasmids

sgRNA sequences for TUBB3 exon3 and ABCB1 were adapted from the genome-wide CRISPRa library [331]. sgRNA 

sequences for TUBB3 exon1 were selected from a -400 to -50 bp region upstream of the TUBB3 TSS using publically 

available CRISPR design tool (crispr.mit.edu). sgRNA oligos were cloned into a lentiviral vector (Lentiguide-Puro; 

Addgene#52963) using the BsmBI restriction site. sgRNA sequences are summarized in Table 1.

Generation of CRISPRa cell lines

RPE cells were co-transduced with viral particles containing SunTag-dCas9-BFP (Addgene# 60910) and scFV-VP69-

GFP (Addgene# 60904). After two weeks of culturing, fluorescence activated cell sorting (FACS) was used to select 

for cells that were both BFP and GFP positive. Monoclonal CRISPRa cell lines were obtained, which were subse-

quently transduced with viral particles containing pools of sgRNAs targeted at enhancer regions of the ABCB1, 

TUBB3 exon1 or TUBB3 exon3 loci. Cells were selected for 2 weeks with puromycin to obtain stable polyclonal cell 

lines for the sgRNA expression. 
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Supplementary figure 1. Induction of TUBB3 levels is not observed 
in multiple taxol-resistant cancer cell lines. 
A) Cell proliferation assays of taxol-resistant cell lines derived from a 
colorectal carcinoma (HCT116), an osteosarcoma (U2OS), two tri-
ple-negative breast cancer cell lines (HCC1806 and Cal51), and their 
respective taxol-sensitive parental cell lines. The values added be-
hind the cell lines indicate the concentration of taxol at which the 
resistant cell lines were grown in (e.g. HCT-116-5 indicates an HCT-
116 cell line cultured continuously at 5 nM of taxol). B) Whole cell 
lysates prepared from the parental and taxol-resistant cancer cell 
lines showing their TUBB3 levels.
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Summary

Microtubules are major components of the cytoskeleton and form the bipolar spindle apparatus during mitosis. 

The mitotic spindle consists of highly dynamic microtubule polymers that are under constant modulation, con-

trolled by multiple motor proteins and microtubule-associated proteins. This tight spatiotemporal regulation of 

MT-dynamics within the spindle is essential for the fidelity of chromosome segregation and proper positioning of 

the mitotic spindle. 

The first part of this thesis describes mechanisms of spindle positioning in 2D cultured cells grown on adhesive 

micropatterns. In chapter 2, we demonstrated that dynein recruitment to the cortex occurs through two distinct 

pathways; one that originates from the extracellular environment and is regulated by the actin cytoskeleton and 

another one that is intracellular and microtubule-dependent. We further showed that perturbation in astral micro-

tubule dynamics results in erroneous deposition of dynein at the cortex. In chapter 3, we uncovered a direct link 

between chromosome alignment errors and spindle orientation defects. We demonstrate that Plk1 is a negative 

regulator of cortical LGN, a key recruitment factor of dynein, and that the kinetochore-pool of Plk1 on misaligned 

chromosomes delocalizes LGN from cortical sites in its proximity, thereby inducing spindle misorientation. 

As proper regulation of MT dynamics and faithful mitotic outcome is important for cell survival, the mitotic spindle 

is also considered an important target in cancer therapy. Tumor cell killing is achieved by drug-mediated pertur-

bations of MT dynamics and promotion of aberrant mitoses, which would terminate their cell cycle progression. 

Despite their initial anti-tumor activity, the clinical efficacy of many of such chemotherapeutics is often limited due 

to drug resistance. 

In the second part of this thesis, we have explored the possible role of alterations in specific tubulin isotype expres-

sion in taxol resistance. In chapter 4, we showed that induced overexpression of TUBB3 in cultured cells results in 

a minor decrease in their sensitivity to taxol. However, we also demonstrated that a functional role of TUBB3 is not 

generally applicable, as TUBB3 knockdown did not alter cell sensitivity to taxol in multiple cancer cell lines. Further-

more, we found that TUBB3 expression can be dynamically regulated unrelated to a taxol resistance phenotype. 

Thus, while TUBB3 expression can affect the cellular response to taxol, TUBB3 levels are not always indicative of 

how cells will respond to taxol.

In the following sections, we will provide an overview of mechanisms that control mitotic spindle positioning and 

discuss the clinical implication of mitotic spindle positioning defects. Furthermore, we will discuss our current 

knowledge of the mode of action and resistance mechanisms for taxol and evaluate the functional role of TUBB3 

and altered microtubule dynamics in drug resistance.
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General Discussion

1. Spatiotemporal regulation of dynein in spindle positioning

1.1 Cortical dynein recruitment by microtubules

An emerging body of evidence indicates that in many cell types, spindle orientation is mediated by interactions 

between the dynamic plus-ends of astral microtubules and cortically localized dynein, a minus-end directed motor 

protein that exerts pulling forces on these microtubules. In budding yeast, the directed movement of the nucleus 

from the mother cell towards the bud-neck of the newly emerging daughter cell is facilitated by the asymmet-

ric polarized distribution of cortical dynein. In the daughter cell, dynein is targeted to the cortex through an ac-

tive transport mechanism involving multiple +TIP proteins and a plus-end directed kinesin Kip2 on microtubules 

[147,336,337]. On the other hand, She1, a yeast specific MAP inhibits cortical dynein activity at the mother cell 

cortex. In cells, She1 restricts dynactin recruitment to MT plus-ends [338-340], which is a prerequisite for dynein 

offloading to the cortex [147,341]. Thus, it has been suggested that She1 inhibits dynein activity at the cortex by 

interfering with the interaction between dynactin and dynein, although in vitro reconstitution experiments have 

demonstrated that She1 can also have a direct inhibitory effect on dynein motility on microtubules [342]. She1 

activity has been shown to depend on Aurora B-mediated phosphorylation [342], but the exact mechanism of how 

the asymmetric activation of She1 is regulated remains unknown. However, She1 appears to inhibit dynein activity 

specifically in the mother cell to prevent productive microtubule-cortex interaction in the mother cell compartment 

and to bias spindle displacement towards the bud neck between the mother and daughter compartments [342].

Similarly, in symmetrically dividing mammalian cells, the proper positioning of the spindle in the center of the cell 

requires a dynamic, asymmetric localization of cortical dynein in mitosis. The recruitment of dynein to the cell 

cortex requires an evolutionarily highly conserved protein complex consisting of Gαi, LGN and NuMA that forms a 

docking platform for dynein [135]. The cortical distribution of dynein and its upstream regulatory factors is regulat-

ed at multiple levels in order to promote spindle orientation along a given polarity axis. Regulated spindle orienta-

tion is manifested by two distinct cues. Micropatterning studies demonstrated that extracellular cues that originate 

from the relative positioning of retraction fibers direct spindle orientation [126,127]. Separately, other studies have 

shown that intracellular cues dynamically regulate the spatial distribution of dynein in order to position the spindle 

in the center of the cell. Previous studies have shown that the chromatin derived Ran-GTP gradient negatively reg-

ulates cortical LGN/NuMA localization, while Plk1 enriched at the spindle poles disrupts the interaction between 

dynein/dynactin with NuMA, thus displacing it from the cortex [135]. While these intracellular cues restrict dynein 

from certain cortical regions, explaining its dynamic asymmetric localization in the presence of a mitotic spindle 

that oscillates along a polarity axis, whether dynein re-deposition at the cortex requires an active microtubule-me-

diated targeting mechanism has remained elusive. Furthermore, the relative contributions of extracellular and 

intracellular pathways on spindle orientation have not been characterized. In chapter 2, we have employed live cell 

imaging of micropatterned mammalian cells expressing fluorescently tagged dynein to better understand its spa-

tiotemporal regulation in the spindle orientation process. By manipulating microtubule stability we have addressed 

the requirement for astral microtubules in the cortical recruitment of dynein. We find that while extracellular cues 

determine the initial cortical enrichment sites for dynein, microtubules are required and likely are the major de-



78 CHAPTER 5

terminant for the enrichment sites of cortical dynein in the later phase of mitosis. The exact mechanism by which 

dynein is targeted to the cortex by microtubules remains a topic for future studies. Nonetheless, it is tempting 

to speculate a simple dynein off-loading mechanism, which counteracts with mechanisms that displace it from 

the cortex. Using fixed assays, dynein/dynactin have been previously shown to localize along the length of astral 

microtubules [159,288]. However, in other studies including ours, such prominent astral microtubule localization 

of dynein was not observed [135,136,296]. Thus, although microtubules are required for the proper enrichment 

of dynein at the cortex, it is unclear whether it requires an active transport mechanism by association with +TIPs 

and plus-end directed kinesins analogous to budding yeast. To date, a functional ortholog of the yeast kinesin Kip2 

in humans has not been identified. Furthermore, CLIP-170, a +TIP protein homologous to the yeast Bik1, which is 

required for the microtubule-mediated transport of dynein to the cortex in yeast, is not essential for the cortical 

localization of dynein in human cells (unpublished observation). This might suggest that microtubules facilitate 

the cortical association of dynein in another way. Cortical dynein recruitment is also important during the meiotic 

prophase in fission yeast where it exerts pulling forces on astral microtubules to drive nuclear oscillations, similar 

to its role in spindle positioning in budding yeast [343]. However, unlike in budding yeast, dynein does not accu-

mulate on the plus-ends of astral microtubules in fission yeast. Instead, single molecule imaging of endogenously 

tagged dynein has shown that anchoring of dynein at the cortex occurs in a two-step process, in which cytoplasmic 

dynein molecules first diffuse along microtubules and are subsequently delivered to the cortex [150]. Although 

dynein diffuses towards the minus-end along microtubules, it was found that its processive minus-end directed 

movement was only activated upon cortical anchoring. A similar mechanism of cortical dynein recruitment might 

exist in mammalian cells. Using a microfabricated chamber seeded with cortically anchored dynein molecules, it 

was previously shown that dynein captures dynamic plus-ends of microtubule ends, alters microtubule dynamics, 

and exerts pulling forces on shrinking microtubules [344]. Similar in vitro reconstitution of the cortex-microtubule 

interface with free dynein molecules and key cortical dynein-interacting factors will probably shed important mo-

lecular insights into the mechanism of spindle positioning.

1.2 The role of Ran-GTP and Plk1 in the cortical regulation of LGN/NuMA

While cortical dynein recruitment is positively regulated by microtubules, at least two distinct intracellular signals 

were reported to restrict dynein localization from certain cortical regions. As mentioned earlier, one of these nega-

tive regulators of cortical dynein is the Ran-GTP gradient that delocalizes NuMA/LGN from Gαi near the metaphase 

plate, thereby mediating their polarized enrichment above the spindle poles. However, how Ran-GTP mediates 

the dissociation of NuMA/LGN from the cortex has not been well characterized. Considering that NuMA is an 

importin-β substrate and Ran-GTP mediates its release from the inhibitory interaction to allow NuMA function in 

the spindle assembly process [42], the negative regulation of NuMA/LGN at the cortex might appear somewhat 

counterintuitive. Furthermore, Ran-GTP acts as a global positive regulator of cortical LGN/NuMA localization in 

Drosophila [345]. In chapter 3, we have examined the function of Ran in cortical LGN recruitment in mammalian 

cells and find by multiple methods – siRNA mediated depletion of Ran, expression of a dominant-negative mutant 

of Ran, and by inhibition of the Ran-GTP gradient by importazole – that inhibition of the Ran-GTP gradient con-

sistently results in reduced cortical LGN localization. Thus, our data suggest that Ran-GTP is required to facilitate, 

rather than inhibit cortical LGN/NuMA localization opposing to what was reported previously [135]. How exactly 
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Ran-GTP promotes cortical LGN/NuMA recruitment remains to be determined. In drosophila cells, Ran-GTP binds 

to a cortically localized scaffolding factor Canoe, and this interaction has been shown to be required for the cortical 

recruitment of NuMA [345]. A functional role of the Canoe ortholog Afadin in the cortical recruitment of LGN/

NUMA and in mitotic spindle orientation has been recently described in mammalian cells, although the require-

ment of Ran-GTP in this interaction has not been studied and remains to be further elucidated [161]. Moreover, 

while our results as well as data by Wee et al. (2011) [345] indicate a global positive function of Ran-GTP in facili-

tating LGN/NuMA localization to the cortex, it remains unclear how this complex is locally restricted from cortical 

regions close to the chromatin.

In addition to the chromosome-derived signals, spindle-pole proximity negatively affects cortical dynein localiza-

tion, thereby mediating the asymmetric enrichment of dynein when the spindle is not centered within the cell 

[135,152]. Plk1 was identified as the spindle-pole derived negative regulator in the cortical dynein recruitment 

pathway by dissociating dynein/dynactin from NuMA [135]. Accordingly, in chapter 3 we find that Plk1 acts as a 

negative regulator of cortical dynein localization, although we find that the Plk1-mediated regulation of dynein oc-

curs at the level of its docking factor LGN rather than at the level of dynein. How Plk1 regulates cortical LGN remains 

a subject for future studies. Plk1 has been shown to regulate spindle positioning by phosphorylating secondary 

centrosome-localized kinases, including LRRK1 [346] and NDR1 [317]. Both of these downstream kinases appear 

to regulate spindle positioning by modulating astral microtubule stability. Furthermore, considering that the effect 

of Plk1 on cortical LGN is only apparent when the spindle pole (chapter 3 Fig EV5A) or misaligned chromosomes 

(chapter 3, Fig 2C) are in very close proximity of the cortex (the effect of misaligned chromosomes on cortical LGN 

is only visible when placed within a distance of ~1μm), it is likely that Plk1 directly targets NuMA/LGN or other 

cortical upstream factors. 

Taken together, correct spindle positioning depends on precise coordination of multiple distinct extracellular and 

intracellular cues that ultimately converge on dynamically localizing dynein at the cell cortex. Although evolution-

arily conserved key players and pathways required for cortical dynein regulation have been identified, our molecu-

lar understanding of many of these processes remains limited. The micropatterning technique has proven to be a 

useful tool to conduct detailed analysis of cortical dynein and mitotic spindle behavior throughout mitosis and to 

carefully dissect the spatiotemporal contributions of distinct pathways that regulate this process. It might be also a 

valuable tool in the future for the identification of novel factors required for spindle positioning. In addition, in vitro 

reconstitution experiments will be of great importance for a better understanding of the mechanism of cortical 

dynein regulation and astral microtubule dynamics.

2. Chromosome misalignment is linked to spindle positioning defects

In addition to providing molecular insights into the regulation of spindle orientation by intracellular signaling fac-

tors, we show that misalignments of one or more chromosomes induce spindle misorientation (chapter 3). This is 

caused by the erroneous displacement of cortical LGN by the kinetochore-bound pool of Plk1 on the misaligned 

chromosomes. Thus, spindle positioning is a delicate process that is affected by subtle defects in mitotic spindle 

assembly. A number of factors that have been described to play a role in mitotic spindle positioning affect other 
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mitotic processes, such as the proper alignment of chromosomes at the metaphase plate [159,297,347,348]. While 

many of such factors might influence mitotic spindle positioning, this defect is likely a secondary consequence of a 

separate defect in proper spindle formation. Our work highlights the importance of careful data interpretation in 

future studies aimed at identifying and characterizing spindle positioning factors as a direct or indirect regulator 

of this process.

The contribution of chromosome segregation errors in tumorigenesis is an intensely studied field of research. 

Aneuploidy and CIN are observed in many human tumors, and it is thought that this is caused by increased rates of 

chromosome segregation errors and genetic instability, which in turn might facilitate tumor cell evolution and their 

enhanced adaptation towards chemotherapeutics [349,350]. However, whether CIN is a cause or consequence of 

tumor formation and progression is still highly debated. To date, a variety of CIN mouse models have been gener-

ated to study this relationship. While some CIN models exhibit increased tumor incidence, in other cases CIN was 

found to have a tumor-suppressive effect. For instance, a heterozygous CENP-E+/- mouse develops spontaneous 

lung and spleen tumors [103]. However, in mice with a p19/ARF tumor suppressor mutation, a CENP-E+/- allele 

reduces liver tumor formation and also suppresses carcinogen-induced tumor development [103]. Similar antag-

onistic effects of CIN have been reported in other mouse models in which chromosome missegregation is induced 

through loss of different SAC genes [105,106,109-112,351] and it is likely that other factors affect the tumor pro-

moting effect of CIN.

Spindle positioning and chromosome alignment defects have been studied independently to date with respect 

to tumorigenic potentials. Mutations in a number of tumor suppressor genes, such as APC [186-188], E-cadherin 

[199,201], and VHL [200,202] that are associated with tumor development in tissues of different origin have been 

linked to spindle orientation defects. Errors in the regulatory mechanisms that control the symmetric or asymmet-

ric divisions of stem cells were for a long time believed to play a role in driving cells into malignant transformation. 

Yet, more recently established mouse models of spindle misorientation have indicated that this defect on its own 

is unlikely to drive tumorigenesis [204-206]. Nonetheless, mutations in tumor suppressor genes often affect mul-

tiple cellular processes and aside of causing spindle misorientation these mutations are also very frequently as-

sociated with chromosome segregation defects and aneuploidy. It will be interesting to investigate whether these 

defects have a synergizing effect in cancer development or suppression under certain tissue context. Interestingly, 

SAC-deficient Bub1+/- and BubR1+/- CIN mice, which by itself have no tumor promoting effects, exhibit dramatic 

increases in colon and intestinal tumor formation in an APCmin/+ background mouse [110,112]. Although this 

enhanced tumor-enhancing effect of APCmin/+ in the mitotic checkpoint-deficient mice might be attributed to 

increased chromosome missegregation rates and CIN levels as suggested in these studies, one should not exclude 

the possible contribution of other factors, such as spindle orientation defects that have been described for APC 

mutant mice [186-188]. 

A major challenge for the future will be to establish a system with which these distinct mitotic defects can be clearly 

separated from each other in vivo. Recent advances in the development of optogenetic tools have allowed the pre-

cise activation and control of various genetically modified light-sensitive proteins at distinct subcellular structures 

in cultured cells and in vivo. This technique has been used for the local activation of kinesin and dynein-mediated 

transport of organelles [352]. Furthermore, light-inducible manipulation of transmembrane proteins, such as the 

receptor tyrosine kinase (RTK), fibroblast growth factor receptors (FGFRs), and the Rho-family G-protein Cdc42, 
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have enabled the local activation of intracellular signaling and control of cell polarization [353-356]. Moreover, a 

recent study in the zebrafish embryo has demonstrated that the optogenetic tool can be utilized in vivo to alter 

cell polarity by modulating subcellular localization of Par3 [357], a factor that regulates cortical LGN localization 

during mitotic spindle positioning in asymmetrically dividing stem cells [206,287]. Ideally, one would adapt such an 

optogenetic approach to induce spindle misorientation by modulating the localization of dynein or cortical polarity 

factors in CIN mouse models devoid of chromosome congression defects. In cell culture, loss of MCAK, a kine-

tochore-localized microtubule depolymerase, promotes the formation of merotelic attachments and severe CIN 

[358]. Although future research will need to establish the consequences of MCAK loss on CIN and tumorigenesis in 

vivo, it will be interesting to determine if spatially and temporarily controlled induction of spindle misorientation 

combined with MCAK loss leads to any additional effects.

3. Taxol resistance and clinical implication of TUBB3 overexpression

Dynamic microtubules are essential for the faithful execution of cell division and are important targets for anti-can-

cer drugs. A variety of tubulin-binding agents are used in the clinic to combat different types of cancer. Taxol is a 

β-tubulin binding drug that suppresses microtubule dynamics required for proper mitotic function. Although taxol 

exhibits anti-tumor activity in some patients, inherent or acquired drug resistance is a common problem that limits 

its overall efficacy in the clinic. The aberrant expression of specific β-tubulin isotypes, in particular of βIII-tubulin/

TUBB3 has been associated with aggressive and taxol-resistant tumors in clinical studies [241,242]. The functional 

relevance of TUBB3 expression in taxol resistance was subsequently examined by modulating the expression of this 

gene in cultured cell lines. TUBB3 knockdown in cell lines expressing high levels of this protein lead to increased 

sensitivity to taxol [240,246,248,328], whereas the opposite effect was observed when TUBB3 was ectopically 

overexpressed [248,249]. Thus, TUBB3 was originally considered a promising biomarker for taxol-resistant tumors. 

However, subsequent clinical studies demonstrated that high TUBB3 expression is not only prevalent in taxol-re-

sistant tumors, but is also frequently associated with tumors that are refractory to vinca alkaloid-based regimens 

[253]. Furthermore, knockdown of TUBB3 in cell culture increased their sensitivity to DNA damaging agents. In ad-

dition, exposure of cultured cells to conditions of cellular stress unrelated to treatment with spindle poisons, such 

as hypoxia and glucose deprivation, result in the rapid induction of TUBB3 expression [255,256]. Thus, its function 

in tumor cell resistance to taxol as well as to the broad range of other drugs has remained a topic of debate. 

In chapter 4, we have addressed the functional relevance of TUBB3 in taxol resistance employing different meth-

ods. In the first approach, we have generated multiple taxol-resistant cell lines in culture and assessed whether 

TUBB3 expression is induced in the resistant cell lines. While no changes in TUBB3 were detected in four taxol-re-

sistant cancer cell lines, we observed a dramatic up-regulation of this protein in resistant RPE cells that were able 

to proliferate in 20 nM of taxol (RPE-20). Although the resistant cell line exhibited a dramatic increase in the levels 

of TUBB3 and showed indications of altered microtubule dynamics, the major resistance mechanism against taxol 

was mediated through the upregulation of the P-gp drug efflux pump. We next sought to generate a TUBB3-overex-

pressing cell line to enable a direct functional assessment of this tubulin isotype in mediating taxol resistance. Sur-

prisingly few studies to date have employed the approach of assessing taxol sensitivity in cells after induced TUBB3 
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overexpression. In one of the studies, an epitope-tagged TUBB3 was inducibly over-expressed in Chinese hamster 

ovary (CHO) cells, and a cell line was generated in which 80% of the total β-tubulin was constituted by HA-TUBB3 

[248]. While this cell line was found to exhibit decreased sensitivity to taxol, tagging of tubulins has previously been 

shown to readily affect microtubule function and behavior [359], and might therefore obscure the effect of taxol. 

In a second study, overexpression of TUBB3 was achieved by the ectopic expression of untagged TUBB3 cDNA in 

MCF-7 and MDA-MB-231 breast cancer cell lines. A 1.5-fold induction of TUBB3 levels in MCF-7 cells resulted in 

a decreased sensitivity to taxol, with an IC50 value of 7.2 pM for the parental cell line compared to an IC50 value 

of 0.1 nM after TUBB3 induction. In the MDA-MB-231 cell line, a 1.3-fold induction in TUBB3 level was achieved, 

accompanied by a 2-fold decrease in taxol sensitivity (IC50= 2.0 pM in the parental compared to IC50= 4.0 pM in the 

TUBB3 overexpressing cell cells) [249]. In general, the overproduction of β-tubulins has been considered to be toxic 

to cells, complicating attempts to efficiently induce overexpression of this gene product [248,360,361]. In chapter 

4, we have employed the recently developed CRISPRa system, with which we could induce a more than 5-fold 

increase in TUBB3 protein levels by enhancing its transcription from its endogenous locus. Interestingly, the robust 

increase in TUBB3 levels was achieved by the targeting of the CRISPRa complex to a putative enhancer region in an 

intragenic region of TUBB3 locus flanking exon 2 and 3. In contrast, only a minor (~1.7-fold) increase of this gene 

product was observed when transcription was induced from the “conventional” promoter region upstream of its 

transcriptional start site. Additional experiments are required to assess the relative activities of these two distinct 

enhancer regions under normal conditions. However, based on the presence of prominent H3K27Ac marks at both 

genomic regions (https://genome.ucsc.edu/), it is likely that transcription of the TUBB3 gene is regulated by at 

least two distinct enhancer elements. This finding might have important implications for future studies aimed at 

identification of transcriptional regulators of this gene. 

Importantly, we found that despite the robust overexpression of TUBB3, cells exhibited a very minor decrease in 

taxol sensitivity compared to the parental cell lines. Conversely, TUBB3 overexpression resulted in increased sensi-

tivity to vincristine, albeit also to a very minor extent. It remains to be determined if the altered sensitivity of these 

cells to the MTAs is a specific effect of TUBB3 overexpression, or whether induction of any other β-tubulin isotypes 

can confer cells with similar phenotypes. Furthermore, it should be examined how the over-expression of this spe-

cific isotype affects the relative levels and composition of other β-tubulin isotypes. As the whole β-tubulin protein 

level was minimally changed upon induction of TUBB3, it is expected that expression of other β-tubulin isotypes 

be reduced in this cell line. Nevertheless, based on the observation that TUBB3 overexpression has an opposing 

effect on the cell’s sensitivity to a microtubule-stabilizing and -destabilizing drug, it is likely that expression of this 

β-tubulin isotype alters microtubule dynamics in a fashion that is counteracting the stabilizing activity of taxol and 

synergizing with microtubule de-stabilizers. In line with this idea, in vitro studies examining the assembly properties 

of microtubules from different purified β-tubulin isotypes have demonstrated that compared to other isotypes, 

TUBB3 required the highest critical concentration of tubulin for assembly and microtubules assembled from TUBB3 

exhibited increased dynamicity compared to microtubules derived from other β-tubulin isotypes [250,334,335]. 

Furthermore, microtubules composed of TUBB3 were more refractory towards the suppressive effects of taxol on 

microtubule dynamics, although it is to be noted that a similar effect was observed with a second β-tubulin isotype 

used in this study [251]. Introduction of fluorescently tagged +TIPs such as EB1 might be useful to determine if 

TUBB3 has a similar effect on microtubule dynamics in the presence or absence of taxol in the TUBB3 over-ex-
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pressing cells.

Finally, we have assessed the functional importance of TUBB3 in a number of breast cancer cell lines that inher-

ently expressed high levels of this β-tubulin isotype. Suppression of TUBB3 expression lead to increased tumor cell 

sensitivity to taxol in one out of five cell lines examined. This indicates that overexpression of TUBB3 is not always 

directly related to the taxol resistance phenotype, which is not surprising when one considers our observation that 

TUBB3 is readily upregulated upon short-term exposure of cells to taxol. Also, others have observed that TUBB3 

expression is induced by other types of cellular stress [255,256]. Furthermore, regulation of microtubule dynamics 

is mediated on multiple different levels. Altered expressions of a number of microtubule regulatory proteins, such 

as Stathmin [362-365], MAP2 [366], and phosphorylated MAP4 [364,367,368] can affect sensitivity to MTAs in a 

variety of cancer cell lines. Considering the vast range of microtubule-binding proteins available, cells might pos-

sess multiple ways of adapting their microtubule dynamics when exposed to taxol or other MTAs. The molecular 

interactions of specific MAPs and tubulin isotypes in cells are still poorly understood. As the tubulin isotype-spe-

cific C-terminal tails affect microtubule function through differential interaction with MAPs and motor proteins 

[15,327], a combination of all these factors might influence a cell’s sensitivity to MTAs. 

Although taxol effectively kills tumor cells in vitro by inducing mitotic defects through its suppressive activity on 

microtubule dynamics, its mode of action in vivo is still poorly understood. Moreover, reliable biomarkers to predict 

patient response to taxol treatments are, despite extensive research conducted in the past, still lacking. This might, 

for some part, be due to the set-ups of cell culture studies that examined effects of taxol at high concentrations, 

leading to the possible misconception that taxol also kills tumor cells in situ by causing mitotic arrest and rapid cell 

death. Intravital imaging in mice [227,233] as well as immunohistochemistry analysis of patient tumors treated 

with taxol [226,229] did not reveal an obvious increase in the fraction of mitotically arrested cells. Although taxol 

might kill tumor cells by inducing subtle mitotic defects without preventing mitotic progression, as was proposed 

by Zasadil et al. [230], others have suggested that taxol might exert its anti-tumor effects on cells in interphase 

[232]. It is to be noted that screens to identify markers of taxol sensitivity or resistance were performed in the past 

(albeit at relatively high concentrations of taxol), which have led to the identification of several mitosis-unrelated 

candidates in cultured cells, such as solute carrier genes [369], proteasome components [370], tumor-suppressor 

gene FBW7 [371], and a ceramide transport protein [372]. However, none of those have been validated to date as 

predictive biomarkers for patient response to taxol treatment. To conclude, while one can consider it very unlikely 

that taxol kills tumor cells by induction of mitotic arrest, it is still highly debatable how the drug works in vivo. 

Nonetheless, as taxol clearly exhibits its effects in a concentration-dependent manner, it will be of utmost impor-

tance for future studies to focus on clinically relevant concentrations to study tumor cell killing when employing in 

vitro set-ups. In chapter 4, we have demonstrated that induction of TUBB3 expression confers a minor resistance 

against taxol in vitro. Given that clinically relevant concentrations of taxol are lower than originally expected based 

on a recent study that examined intratumoral taxol concentration in patients [230], it will be of interest for future 

studies to determine whether such marginal difference in taxol sensitivity in vitro can suffice to confer taxol resis-

tance to tumor cells in situ. 
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Concluding remarks

The correct positioning of the mitotic spindle during cell division is of great importance for cell fate determination 

and tissue organization. Furthermore, the proper assembly and function of the mitotic spindle is crucial to exe-

cute chromosome segregation with high fidelity. Perturbations in the mitotic spindle function that either entail 

spindle positioning or chromosome alignment defects can have detrimental consequences for an organism, and 

are frequently associated with cancer. The work presented in this thesis provides novel insights into the molecular 

mechanisms of spindle positioning. Furthermore, we have uncovered a novel link between chromosome misalign-

ments and spindle mispositioning in vitro, two distinct mitotic defects that have been studied separately to date 

in their functional relation to tumor development. This finding opens new research avenues that will potentially 

aid in the better understanding of the intricate relationships between aneuploidy, spindle positioning defects and 

tumorigenesis in the future.

While proper functioning of the mitotic spindle and the correct execution of cell division is crucial to prevent the 

generation of daughter cells with aberrant cell fates in healthy organisms, the mitotic spindle is considered an 

important target in cancer therapy to curb the fast proliferation of tumor cells. Although the in vivo effect of the 

spindle poison taxol on tumor cells remains unknown, recent findings on the clinically relevant concentrations of 

taxol emphasizes the need to reevaluate our thinking about the mode of taxol-induced cell killing. Consequently, 

one should reconsider the clinically relevant range of taxol, at which tumor cells become refractory to drug treat-

ment. While our research on taxol-resistance regulation in cell lines demonstrate the multifactorial nature of how 

cells respond to taxol, it remains to be determined if factors such as TUBB3, that slightly alter cell’s sensitivity to the 

drug might be, in fact, sufficient to confer tumor cell resistance to taxol in vivo.
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Nederlandse samenvatting

Microtubuli (MT) zijn een belangrijke component van het cytoskelet welke de mitotische spoel vormen tijdens de 

celdeling. De mitotische spoel bestaat uit zeer dynamische polymeren van microtubuli die voortdurend moduleren 

onder invloed van verschillende motor eiwitten en microtubule bindende eiwitten. Deze precieze spatio-temporale 

regulering van MT-dynamiek in de mitotische spoel is essentieel voor goede chromosoomsegregatie en voor de 

juiste positionering van de mitotische spoel.

Het eerste deel van dit proefschrift gaat in op de mechanismen die de correcte positie van de mitotische spoel 

reguleren in 2D gekweekte cellen, gegroeid op microstructuren. 

In hoofdstuk 2 laten we zien dat dynein naar de celmembraan gaat via twee verschillende routes; de eerste wordt 

bepaald door de extracellulaire omgeving en wordt gereguleerd door het actine cytoskelet en de tweede wordt 

intracellulair gereguleerd en is afhankelijk van het microtubule cytoskelet. Verder hebben we aangetoond dat ver-

storingen van de dynamiek van de astrale microtubuli leidt tot een verkeerde distributie van dynein op de celmem-

braan. In hoofdstuk 3, beschrijven we de ontdekking van een direct verband tussen het foutief positioneren van 

chromosomen gedurende de celdeling en defecten in het positioneren van de mitotische spoel. We tonen aan dat 

de Plk1 kinase een negatieve regulator is van membraan geassocieerde LGN, een belangrijke factor voor dynein 

rekrutering. We laten zien dat Plk1 op de kinetochoren van de verkeerd gepositioneerde chromosomen er voor 

zorgt dat LGN niet meer kan binden aan de celmembraan, met mispositionering van de mitotische spoel als gevolg.

Aangezien een goede regulatie van MT dynamiek en correcte chromosoom verdeling belangrijk is voor de over-

leving van de cel is de mitotische spoel een belangrijk doelwit in kankertherapie. Het doden van tumorcellen kan 

worden bereikt door medicijnen die verstoringen bewerkstelligen in MT dynamiek en zo de fideliteit van de celdel-

ing negatief beïnvloeden,  met een beëindiging van de celcyclus tot gevolg. Ondanks de aanvankelijke anti-tumor-

activiteit wordt de klinische werkzaamheid van veel van dergelijke chemotherapeutische middelen vaak beperkt 

door resistentie.

In het tweede deel van dit proefschrift hebben we de mogelijke rol van expressie van specifieke tubuline isotypes 

in resistentie tegen taxol onderzocht. In hoofdstuk 4 hebben we aangetoond dat geïnduceerde overexpressie van 

TUBB3 in gekweekte cellen leidt tot een kleine afname in hun gevoeligheid voor taxol. We hebben daarnaast echter 

ook aangetoond dat een functionele rol van TUBB3 in taxol-resistentie waarschijnlijk niet relevant is, aangezien 

depletie van TUBB3 in meerdere kankercellijnen de cellen niet gevoeliger maakt voor taxol. Bovendien vonden we 

dat TUBB3 expressie dynamisch is en los staat van het taxol-resistentie fenotype. Dus ondanks dat TUBB3 expres-

sie van invloed lijkt te zijn op de cellulaire respons van taxol, zijn TUBB3 niveaus niet altijd voorspellend voor de 

response van cellen op taxol.

In de laatste paragrafen zullen we een overzicht geven van de verschillende mechanismen die belangrijk zijn voor 

het correct positioneren van de mitotische spoel en zullen we de klinische implicatie van foutieve mitotische spoel 

positionering bediscussiëren. Verder zullen we onze huidige kennis van het werkingsmechanisme en resistentie 

mechanismen voor taxol bespreken en de functionele rol van TUBB3 en veranderde MT dynamiek in resistentie 

tegen geneesmiddelen evalueren.
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