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mikrotubuli premosnice, koji premošćuju regiju između sestrinskih kinetohora i pritom tvore 
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1. Introduction 

Cell division is a core process of life that enables segregation of genetic material. It is 

therefore not surprising that defects in the cell division are associated with a various 

range of diseases. In all eukaryotes during cell division, a microtubule-based micro-

apparatus known as the spindle is responsible for faithful segregation of genetic 

material into two daughter cells. Assembly of the bipolar spindle, together with non-

erroneous spindle function, requires regulation of microtubule dynamics and the 

activity of various microtubule-associated motor and non-motor proteins. 

Recent work has begun to uncover the mechanism that balances the tension between 

sister kinetochores and helps the spindle to obtain a rounded shape (Kajtez et al., 

2016). The structure that underpins this balance is a bridging fiber, a bundle 

consisting of a new subset of non-kinetochore microtubules that interdigitate at the 

central part of the spindle, while spanning the region between sister kinetochore fibers 

(k-fibers) and associating with them into a single mechanical object (Kajtez et al., 

2016). This overlap bundle, made of antiparallel microtubules, is cross-linked with 

non-motor protein, protein regulator of cytokinesis 1 (PRC1). It was shown that 

virtually all PRC1-labeled antiparallel bundles associate with sister kinetochores and 

sister k-fibers, suggesting that all PRC1-labeled bundles are bridging fibers (Polak et 

al., 2017). However, localization of motor proteins within the bridging fibers that 

generate forces to separate chromosomes or act as a mechanical support for the k-

fibers is yet to be investigated. 

The goal of this thesis was to identify localization of motor proteins in the spindle 

with respect to the bridging fiber positions. HeLa cells immunostained for kinesin-4 

(Kif4A) or stably expressing kinesin-5 (Eg5), kinesin-6 (MKLP1), kinesin-8 

(Kif18A), kinesin-13 (MCAK), and cytoplasmic dynein 1 (DN1CH1) were used 

together with staining of microtubules by SiR-tubulin dye. Due to localization of 

PRC1 in the bridging fibers, overexpression of this passive cross-linker with 

mCherry-PRC1 plasmid was used to investigate effects on the relocalization of motor 

proteins. Additionally, Kif4A is a major binding partner of PRC1. Thus, silencing of 

Kif4A with Kif4A small interfering RNA (siRNA) was used to investigate effects on 

the PRC1-labeled bridging fibers. 
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1.1. The eukaryotic cell cycle 

Cell division, essentially a duplication process, produces two genetically identical 

cells from a single one. In order to divide into two daughter cells, a cell must undergo 

several crucial events that precede the cell division, i.e. cell growth, DNA replication 

and physical distribution of the duplicated genetic material. Cells undergo these 

coordinated events in organized, discrete phases that make up the cell cycle (Figure 

1) (Alberts et al., 2007). On average, eukaryotic cell cycle lasts for 24 hours. The 

major phases of the cell cycle are synthesis (S) phase, in which genetic material 

duplication occurs and mitotic (M) phase, in which duplicated genetic material is 

divided into daughter cells. Together with S phase, gap (G1 and G2) phases make 

interphase. G phases, marked with the cell growth, separate M phase from S phase 

and vice versa. M phase consists of mitosis, which involves the division and 

duplication of the cell’s nucleus, and cytokinesis, which involves cytoplasmic 

division. M phase lasts only about an hour, so approximately 95% of the time cell 

spends in the interphase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The phases of the cell cycle. Interphase consists of three phases: DNA 

replication is limited to S phase, G1 is the gap between M phase and S phase, while G2 

is the gap between S phase and M phase. In M phase, first the nucleus and then the 

cytoplasm divide (Alberts et al., 2007).  
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1.2. Regulation of the cell cycle 

 

Conserved regulatory apparatus coordinates various events in the cell cycle. 

Coordination is accomplished by series of control points that regulate progression 

through different phases. There are three clearly defined control points or checkpoints 

that occur in the cell cycle – the G1 checkpoint at the G1/S transition, the S checkpoint 

during S phase, the G2 checkpoint at the G2/M transition and the spindle assembly 

checkpoint (SAC) at the transition from metaphase to anaphase (Figure 2) (Cooper 

and Hausman, 2003). Chronologically first checkpoint is passed if cell’s environment 

is favorable and cell’s DNA quality is good. The S checkpoint controls the integrity of 

DNA. The G2 checkpoint blocks the initiation of mitosis until DNA replication is 

completed and if necessary repaired. The following checkpoint, the SAC checkpoint 

allows segregation of chromosomes when all chromosomes are properly aligned and 

attached to the mitotic spindle.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The cell cycle checkpoints. Throughout the cell cycle, a cell must pass 

several checkpoints to ensure non-erroneous cell division. During interphase, cell is 

tested for quality of DNA at G1, S, and G2 checkpoints and DNA replication at S and 

G2 checkpoints. To proceed with cell division, chromosome misalignment is tested at 

the SAC checkpoint in M phase (Cooper and Hausman, 2003). 
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Cell cycle is regulated via a family of protein kinases named cyclin-dependent kinases 

(CDKs), by their activation and inactivation. The four major mechanisms of CDK 

regulation are cyclin binding, CDK-activating kinase (CAK) phosphorylation, 

regulatory inhibitory phosphorylation, and binding of CDK inhibitors (CKIs) (Alberts 

et al., 2007). Each cyclin is associated with a particular phase or transition – G1 

cyclins, G/S cyclins, S cyclins, and M cyclins. Cyclins bind to inactive CDKs making 

them functional enzymes and allowing them to phosphorylate targeted proteins. CAK 

activates the CDK-cyclin via phosphorylation. Contrary, specific nuclear kinases 

inhibit CDK by preventing activation of the CDK-cyclin complex. CKI proteins bind 

to CDK-cyclin complexes and block their activity, thus preventing cell to pass the 

checkpoints (Alberts et al., 2007).  

 

1.3. Mitotic phase  

 

As the most eventful phase of the cell cycle, M phase involves a major rearrangement 

of virtually all cell components. Amid nuclear division, the chromatin condenses into 

chromosomes, the nuclear envelope breaks down and interphase cytoskeleton network 

reorganizes into the mitotic spindle that separates chromosomes to opposing poles. 

Conventionally, mitosis consists of five stages – prophase, prometaphase, metaphase, 

anaphase and telophase (Figure 3) (Cooper and Hausman, 2003).  

As the cell passes G2 checkpoint, prophase starts. Prophase is evident by 

chromosomes condensation, an event required for their separation during later stages 

of mitosis. During prophase, the chromosomes are still confined within the intact 

nuclear envelope. The chromosomes contain centromere regions where kinetochores 

assemble. Duplicated centrosomes, as the organizing centers of microtubules, begin to 

separate towards opposite poles of the cell and construct the mitotic spindle during the 

late prophase. 

Nuclear envelope breakdown into small vesicles marks the onset of prometaphase. 

Without nuclear envelope, the mitotic spindle is able to attach now matured 

kinetochores, protein complexes built on centromeres of chromosomes (Musacchio 

and Desai, 2017). Having captured kinetochores, microtubules start exerting forces on 

the chromosomes and move them.  



Introduction 

 

5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  The stages of mitosis. Mitosis starts with prophase when centrosomes 

separate and chromosomes condense. During prometaphase, microtubules incorporate 

chromosomes via kinetochores into a bipolar spindle. Metaphase is evident by the 

chromosome alignment in the metaphase plate. In anaphase, sister chromatids start to 

separate to the opposite poles of the spindle. Mitosis finishes with telophase when 

chromosomes start to decondese and the nuclei are re-formed. During cytokinesis 

cells divide into two daughter cells (Cooper and Hausman, 2003). 

 

Metaphase is evident by the congression of chromosomes at the central part of the 

mitotic spindle, i.e. at the equatorial plane. When chromosomes get properly aligned, 

anaphase starts. During anaphase, sister chromatids separate as they are moved 

toward the opposite spindle poles. Anaphase can be divided into two distinct phases – 

anaphase A and anaphase B. In anaphase A, chromosomes move towards the pole, 

while in anaphase B, spindle poles separate by elongation of non-kinetochore 

microtubules (Scholey et al., 2016).  
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At the final stage of mitosis, telophase, the sister chromatids reach the opposite poles 

and nuclear envelope around opposite groups of chromosomes starts to form. As the 

nuclear envelopes re-form, the chromosomes begin to decondense. The cell cytoplasm 

separates after chromosome segregation and reforming of nuclei, thereby leading to 

cell division in the final stage of M phase – cytokinesis. 

 

1.4. Cytoskeleton and microtubules 

 

Unique to eukaryotic cells, cytoskeleton is a complex three-dimensional network, 

made of interlinking filamentous proteins, that helps cell to maintain shape and 

internal organization, and provide mechanical support that ensures integral functions 

like movement and cell division. Cytoskeleton consists of three major classes of 

elements that differ in function, length, diameter, and protein composition – 

microtubules, actin filaments and intermediate filaments (Alberts et al., 2007).  

Microtubules are stiff cylindrical tubes approximately 25 nm in diameter, made of 

globular tubulin subunits (Figure 4) (Alberts et al., 2007). Tubulin is a heterodimer, 

which consists of α- and β-tubulin monomers that both weight 55 kDa and have 

considerable homology. Microtubules assemble by end-to-end polymerization of αβ-

tubulin dimers into linear protofilamets. Generally, a single microtubule is formed by 

the lateral association of thirteen protofilaments, which can then be extended by the 

addition of more αβ-tubulin dimers.  
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Figure 4. The structure of a microtubule and its subunits. (A) The building block of 

each protofilament is a tubulin heterodimer made of α- and β-monomer bound to one 

GTP molecule (red). (B) End-to-end assembly of αβ-heterodimers constructs a 

protofilament. (C) Protofilaments laterally associate into a stiff hollow tube, a 

microtubule. (D) Segment of a microtubule viewed in an electron microscope. (E) 

Electron micrograph of a cross section of a microtubule showing a ring of thirteen 

protofilaments (Alberts et al., 2007). 

 

Microtubules have a well-defined polarity that is crucial for their biological roles. As 

a result of tubulin end-to-end polymerization, one end in a protofilament will have the 

α-subunit exposed while the other will have the β-subunit exposed. Since 

protofilaments associate laterally to one another with the same polarity, microtubule 

ends with α-subunits exposed are named minus (-) ends, while microtubule ends with 

the β-subunits exposed are named plus (+) ends, respectively (Alberts et al., 2007).  

Tubulin subunits are bound to the energy carrier, guanosine triphosphate (GTP). After 

incorporation into a microtubule, GTP is hydrolyzed into guanosine diphosphate 

(GDP). Unlike GTP-tubulin, GDP-tubulin undergoes depolymerization. GDP-tubulin 

at the one end of a microtubule will tend to disassemble. Since microtubule 

polymerizes by adding tubulin in the GTP-bound state, a cap of GTP-tubulin exists at 

the other end of the microtubule, protecting it from disassembly. If hydrolysis 

progresses to the end of the microtubule, microtubule undergoes a rapid 

depolymerization and shrinkage. Switching from growth to shrinkage is termed 
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“catastrophe”. When addition of GTP-tubulin starts again at the end of a microtubule, 

microtubule is rescued from the shrinking, thus termed “rescue”. This dynamic 

behavior is referred to as dynamic instability (Figure 5) (Alberts et al., 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Dynamic instability of microtubules. Microtubules switch between growing 

and shrinking events. A depolymerizing microtubule is indicated by the peeling arrays 

of spiral protofilaments at its end. A shrinking event is finished by regeneration of 

tubulin heterodimers. The exchange of a guanine nucleotide on the tubulin 

heterodimer begins a new cycle. The protofilaments polymerize to generate a 

metastable intermediate structure. α- and β-tubulin subunits are shown in yellow and 

green, respectively (Marchetti et al., 2016).   
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1.5. The mitotic spindle 

 

Centrosome, essentially the main microtubule organizing center of the animal cell, is 

composed of two orthogonal centrioles enclosed by an amorphous mass, which 

contains proteins responsible for microtubule nucleation. After duplication in 

interphase, centrosomes with emanating microtubules start to assemble a bipolar 

spindle at the onset of mitosis. Even though the pathway of spindle assembly differs 

among the cell types, all spindles share common structural features (Waters and 

Salmon, 1997).  

The spindle is a dynamic and complex micro-apparatus made of microtubules and the 

associated proteins (Pavin and Tolić, 2016). Microtubules inside the spindle attach to 

centromere regions of chromosomes via multi-protein complexes termed kinetochores 

(Cheeseman and Desai, 2008; Musacchio and Desai, 2017). Microtubules attached to 

kinetochores generate forces on them. Beside chromosome separation, forces are also 

responsible for chromosome congression to the metaphase plate and silencing of the 

SAC (Nezi and Musacchio, 2009). 

Microtubules within the mitotic spindle can be divided into two groups – kinetochore 

microtubules that end at the kinetochores and non-kinetochore microtubules that do 

not (Figure 6). Emanating from spindle poles, kinetochore microtubules with their 

plus ends attach to the kinetochores and form parallel bundles, known as kinetochore 

fibers (k-fibers). Images acquired by the electron microscopy showed that the k-fiber 

in a human cell consists of 12-22 parallel microtubules (Wendell et al., 1993; 

McEwen et al., 2001). Non-kinetochore microtubules can be divided into polar, 

interpolar and astral microtubules (Figure 6). Astral microtubules emanate from 

spindle poles and grow toward the cell cortex. Polar microtubules emanate from 

spindle poles and with their free plus ends grow toward the center of the spindle. 

Interpolar microtubules emerge when polar microtubules, from opposite poles, 

interact in the central part of the spindle, thereby forming antiparallel overlaps. 

Interpolar microtubules are also referred to as overlap microtubules (Alberts et al., 

2007).  
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Figure 6. Classes of microtubules in the mitotic spindle. Microtubules are dominantly 

nucleated at the centrosome, which serves as the spindle pole. Chromosomes are 

attached to kinetochore microtubules via kinetochores. Non-kinetochore microtubules 

are polar microtubules that grow toward the spindle center, overlap microtubules that 

interdigitate at the spindle center, and astral microtubules that grow toward the cell 

cortex (Tolić, 2017). 

 

1.6. Bridging microtubules 

 

During mitosis, the main role of the mitotic spindle is to generate forces that align the 

chromosomes at the equatorial plane and later pull them apart toward the opposite 

spindle poles. It is thought that forces exerted on kinetochores are mainly generated 

by the k-fibers that interact with them. On the other hand, interpolar microtubules do 

not interact with kinetochores and their interactions with k-fibers are weak and solely 

exist near the spindle poles (Figures 6 and 7A). Hence, the classical view of the 

mitotic spindle places the origin of the forces mainly on the k-fibers, under which 

conditions the k-fibers are expected to be straight (Simunić and Tolić, 2016). 

However, in various species the k-fibers are rounded rather than straight (Tolić and 

Pavin, 2016). Using electron microscopy, interpolar microtubules have been observed 

in the proximity of k-fibers and between sister kinetochores in the metaphase of 
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various organisms (Jensen, 1982; McDonald et al., 1992; Ohi et al., 2003). Recent 

studies have shown that a bundle of overlap microtubules, named bridging fiber, 

balances the tension between sister kinetochores and supports a rounded shape of the 

spindle (Figure 7B) (Kajtez et al., 2016; Milas and Tolić, 2016). Notably, the 

bridging fibers are formed of antiparallel microtubules suggesting that bridging fibers 

are a subgroup of interpolar microtubules. By using laser-cutting experiments, it was 

shown that these microtubules bridge the region between sister kinetochores and 

connect both sister k-fibres and kinetochores into a single mechanical object able to 

withstand physical perturbations (Kajtez et al., 2016). Additionally, presence of the 

bridging microtubules was observed by electron microscopy (Nixon et al., 2017).   

 

 

Figure 7. The classical and the new view of the mitotic spindle. (A) In the classical 

view of the mitotic spindle, the tensed k-fibers are expected to be straight. Overlap 

microtubules do not interact with k-fibers. (B) In the new view of the mitotic spindle, 

k-fibers laterally interact with overlapping microtubules along their length. Sister k-

fibers together with their bridging fiber are curved, which represents the shape of the 

spindle observed under the microscope (Simunić and Tolić, 2017).  
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1.7. Proteins of the mitotic spindle 

 

Even though the most abundant components of the spindle are microtubules, various 

proteins need to be involved so that the spindle ensures faithful chromosome 

segregation. Many microtubule-associated proteins (MAPs) help to organize the 

spindle and help the spindle to function properly. Several classes can be distinguished 

accordingly – proteins that promote and stabilize microtubule polymerization, 

proteins that destabilize or severe microtubules, proteins that function as linkers 

between various structures, and proteins with motility-related functions (Maiato et al., 

2004).  

Non-motor MAPs are non-motile proteins that have diverse contribution to mitotic 

spindle organization, including the nucleation and organization of microtubules, 

influence on motor function, and regulation of the cell cycle control (Manning and 

Compton, 2008). Contrary, motor proteins utilize the chemical energy released by the 

hydrolysis of adenosine triphosphate (ATP) in order to perform active directional 

movement along microtubules through interaction with tubulin. There are two basic 

classes of microtubule motors – plus-end motors, which directionally move toward 

the plus ends of microtubules and minus-end motors, which directionally move 

toward the minus ends, respectively. Conventionally, plus-end motors are namely 

kinesins, whereas minus-end motors are dyneins (Alberts et al., 2007). In addition, 

non-motor MAPs can interact with motor proteins and in some circumstances directly 

influence their function (Merdes et al., 2000). Among all MAPs, a passive cross-

linking protein and several motor proteins have a specific focus in this thesis and 

therefore will be studied thoroughly. 

 

1.8. Protein regulator of cytokinesis 1 

 

Protein regulator of cytokinesis 1 (PRC1) is a highly conserved non-motor MAP that 

acts as a passive cross-linker of the antiparallel microtubules (Kapitein et al. 2008; 

Bieling et al., 2010; Subramanian et al., 2013). Beside in vitro experiments, PRC1 

was shown to localize to the antiparallel microtubules of the spindle midzone 
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(Pellman et al., 1995; Jiang et al., 1998; Mollinari et al., 2002; Kurasawa et al., 2004; 

Zhu and Jiang, 2005) where its role in cytokinesis is integral (Zhu et al., 2006).  

Its affinity to bind to microtubules is regulated by phosphorylation and 

dephosphorylation events. When phosphorylated, PRC1 is able to bind to 

microtubules, yet unable to cross-link them. Following dephosphorylation, PRC1 

bundles neighboring microtubules and stabilizes formed antiparallel overlaps 

(Mollinari et al., 2002; Neef et al., 2007; Subramanian et al., 2010). 

Even though mandatory for its microtubule-bundling activity, which is important for 

the assembly of the spindle’s midzone, little was known of PRC1-crosslinked 

antiparallel microtubules beyond anaphase (Mollinari et al., 2002; Kurasawa et al., 

2004). Recently, PRC1 was observed to localize to the central part of the metaphase 

spindle, in the bridging fibers (Figure 8A) (Kajtez et al., 2016; Polak et al., 2017). 

Interestingly, it was shown that bridging fibers, indicated by PRC1-labeled bundles, 

and kinetochore pairs show one-to-one relationship throughout the spindle (Figure 

8B) (Polak et al., 2017). 

 

Figure 8. PRC1 localizes to central part of the metaphase spindle. (A) Hela cell stably 

expressing tubulin-GFP (green) and immunostained for endogenous PRC1 (Alexa 

Fluor-555, magenta). Enlargements of the boxed region (top: merge, middle: GFP, 

bottom: Alexa Fluor-555) show the endogenous PRC1 (magenta) localization to the 

bridging fiber (green). (B) HeLa cell stably expressing PRC1-GFP (green) and 

transiently mRFP-CENP-B (magenta), which indicates kinetochores. PRC1 binds to 

the antiparallel overlap zones and indicates bridging fibers (Polak et al., 2017).  
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1.9. Kinesin-5 

 

Antiparallel regions of interpolar microtubules contain motor proteins that can 

contribute to antiparallel microtubule sliding. In most eukaryotic cells, kinesin-5 is 

thought to have a great importance in relative sliding and sorting of microtubules of 

the mitotic spindle (Kashina et al., 1996; Kapoor, 2017). As a homotetrameric plus-

end directed motor protein, kinesin-5 can both slide apart antiparallel microtubules 

and cross-link parallel ones without sliding them relative to each other (Figure 9) 

(Kapitein et al. 2005, Shimamoto et al., 2015). Interestingly, in vitro experiments have 

shown that the forces generated by kinesin-5 scale with microtubule overlap lengths, 

both pushing and braking force. This means that microtubules that slide faster relative 

to other filaments would experience a kinesin-5-dependent braking force, and slower 

filaments would experience a force that can accelerate their motion (Kapoor, 2017).  

Eg5, one of the first known mitotic motor proteins, is a member of the kinesin-5 

family (Le Guellec et al., 1991; Sawin et al., 1992). Kinesin-5 motors are crucial for 

generating forces for spindle pole separation and bipolar mitotic spindle formation 

(Zhu et al., 2005). However, to generate these forces Eg5 requires overlapping 

antiparallel microtubules (Ferenz et al., 2009). Besides overlapping microtubules, Eg5 

localizes along spindle microtubules with enrichment near spindle poles and 

relocalizes to the midzone in late anaphase (Gable et al., 2010). However, since Eg5 

concentration increases towards the poles that are comprised of lower density of 

antiparallel microtubules, its preference for antiparallel microtubules seems to be 

strange considering its physical localization within the spindle (Wojcik et al., 2013).  
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Figure 9. Schematic representation of the mitotic spindle and Eg5 cross-linking 

spindle microtubules (illustration adapted from Wojcik et al., 2013 by Cytoskeleton 

Inc., Denver, Colorado, US). 

 

1.10. Dynein 

 

The most abundant form of cytoplasmic dynein is a cytoplasmic dynein 1 (hereafter 

referred to as dynein) that drives the movement of a numerous discrete structures in 

all microtubule-containing cells towards the minus ends of microtubules (Allan, 

2011). In mitosis, dynein localizes to multiple subcellular structures where it utilizes 

various functions – dynein is involved in chromosome movements, spindle 

organization, spindle positioning and checkpoint silencing. These activities imply 

poleward chromosome motility throughout mitosis by dynein’s kinetochore transport 

toward the minus ends of spindle microtubules (Sharp et al., 2000), a kinetochore 

disassembly pathway that contributes to inactivation of the spindle checkpoint 

(Howell et al., 2001), centrosome separation during prophase (Tanenbaum et al., 

2010), focusing the mitotic spindle poles via providing an essential stabilizing 

structure for the microtubule-centrosome interaction at the spindle pole (Radulescu 

and Cleveland, 2010), alignment of the mitotic spindle by tethering microtubules at 

the spindle poles (Merdes et al., 1996) and reorganization of prophase and 

prometaphase microtubule array (Rusan et al., 2002).   
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Recent in vitro studies revealed that dynein, beside crosslinking and bundling 

microtubules, can slide antiparallel ones (Tanenbaum et al., 2013). Interestingly, 

kinesin-5 (Figure 10A) and dynein (Figure 10B) have been shown to generate 

antagonistic forces on antiparallel microtubules in the spindle bipolarization, since 

dynein is thought to pull on antiparallel microtubules and favor spindle collapse 

(Mitchison et al., 2005; Tanenbaum et al., 2008; Ferenz et al., 2009). The combination 

of these two antagonistic forces is believed to be essential for bipolar spindle 

formation.  

 

 

 

 

Figure 10. Representation of how dynein and kinesin-5 can crosslink and slide two 

microtubules apart. (A) A kinesin-5 homotetramer can walk towards the plus-end of 

each microtubule it crosslinks. (B) Dynein dimers can walk towards the minus-ends 

of the microtubules. Each motor domain in the dimer may interact with a different 

filament. Tubulin dimer is depicted as green-white subunits; motor proteins are blue; 

V stands for velocity; plus-ends of the microtubule are indicated (Kapoor, 2017).  
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1.11. Kinesin-4  

 

One of the kinesins that shows enrichment at the spindle midzone is surely a member 

of the kinesin-4 family – Kif4A. This kinesin was the first kinesin observed to 

associate with mitotic chromosomes, thus termed chromokinesin (Wang and Adler, 

1995). Analogous to other kinesins, Kif4A moves toward the plus ends of 

microtubules, but upon aggregation at the plus end, Kif4A reduces microtubule 

polymerization and depolymerization dynamics (Bringmann et al., 2004; Bieling et 

al., 2010).  

At the onset of anaphase, Kif4A also localizes to the central part of now separating 

spindle and the midbody (Wang and Adler, 1995). Due to its localization, Kif4A is 

involved in various steps of the cell division, e.g. precise formation of the spindle 

midzone (Kurasawa et al., 2004; Zhu and Jiang, 2005).  

Since PRC1 crosslinks antiparallel microtubules and was observed to decorate 

bridging fibers, it is of great importance to note that Kif4A is its binding partner. 

PRC1 works in tandem with Kif4A, known for translocation of PRC1 dimers to the 

plus-ends of microtubules, where consequently antiparallel microtubules are primarily 

crosslinked (Zhu et al., 2006).  

Interestingly, depletion of Kif4A causes atypical elongation of the spindle midzone 

with unfocused overlap regions (Hu et al., 2011). Even though the localization of 

Kif4A at the spindle midzone is absent when PRC1 is depleted, PRC1 still localizes to 

the spindle midzone and the midbody when Kif4A is removed, although in a pattern 

that suggest longer overlap regions (Figure 11) (Zhu and Jiang, 2005). Presumably, 

this pattern of increased length of overlap regions occurs as PRC1 is not translocated 

to the plus-ends of microtubules, thereby having aberrant localization along 

microtubules. This observation is consistent with the in vitro observation that PRC1 

and Kif4A have a combinatory effect in the regulation of the length of the anti-

parallel overlap regions (Bieling et al., 2010).  
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Figure 11. Differential pattern of localization of endogenous PRC1 in Kif4 esiRNA-

treated cells. HeLa cells transfected with control esiRNA or Kif4 esiRNA were fixed 

and stained with rabbit anti-PRC1 antibodies (green), mouse anti-α-tubulin (red), and 

DAPI (DNA, blue). Scale bar, 5 µm (Zhu and Jiang, 2005). 

 

1.12. Kinesin-6 

 

The formation and function of the spindle midzone requires the activity of several 

members of the kinesin superfamily of motor proteins. Beside kinesin-4 that serves to 

translocate and organize a passive crosslinker PRC1, another family, namely kinesin-

6, represents integral players in the formation and function of the spindle midzone. 

This family includes a microtubule plus-end directed motor protein, mitotic kinesin-

like protein 1 (MKLP1), which via centralspindlin complex binds to PRC1 to 

reinforce the stability of the spindle midzone and enable anaphase (Lee et al., 2015).  
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In vitro experiments have shown that MKLP1 has plus end-directed microtubule 

motility to slide anti-parallel microtubules. Its localization within the mitotic spindle 

is at the spindle midzone, suggesting that MKLP1 slides the antiparallel microtubules 

of the two opposing poles apart (Nislow et al., 1990; Nislow et al., 1992). These 

proposed functions, cross-linking and sliding of antiparallel microtubules in the 

anaphase spindle, would generate forces to drive spindle elongation during anaphase 

B (Nislow et al., 1992). 

Even though these experiments implicate the role of MKLP1 in the mitotic 

progression, recent studies indicated that MKLP1 functions specifically in 

cytokinesis, where as an integral factor controls the timing of midzone formation 

(Mishima et al., 2004). Immunofluorescence and live cell imaging revealed that 

depletion of MKLP1 does not affect the bundling of anti-parallel microtubules in the 

midzone (Figure 12). However, it prevents midbody formation and the completion of 

cytokinesis (Matuliene et al., 2002). 

 

 

 

Figure 12. Suppression of MKLP1 expression by siRNA does not cause abnormality 

in midzone formation. HeLa cells grown on coverslips were transfected with control, 

or MKLP1 siRNA. Cells were fixed and stained with anti-inner centromere protein 

(INCEP) antibodies (green), anti-MKLP1 antibodies (red), anti-α-tubulin antibodies 

(blue) and DAPI to indicate DNA (white). Cells are shown in anaphase. Scale bars,      

1 μm (Zhu et al., 2005).  
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1.13. Kinesin-13 

 

Mitotic chromosome instability is eminently an aftermath of the disorder in the 

microtubule dynamics. Unlike other kinesins, the kinesin-13 family is a unique group 

of motor proteins that are non-motile, i.e. kinesin-13 family does not use the energy 

from ATP turnover to move directionally along microtubules. When binding to both 

the plus- and minus-ends of microtubules, members of kinesin-13 family promote 

destabilization of microtubules by depolymerizing tubulin subunits from the polymer 

end (Desai et al., 1999, Ogawa et al., 2004). 

The kinesin-13 family has one of the integral roles in the regulation of microtubule 

dynamics (Wordeman, 2005; Howard and Hyman, 2007; Bakhoum et al., 2009; 

Tanenbaum et al., 2011). An extensively studied member of the family is the mitotic 

centromere-associated kinesin (MCAK), a kinesin-like protein Kif2C in humans 

encoded by the KI2C gene (Kim et al., 1998). 

In context of the mitotic spindle, the localization of MCAK is in the cytoplasm 

throughout the cell cycle, specifically at the kinetochores, at the spindle poles and at 

the spindle midzone during mitosis (Wordeman and Mitchison, 1995; Maney et al., 

1998; Walczak et al., 1996). Additionally, it was shown that MCAK displays 

differential localization to kinetochores throughout mitosis in which change of 

localization may be correlated with the kinetochore stretch and/or microtubule 

attachment (Kline-Smith et al., 2004).  

Depletion of MCAK activity does not largely affect assembly of bipolar spindle (Zhu 

et al., 2005). However, depletion of MCAK activity results in perturbation of 

chromosome congression and segregation, perturbation of directionality of 

chromosome movement, severe segregation defects and improper kinetochore-

microtubule attachment (Zhu et al., 2005; Kline-Smith et al., 2004). Notably, MCAK 

is required before anaphase onset to promote proper attachment of chromosomes to 

the mitotic spindle because if MCAK is depleted, defective attachments formed pre-

anaphase are not solved and lead to segregation defects at anaphase (Kline-Smith et 

al., 2004). Thus, studies suggest that MCAK regulates microtubule dynamics to 

destabilize erroneous kinetochore-microtubule attachments.  
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1.14. Kinesin-8 

 

Motor proteins play important roles in the formation of mitotic spindle, whether by 

controlling the stability of individual microtubules, or by cross-linking and sliding 

neighboring microtubules apart. Kinesin-8 family motors are major regulators 

controlling microtubule dynamics, which can utilize activities that lead to 

chromosome congression (Zhu et al., 2005). One of the kinesins-8 motors, Kif18A, 

translocates directionally along microtubules and depolymerizes stable microtubule 

plus-ends in vitro (Mayr et al., 2007). Unlike other kinesins, studies identified 

kinesin-8 as a dual-functioning kinesin, which has both motile and depolymerizing 

roles (Gupta et al., 2006). 

Interestingly, length of a microtubule affects this depolymerization rate. Longer 

microtubules have faster depolymerization rate than shorter ones in vitro (Varga et al., 

2006). Presumably, this length-dependent effect of kinesin-8 on the depolymerization 

rate is proportional to the amount of kinesin-8 motors moving toward the plus-ends, 

leading to greater accumulation on the plus-ends of longer microtubules than on 

shorter ones (Varga et al., 2006). This way, Kif18A would affect both spindle length 

and chromosome congression by regulating the plus-end dynamics of kinetochore 

microtubules (Mayr et al., 2007). 

It was shown that Kif18A has an integral role in regulating oscillatory movements of 

the kinetochores by suppressing them. This leads to reduction in amplitude of pre-

anaphase oscillations and slower poleward movement during anaphase (Stumpff et al., 

2008). Thereby, suppressing chromosome movements. The extent of accumulation at 

plus-ends of k-fibers varies within the spindle, as it is more concentrated on k-fibers 

at the spindle periphery (Stumpff et al., 2008). 

Interestingly, it was reported that budding yeast kinesin-8, Kip3, utilizes an anti-

parallel microtubule-sliding activity that could potentially promote spindle assembly 

and increase the length of mitotic spindles (Su et al., 2013). Su et al. proposed “slide-

disassemble” model where its sliding and destabilizing activity balance during pre-

anaphase to facilitate a normal spindle assembly. These activities are also likely to be 

present in other eukaryotic cell types. 
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2. Materials and methods 

2.1. Cell culture 

 

HeLa-TDS cell line, permanently transfected and stabilized using pEGFP-α-tubulin 

plasmid was acquired from Mariola Chacón Rodríguez (Max Planck Institute of 

Molecular Cell Biology and Genetics, Dresden, Germany). HeLa-Kyoto BAC cell 

lines stably expressing protein PRC1-GFP, MKLP1-GFP, Eg5-GFP, DN1CH1-GFP, 

Kif18A-GFP or MCAK-GFP (Poser et al., 2008) were obtained from Hyman lab's 

BAC and Cell Line Database (Max Planck Institute of Molecular Cell Biology and 

Genetics, Dresden, Germany). Cells were cultured in filter sterilized Dulbecco’s 

Modified Eagle’s medium (DMEM; Lonza, Basel, Switzerland) with 10% Fetal 

Bovine Serum (FBS; Sigma-Aldrich, St. Louis, Missouri, US), 50 μg/mL geneticin 

(Santa Cruz Biotechnologies, Dallas, Texas, US) and 10000 U/mL penicillin-

streptomycin (Lonza, Basel, Switzerland). Cells were grown at 37°C and 5% CO2 in a 

Galaxy 170 R CO2 humidified incubator (Eppendorf, Hamburg, Germany). 

 

2.2. Transfection and RNA interference  

 

For plasmid transfection and siRNA transfection, cells were transfected by 

electroporation using Amaxa Cell Line Nucleofector Kit R (Lonza, Basel, 

Switzerland) together with the Nucleofector 2b device (Lonza, Basel, Switzerland). 

Transfection was performed with A-028 (DSMZ) program by following the 

manufacturer's protocol. Cells were transfected with mCherry-PRC1 plasmid obtained 

from Casper C. Hoogenraad (University of Utrecht, Utrecht, The Netherlands) (van 

Beuningen et al., 2015). 1x106 cells at 80% confluency were transfected with 1.5 μg 

of plasmid DNA. For PRC1 and Kif4A RNA interference, 1x106 cells at 80% 

confluency were transfected with 100 nM targeting and control siRNA raw constructs 

diluted in 100 μL Nucleofector solution R (Lonza, Basel, Switzerland). The siRNA 

constructs were SMARTpool ON-TARGETplus PRC1 siRNA (#L-019491-00; 

Dharmacon, Lafayette, Colorado, US) and ON-TARGETplus Control Pool Non-

targeting Pool  (#D-001810-10-05; Dharmacon, Lafayette, Colorado, US), KIF4A 
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siRNA (h) (#sc-60888, Santa Cruz Biotechnologies, Dallas, Texas, US) and control 

siRNA-A (#sc-37007, Santa Cruz Biotechnologies, Dallas, Texas, US). 

 

2.3. Immunostaining 

 

For fixed cell imaging, cells were grown on 3.5-cm glass bottom microwell dishes 

(MatTek Corporation, Ashland, Massachusetts, US). Cells were fixed in -20°C 

methanol (100%) by putting the methanol directly on the cells and placing the cells on 

ice for 3 minutes. Methanol was washed off with 3 washes in 1x Phosphate Buffered 

Saline (PBS). Fixed cells were incubated in 0.5% Triton in 1x PBS for 15 minutes at 

room temperature while shaking gently on the shaker. Triton was washed off with 3 

washes in 1x PBS, 5 minutes each wash. After permeabilization, cells were blocked in 

blocking buffer, 1% normal goat serum (NGS) in 1x PBS for one hour at 4°C while 

shaking gently on the shaker in the cold room. Blocking buffer was washed off with 3 

washes in 1x PBS, 5 minutes each wash. Primary mouse monoclonal KIF4 (E-8) 

antibody (#sc-365144, Santa Cruz Biotechnologies, Dallas, Texas, US) of 200 µg/mL 

was prepared in blocking buffer as 1:100 dilution (Lee and Kim, 2005), 500 µL for 

each 3.5 cm dish. Primary antibody was added into the dish and the dish was put into 

a bigger Petri dish inlayed with a wet paper towel to prevent drying of antibody 

solution. Petri dish was sealed with parafilm. Cells were incubated with primary 

antibody for 24 hours in a cold room at 4°C. After 24 hours, the primary antibody was 

washed 3 times with 1x PBS, each wash 5 minutes at room temperature while shaking 

gently. Secondary goat anti-mouse antibody (AlexaFluor 647) (#ab150115, Abcam, 

Cambridge, UK) of 2 µg/µL was diluted in 2% NGS in 1x PBS to 1:1000 and added 

500 µL of diluted secondary antibody on the cells. The dish was covered with 

aluminium foil and incubated for 1 hour at room temperature on the shaker. 

Secondary antibody was washed off with 3 washes in 1x PBS, 5 minutes each wash, 

while shaking gently. Imaging was done immediately after so 1x PBS was added to 

the sample to cover the cells and proceed with microscopy. Cells were protected from 

light until microscopy. 
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2.4. Sample preparation 

 

To prepare samples for microscopy, following the transfection with plasmid or 

siRNA, DMEM medium was removed from the cells and the cells were rinsed with 

1x PBS. 1 mL of 1% Trypsin/EDTA (Biochrom AG, Berlin, Germany) was added to 

the cells and the cells were incubated at 37°C and 5% CO2 in a humidified incubator 

for 5 minutes. Trypsin was blocked when adding 5 mL of DMEM medium. Cells 

were counted using the Neubauer improved cell counting chamber (BRAND GMBH 

+ CO KG, Wertheim, Germany). 2x105 cells were seeded and cultured in 2 mL 

DMEM medium at 37°C and 5% CO2 on 3.5-cm glass bottom microwell dishes. After 

24 hours, the medium was replaced with Leibovitz's L-15 CO2-independent medium 

(Lonza, Basel, Switzerland) supplemented with FBS. Live-cell imaging was done 3 

hours after medium replacement. For experiments with the fixed samples, imaging 

was done immediately after immunostaining. 1 mL of 1x PBS was added to the 

sample to cover the cells and to proceed with microscopy. Cells were kept protected 

from light until microscopy. For live-cell staining of HeLa BAC cell lines SiR-tubulin 

dye (Cytoskeleton Inc., Denver, Colorado, US) was added to 2 mL of cells in a 

DMEM medium to a final concentration of 100 nM, 3 h before imaging. 

 

2.5. Imaging 

 

Cells were imaged using a Leica TCS SP8 X laser scanning confocal microscope 

(Leica, Wetzlar, Germany). The system was equipped with a HC PL APO 63x/1.4 oil 

immersion objective (Leica, Wetzlar, Germany) heated with an objective integrated 

heater system (Okolab, Pozzuoli, Italy). The system was controlled with the Leica 

Application Suite X software (LASX, 3.1.1.15751, Leica, Wetzlar, Germany) and 

Leica’s TCS SP8 mode was used. During live cell imaging, cells were maintained at 

37°C in Okolab stage top heating chamber (Okolab, Pozzuoli, Italy). To obtain the 

optimal balance between spatial resolution and signal-to-noise ratio, optical section 

was 0.896 and pinhole diameter was set to 1 AU. Excitation and emission lights were 

separated with Acousto-Optical Beam Splitter (Leica, Wetzlar, Germany). For cells 

expressing only GFP fused protein and stained with SiR-tubulin, a 488 nm Argon 
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laser line was used for GFP excitation and a 649 nm white light laser (WLL) for SiR-

tubulin. GFP emissions were detected with the first hybrid detector (HyD) in the 

range of 493-639 nm, whilst SiR-tubulin emissions were detected with the second 

HyD detector in the range of 654-779 nm. For cell expressing both GFP and mCherry 

fused proteins, a 488 nm Argon laser line was used for GFP excitation and a 587 nm 

WLL for mCherry excitation. In these cells, GFP emissions were detected with the 

first HyD detector in the range of 493-582 nm, whilst mCherry emissions were 

detected with the second HyD detector in the range of 592-780 nm. Ultimately, for 

cells expressing GFP, immunostained with AlexaFluor647-antibody, a 488 nm Argon 

laser line was used for GFP excitation and a 653 nm WLL for AlexaFluor647. GFP 

emissions were detected with the first HyD detector in the range of 493-639 nm, 

whilst AlexaFluor647 emissions were detected with the second HyD detector in the 

range of 658-779 nm. In time-lapse imaging, films were acquired at one focal plane 

during 10-20 minutes with time interval set to 1 minute and 400 Hz unidirectional xyt 

scan mode. For fixed cell imaging, z-stacks were acquired comprising 3-6 focal 

planes with 0.5 µm-spacing and 400 Hz unidirectional xyz scan mode. All images 

were obtained with line averaging set to 16 and pixel size set to 50 nm. 

2.6. Image analysis 

After microscopy, image analysis and processing were performed in ImageJ (National 

Institutes of Health, Bethesda, Maryland, US). Quantification, graphing, data and 

statistical analysis were performed in RStudio (RStudio Inc., Boston, Massachusetts, 

US). Statistical analysis was performed using Student’s t-test. Data are given as mean 

± standard error of the mean (s.e.m.). Images in figures were rotated so the spindle 

long axis in images is aligned horizontally, and ImageJ was used to adjust brightness 

and contrast. Images and legend for figures were assembled in Adobe Illustrator CC 

(Adobe Systems, Mountain View, California, US). 

In HeLa cells stained with SiR-tubulin, 5-pixel-thick pole-to-pole contour of tubulin 

signal was tracked along the sister k-fibers and the corresponding bridging fiber that 

bridges the gap between sister k-fibers (Figure 13). The positions of the spindle poles 

were estimated as the merging points of k-fibers. To track the bundles, segmented line 

tool was used, point-by-point along the curved line of tubulin signal. When tracks 

were placed, intensity profiles were acquired in the green channel for Eg5-GFP, 

DN1CH1-GFP, MCAK-GFP, MKLP1-GFP and Kif18A-GFP.  
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Figure 13. Pole-to-pole tracking. Images show pole-to-pole tracking of SiR-tubulin 

signal by following the curve of sister k-fiber in the red channel. Enlargements show 

the region of interest where corresponding bridging fiber spans the gap between sister 

k-fibers. Intensity profiles were acquired in green, GFP channel. x=0 represents first, 

while x=1 represents second spindle pole, respectively.  

 

In cells stably expressing PRC1-GFP, PRC1-labeled bundle contour was tracked from 

pole-to-pole. PRC1-GFP intensity profile was acquired in green channel, while 

Kif4A-Alexa Fluor-647 intensity profile was acquire in red channel, respectively. In 

cells transfected with mCherry-PRC1, mCherry-PRC1 intensity profile was acquired 

in red channel, while MKLP1-GFP intensity profile was acquired in green channel. 

The mean value of the cytoplasm background was subtracted from the intensity 

profiles. The length of tracked overlap bundles was calculated as the width of the 

peak in the intensity profile, positioned in the central part of the contour (Figure 14).  
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Figure 14. Example of length measurement of the MKLP1-GFP signal. Intensity 

profile acquired with pole-to-pole tracking of SiR-tubulin signal in a HeLa cell stably 

expressing MKLP1-GFP. Length was calculated as the width of the peak at its base. 

Left vertical dashed line shows the lower limit of calculation, whereas right shows the 

upper limit, respectively. Horizontal line shows mean background of the cytoplasm.   

 

The signal intensity of a cross section of a bridging fiber was measured by drawing a 

5-pixel line, perpendicular to the spindle long axis, at the central part of the bridging 

fiber. The mean value of the cytoplasm background was subtracted from the intensity 

profiles and the signal intensity was calculated as the area under the peak (Figure 15). 

Similarly, Kif18A-GFP punctae intensities were measured as the area under Kif18A-

GFP peaks from pole-to-pole intensity profile.  

Spindle length was measured as the distance between the spindle poles, whereas 

spindle width was measured as the distance between midpoints of outermost PRC1-

labeled fibers on the opposite spindle poles.  
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Figure 15. Example of a cross section signal intensity of PRC1-GFP bundle. Intensity 

profile acquired at the central part of PRC1-GFP-labeled bundle with line 

perpendicular to the spindle long axis in a HeLa cell stably expressing PRC1-GFP. 

Left vertical dashed line shows lower limit of calculation, while right shows upper 

limit, respectively. Horizontal line shows mean background of the cytoplasm 

subtracted from the intensity profile. Intensity was calculated as the area under the 

peak
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3. Results 

3.1. Eg5 localizes to the spindle poles and k-fibers 

 

To identify the localization of human kinesin-5 with respect to the bridging fibers, 

HeLa cells stably expressing Eg5-GFP from a bacterial artificial chromosome (BAC) 

were stained with SiR-tubulin dye. Time series that cover transitions through phases 

of mitosis were acquired. Acquired images show that only a small portion of the 

molecules is diffused in the cytoplasm. From prometaphase to late anaphase, Eg5-

GFP is predominantly localized in the mitotic spindle (Figure 16). The localization of 

Eg5-GFP follows the localization of SiR-tubulin, with no apparent reduction or 

increase in the overall signal intensity through phases. Intensity profiles show that 

Eg5-GFP is highest at the spindle poles and gradually decreases toward the plus ends 

of the k-fibers, i.e. toward the kinetochores. At the central part of the spindle where 

antiparallel microtubules interdigitate from opposing poles, Eg5-GFP signal is the 

lowest (Figure 17). Upon investigation of metaphase spindles, no Eg5 signal was 

observed to extend to the region between k-fibers where bridging fiber resides. 

However, as cell progresses through mitosis, Eg5 slightly accumulates at the lateral 

parts of the spindle midzone. 
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Figure 16. Localization of Eg5-GFP in the prometaphase, metaphase, anaphase and 

late anaphase spindle. HeLa cells stably expressing Eg5-GFP (green) and stained with 

SiR-tubulin dye (red). One z-slice for each spindle is shown. Images (left: merge, 

middle: GFP, right: SiR-tubulin) of spindles are as follows: first row shows spindle in 

prometaphase, second metaphase, third anaphase and fourth late anaphase. Scale bar, 

2 µm.  
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Figure 17. Eg5-GFP intensity profiles. Graphs show pole-to-pole intensities (green) 

of Eg5-GFP signal acquired in HeLa cells expressing Eg5-GFP and stained with SiR-

tubulin. Intensity profiles are tracked in metaphase (left), anaphase (middle), and late 

anaphase (right) spindle. 

 

3.2. Localization of MKLP1 in the central part of the spindle 

 

HeLa cells stably expressing MKLP1-GFP, a kinesin-6 motor, were stained with SiR-

tubulin. As seen in Figure 18, MKLP1-GFP is localized in the spindle throughout 

mitosis. However, large portion of the molecules is diffused through the cytoplasm. 

The localization of MKLP1-GFP at the spindle increases as the cell progresses 

through mitosis, having the highest signal at the latter stages. In prometaphase, 

MKLP1-GFP is accumulated at the plus ends of microtubules, being highest in the 

bundled microtubules. Interestingly, pole-to-pole intensity profiles of MKLP1-GFP 

localization showed enrichment in the central part of the spindle as the metaphase 

began (Figure 18). Progressing from metaphase to late anaphase, intensity profiles 

show the increase in the width of the peak at the spindle midzone and the overall 

signal intensity (Figure 19). The length of the metaphase MKLP1-GFP signal 

calculated from pole-to-pole intensity profile was 4.09 ± 0.15 µm  (n=18 tracks from 

9 cells), less than the length of the overlap regions of bridging fibers reported by 

Kajtez et al., 2016. However, MKLP1-GFP signal was observed to extend to both the 

gap region between sister k-fibers and laterally from estimated positions of the 

kinetochores in metaphase spindles (Figure 18).   
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Figure 18. Localization of MKLP1-GFP in the prometaphase, metaphase, anaphase 

and late anaphase spindle. HeLa cells stably expressing MKLP1-GFP (green) and 

stained with SiR-tubulin dye (red). One z-slice for each spindle is shown. Images 

(left: merge, middle: GFP, right: SiR-tubulin) of spindles are as follows: first row 

shows spindle in prometaphase, second metaphase, third anaphase and fourth late 

anaphase. Scale bar, 2 µm.  
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Figure 19. MKLP1-GFP intensity profiles. Graphs show pole-to-pole intensities 

(green) of MKLP1-GFP signal acquired in HeLa cells expressing MKLP1-GFP and 

stained with SiR-tubulin. Intensity profiles are tracked in metaphase (left), anaphase 

(middle), and late anaphase (right) spindle. 

 

3.3. Kif18A is localized at the plus ends of microtubules of the k-fibers 

 

To determine localization of human kinesin-8 through the phases of mitosis, HeLa 

cells stably expressing Kif18A-GFP were stained with SiR-tubulin dye. In 

prometaphase, Kif18A-GFP is observed as a diffuse signal all over the spindle. At the 

onset of metaphase, diffused signal from prometaphase spindles accumulates at the 

plus ends of microtubules, whilst forming Kif18A-GFP punctae at the plus ends of the 

k-fibers, i.e. where kinetochores are positioned (Figure 20). These Kif18A-GFP 

punctae diminished as cell proceeded to anaphase. Intensity profiles show that as 

Kif18A-GFP punctae signal decreased, new peak emerged in the central part of now 

separating spindle (Figure 21). Therefore, Kif18A-GFP is translocated to the 

antiparallel regions as poles separate. Contrary, pole-to-pole tracking revealed no 

peak at the central part of the metaphase spindle, between Kif18A-GFP punctae. 

Thus, no Kif18A signal is present in the region between estimated kinetochore 

positions in the metaphase spindle. Interestingly, pole-to-pole intensity profiles of 

Kif18A-GFP in metaphase spindle show distinction between outer and inner sister k-

fibers (Figure 22). K-fibers located more than 3 µm away from the spindle long axis 

have both Kif18A-GFP punctae present, while 70% of inner ones has only one 

Kif18A-GFP punctus (n=47 in 10 cells).  
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Figure 20. Localization of Kif18A-GFP in the prometaphase, metaphase, anaphase 

and late anaphase spindle. HeLa cells stably expressing Kif18A-GFP (green) and 

stained with SiR-tubulin dye (red). One z-slice for each spindle is shown. Images 

(left: merge, middle: GFP, right: SiR-tubulin) of spindles are as follows: first row 

shows spindle in prometaphase, second metaphase, third anaphase and fourth late 

anaphase. Scale bar, 2 µm.  
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Figure 21. Kif18A-GFP intensity profiles. Graphs show pole-to-pole intensities 

(green) of Kif18A-GFP signal acquired in HeLa cells expressing Kif18A-GFP and 

stained with SiR-tubulin. Intensity profiles are tracked in metaphase (left), anaphase 

(middle), and late anaphase (right) spindle. 

 

Additionally, intensity of the outer Kif18A-GFP punctae is statistically larger than 

that of inner ones (Figure 22C). Intensity of the outer Kif18-GFP punctae was 25.502 

± 2.16 a.u. (n=22 punctae in 10 cells), whereas intensity of inner punctae was 18.42 ± 

2.213 a.u. (n=25 punctae in 10 cells). 

 

 

Figure 22. Kif18A-GFP intensity profiles at the outer and inner fibers. (A-B) Graphs 

show pole-to-pole intensities of Kif18A-GFP signal acquired in HeLa cells expressing 

Kif18A-GFP and stained with SiR-tubulin. (A) Normalized pole-to-pole intensity 

profiles acquired at outer (light green) sister k-fibers and (B) inner (dark green) sister 

k-fibers, respectively. (C) Intensity of the outer Kif18A-GFP punctae (light green) 

and inner (dark green). Intensities were measured in 10 cells, 22 punctae at the 

distance larger than 3 µm from the spindle log axis and 25 punctae positioned in less 

than 3 µm from the spindle long axis. P-value, 0.0279.  
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3.4. MCAK-GFP localizes to both spindle poles and kinetochores 

 

HeLa cells stably expressing MCAK-GFP, a human kinesin-13 protein, were stained 

with SiR-tubulin. Unlike other kinesins, MCAK-GFP is observed at both 

kinetochores, suggesting positions of the plus ends of the microtubules, and at the 

poles, suggesting position of the minus ends of the microtubules (Figure 23). Beside 

its localization to the spindle throughout mitosis, large portion of MCAK-GFP 

molecules is diffused in the cytoplasm. In the spindle, MCAK-GFP showed no 

reduction or increase in the overall signal intensity. In prometaphase, MCAK-GFP 

has highest signal at the both poles and unaligned kinetochores. Same localization is 

observed in metaphase when kinetochores are aligned, together with low intensity all 

over k-fibers (Figure 24). Upon investigation, regions between sister k-fibers and 

estimated sister kinetochores showed no enrichment in MCAK in metaphase spindle. 

However, when poles start to separate, MCAK-GFP starts to accumulate to the central 

part of the spindle, i.e. to the spindle midzone.  
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Figure 23. Localization of MCAK-GFP in the prometaphase, metaphase, anaphase 

and late anaphase spindle. HeLa cells stably expressing MCAK-GFP (green) and 

stained with SiR-tubulin dye (red). One z-slice for each spindle is shown. Images 

(left: merge, middle: GFP, right: SiR-tubulin) of spindles are as follows: first row 

shows spindle in prometaphase, second metaphase, third anaphase and fourth late 

anaphase. Scale bar, 2 µm.  
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Figure 24. MCAK-GFP intensity profiles. Graphs show pole-to-pole intensities 

(green) of MCAK-GFP signal acquired in HeLa cells expressing MCAK-GFP and 

stained with SiR-tubulin. Intensity profiles are tracked in metaphase (left), anaphase 

(middle), and late anaphase (right) spindle. 

 

3.5. Kif4A is localized at the chromosome and accumulates at the spindle 

midzone in anaphase 

 

HeLa cells stably expressing PRC1-GFP, protein observed within bridging fibers, 

were fixed and immunostained for kinesin-4, Kif4-A. Kif4A, as chromokinesin, is 

predominantly observed at the chromosomes throughout the mitosis (Figure 25). In 

prometaphase, I observed that Kif4A also localizes in the PRC1-labeled bundles. Due 

to highest signal of Kif4A-Alexa Fluor-647 at the chromosomes, which are in 

metaphase aligned in the central part of the spindle, localization at the bridging fiber 

cannot be observed. However, as chromosomes separate and move toward the poles, 

Kif4A can be seen in the central part of the spindle, at the positions of PRC1-labeled 

antiparallel regions. Proceeding to cell division, Kif4A signal intensity in these 

narrow streaks increases (Figure 26).  
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Figure 25. Localization of endogenous Kif4A in the prometaphase, metaphase, 

anaphase and late anaphase spindle. HeLa cells stably expressing PRC1-GFP (red) 

and immunostained for Kif4A (green). One z-slice for each spindle is shown. Images 

(left: merge, middle: Alexa Fluor-647, right: GFP) of spindles are as follows: first row 

shows spindle in prometaphase, second metaphase, third anaphase and fourth late 

anaphase. Scale bar, 2 µm.  

 



Results 

 

40 

 

 

 

 

 

 

 

Figure 26. Kif4A-Alexa Fluor-647 intensity profiles. Graphs show pole-to-pole 

intensities (green) of endogenous Kif4A signal acquired in fixed HeLa cells 

expressing PRC1-GFP and immunostained for Kif4A (Alexa Fluor-647). Intensity 

profiles are tracked in metaphase (left), anaphase (middle), and late anaphase (right) 

spindle. 

 

3.6. Dynein 

 

To characterize the localization of the minus end motor protein, dynein, HeLa cells 

stably expressing DN1CH1-GFP were used. Tubulin was stained with SiR-tubulin to 

visualize microtubules and thus enable identification within the spindle. DN1CH1-

GFP signal was observed throughout cytoplasm and at the cell cortex. In 

prometaphase, DN1CH1-GFP is localized at the estimated positions of kinetochores, 

causing poleward chromosome motility, and at the spindle poles where it stabilizes 

microtubule-centrosome interaction (Figure 27). Contrary to kinesins, DN1CH1-GFP 

had weak association with the spindle, and was primarily localized at the spindle 

poles in metaphase, where minus ends of the microtubules reside. Low signal 

intensities of DN1CH1-GFP were also observed at the k-fibers. To determine whether 

DN1CH1-GFP is localized in the bridging fibers of the metaphase spindle, SiR-

tubulin signal that spans the region between sister k-fibers was followed. Upon 

inspection, no localization of DN1CH1 was observed at the positions of the bridging 

fibers (Figure 28).  

 



Results 

 

41 

 

Figure 27. Localization of DN1CH1-GFP in the prometaphase and metaphase 

spindle. HeLa cells stably expressing DN1CH1-GFP (green) and stained with SiR-

tubulin dye (red). One z-slice for each spindle is shown. Images (left: merge, middle: 

GFP, right: SiR-tubulin) of spindles are as follows: first row shows spindle in 

prometaphase, and second in metaphase. Scale bar, 2 µm. 

 

 

 

 

 

 

 

 

Figure 28. DN1CH1-GFP intensity profile. Graph shows pole-to-pole intensity 

(green) of DN1CH1-GFP signal acquired in HeLa cell expressing DN1CH1-GFP and 

stained with SiR-tubulin. Intensity profile is tracked in metaphase.  
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3.7. PRC1 overexpression causes aberrant relocalization of motor proteins  

 

PRC1 can be used to visualize the overlap regions of bridging microtubules 

throughout the spindle. However, how does overexpression of PRC1 affect the 

localization of motor proteins is unknown. HeLa cells stably expressing DN1CH1-

GFP, Kif18A-GFP, MKLP1-GFP, Eg5-GFP, MCAK-GFP and tubulin-GFP (for 

Kif4A experiment) were transfected with mCherry-PRC1 plasmid. Upon 

investigation, it was observed that mCherry-PRC1 overexpression results in aberrant 

relocalization of namely all inspected motor proteins. With PRC1 being 

overexpressed, motor proteins seem to associate with overlap bundles (Figure 29, 

30).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29. Overexpression of PRC1 in DN1CH1-GFP, Kif18A-GFP, and MKLP1-

GFP cell lines. HeLa cells stably expressing DN1CH1-GFP (first row), Kif18A-GFP 

(second row) and MKLP1-GFP (third row) transfected with mCherry-PRC1 plasmid. 

One z-slice for each spindle is shown. Images are left: merge, middle: GFP, and right: 

mCherry, respectively. Scale bar, 2 µm.  
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Figure 30. Overexpression of PRC1 in Eg5-GFP, MCAK-GFP, and tubulin-GFP cell 

lines. HeLa cells stably expressing DN1CH1-GFP (first row), Kif18A-GFP (second 

row) and tubulin-GFP (third row) transfected with mCherry-PRC1 plasmid. Tubulin-

GFP transfected with mCherry-PRC1 plasmid was immunostained for Kif4A (tubulin 

not shown). One z-slice for each spindle is shown. Images for upper two row are left: 

merge, middle: GFP, and right: mCherry, respectively. Images for bottom row are 

left: merge, middle: Alexa Fluor-647, and right: mCherry. Scale bar, 2 µm. 

 

This atypical change of localization is presumably the consequence of substantial 

crosslinking of all neighboring microtubules in the PRC1-labeled overlap bundles. 

Unlike kinesins, minus-end motor DN1CH1 did not undergo this change of 

localization. Beside relocalization of kinesins to the overlap bundles, cells were 

unable to properly align chromosomes and were therefore blocked in prometaphase.   

 

 

 

 



Results 

 

44 

3.8. MKLP1-labeled bundles correlate with PRC1-labeled bundles 

 

As shown above, the localization of MKLP1 was observed in the central part of the 

spindle, similar to the localization of PRC1-labeled bridging fibers, as reported in 

Polak et al., 2017. However, localization of MKLP1 in the central part of the spindle 

does not reveal presence in the bridging fibers. To explore if MKLP1 is indeed 

localized within bridging fibers, overexpression of PRC1 should affect distribution of 

MKLP1 in the bridging fiber as it would affect bridging fibers themselves. HeLa cells 

stably expressing MKLP1-GFP and transfected with mCherry-PRC1 that showed 

normal alignment of chromosome at the metaphase plane were taken for 

determination of this relationship. 

Pole-to-pole intensity profiles of MKLP1-labeled bundles and PRC1-labeled bundles 

were used to measure the length and the thickness of the corresponding signal. I found 

that both parameters of MKLP1-labeled bundles correlate with both parameters of 

PRC1-labeled bundles (Figure 31). Additionally, their length and thickness of the 

bundles were observed to be statistically similar. Length of the MKLP1-GFP signal 

was 4.768 ± 0.183 µm and mCherry-PRC1 was 4.780 ± 0.187 µm (p=0.963, n=20 

bundles in 7 cells), whereas thickness of the MKLP1-labeled bundle was 0.617 ± 0.02 

µm and mCherry-PRC1 was 0.618 ± 0.02 µm (p=0.0996, n=15 bundles in 7 cells). 

Since these parameters correlate with PRC1 overexpression, MKLP1 is localized 

within the bridging fiber.  
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Figure 31. Correlation between MKLP1- and PRC1-labeled bundles. Graph shows 

correlation between length of the MKLP1-GFP signal and mCherry-PRC1 signal 

length in HeLa cells stably expressing MKLP1-GFP and transfected with mCherry-

PRC1 plasmid. P-value, 0.00001. 

 

3.9. Kif4A knockdown results in elongated bridging fibers. 

 

Previous studies reported that silencing of Kif4A results in the spindle midzone with 

unfocused overlap regions and atypical elongation of the spindle midzone  (Hu et al., 

2011). Since PRC1 still localizes to the spindle midzone and the midbody when 

Kif4A is removed I set out to determine how it affects the bridging fibers. HeLa cells 

stably expressing PRC1-GFP were transfected with control siRNA and siRNA 

targeting Kif4A (Figure 32). To confirm silencing of Kif4A, cells were also fixed and 

immunostained for Kif4A. 

To inspect the changes of the overlap regions in the bridging fibers induced by Kif4A 

knockdown, pole-to-pole PRC1-GFP signal intensities were acquired. Upon 

measurement, length of PRC1-labeled bundles was increased in cells treated with 

Kif4A siRNA when comparing to control cells (Figure 33). In control cells, the 

length of PRC1-GFP signal was 4.714 ± 0.189 µm (n=20 in 9 cells). However, in cells 

treated with Kif4A siRNA, the length of PRC1-GFP signal was 5.527 ± 0.279 µm 

(p=0.021, n=20 in 8 cells). These data confirm the elongation of PRC1-labeled 

bundles and therefore overlap regions of bridging fibers due to Kif4A silencing.  
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Figure 32. Kif4A silencing. HeLa cells stably expressing PRC1-GFP treated with 

siRNA targeting Kif4A (top images) and control siRNA (bottom images). One z-slice 

for each spindle is shown. Images are left: merge, middle: Alexa Flour-647, and right: 

GFP, respectively. Scale bar, 2 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33. Kif4A silencing elongates bridging fiber. Comparison of the length 

between PRC1-GFP signals from HeLa cells stably expressing PRC1-GFP that are 

treated with control siRNA (white) and Kif4A siRNA (gray).  P-value, 0.0212.  
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Contrary to previously reported results on Kif4A silencing causing unfocused overlap 

regions (Hu et al., 2011), measurements at the cross section of the bundles show 

statistically similar intensities. In control cell, intensity at the cross section of the 

bundle was 11.171 ± 1.264 a.u. (n=15 in 9 cells), whereas in cells treated with Kif4A 

siRNA was 10.018 ± 0.741 a.u. (n=24 in 8 cells). Together with this measurement, 

spindle length and width were analyzed in both control and Kif4A siRNA treated 

cells. Upon investigation, there was no apparent decrease or increase in these 

parameters. In control cells, spindle width was 8.705 ± 0.335 µm and length was 

10.342 ± 0.327 µm (n=10 cells). In Kif4A siRNA treated cells, spindle width was 

8.738 ± 0.200, whilst spindle length was 10.722 ± 0.386 (n=9 cells, p value for width 

was 0.450, p value for length was 0.4618). These data show that Kif4A silencing 

elongates overlap regions, while not affecting spindle length and width. 
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4. Discussion 

 

I have shown that in metaphase, a kinesin-6 motor MKLP1 is associated with the 

spindle in its central part, where antiparallel regions are formed by interdigitating 

microtubules. By following pole-to-pole sister k-fiber curvatures, MKLP1 is found to 

be enriched in the gap between sister k-fibers and extend laterally from sister 

kinetochores. Length measurements of the MKLP1 signal have shown that MKLP1 

extends over a region smaller than the previously reported length of PRC1-labeled 

bridging fibers (Kajtez et al., 2016, Polak et al., 2017). The length of the metaphase 

MKLP1-GFP signal calculated from pole-to-pole intensity profiles was 4.09 ± 0.15 

µm  (n=18 tracks from 9 cells), whereas it was shown that PRC1-labeled overlap 

regions of the bridging fibers are 4.5 ± 0.2 µm (Kajtez et al., 2016). This could be due 

to PRC1 being a passive cross-linker, whilst MKLP1 is a plus-end directed motor 

protein. However, MKLP1 signal was found to correlate with the signal of PRC1-

labeled overlaps. Length of the MKLP1-GFP signal was 4.768 ± 0.183 µm and 

mCherry-PRC1 was 4.780 ± 0.187 µm (p=0.963, n=20 bundles in 7 cells), whereas 

thickness of the MKLP1-labeled bundle was 0.617 ± 0.02 µm and mCherry-PRC1 

was 0.618 ± 0.02 µm (p=0.0996, n=15 bundles in 7 cells). Interestingly, the length of 

the MKLP1 signal was increased when PRC1 was overexpressed. Following PRC1 

overexpression, MKLP1 was localized in all PRC1-labeled bundles. Since virtually all 

bridging fibers contain PRC1-labeled overlaps, MKLP1 is present within bridging 

fibers throughout the spindle. As proposed function of MKLP1 is to cross-link and 

slide antiparallel microtubules in the anaphase spindle (Nislow et al., 1992), MKLP1 

bundles microtubules in the bridging fiber and generates forces within bridging fiber 

that would drive spindle elongation during anaphase B. Additionally, MKLP1 is a 

component of centralspindlin complex that has been implicated in the formation of the 

spindle midzone during mitosis (Zhu et al., 2005), therefore bridging fibers must have 

an important role in determination of the central spindle assembly. 

Furthermore, Kif4A as a major binding partner of PRC1 was observed in the PRC1-

labeled bundles in prometaphase. This could be due to relocalization of PRC1 toward 

the plus end of microtubules where overlap regions of bridging microtubules are 

formed. Consistent with previous findings that the spindle midzone and overlap 

regions elongate when Kif4A is depleted (Zhu and Jian, 2005; Bieling et al., 2010; Hu 
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et al., 2011), Kif4A silencing with Kif4A siRNA increased the length of PRC1-

labeled bridging fibers in metaphase spindle since PRC1 is not properly translocated 

to the plus-ends of microtubules. In control cells, the length of PRC1-GFP signal was 

4.714 ± 0.189 µm (n=20 in 9 cells). Yet, in cells treated with Kif4A siRNA, the length 

of PRC1-GFP signal was 5.527 ± 0.279 µm (p=0.021, n=20 in 8 cells). However, 

Kif4A depletion did not result in unfocused overlap regions of PRC1-labeled bridging 

fibers, contrary to Hu et al., 2011. In control cell, intensity at the cross section of the 

bundle was 11.171 ± 1.264 a.u. (n=15 in 9 cells), whereas in cells treated with Kif4A 

siRNA was 10.018 ± 0.741 a.u. (n=24 in 8 cells). Additionally, Kif4A silencing did 

not affect the length and the width of metaphase spindles. In control cells, spindle 

width was 8.705 ± 0.335 µm and length was 10.342 ± 0.327 µm (n=10 cells). In 

Kif4A siRNA treated cells, spindle width was 8.738 ± 0.200, whilst spindle length 

was 10.722 ± 0.386 (n=9 cells, p value for width was 0.450, p value for length was 

0.4618). Thus, spindles undergo atypical elongation of PRC1-labeled bridging fibers 

when Kif4A is depleted without increasing the length and the width of the spindles. 

Pole-to-pole tracking of Kif18A-GFP signal revealed that k-fibers located more than 3 

µm away from the spindle long axis have Kif18A-GFP punctae at each sister 

kinetochore, while 70% of k-fibers located within 3 µm from the spindle long axis 

have only one Kif18A-GFP punctus positioned at one kinetochore (n=47 in 10 cells). 

Additionally, intensity of the outer Kif18-GFP punctae was 25.502 ± 2.16 a.u. (n=22 

punctae in 10 cells), whereas intensity of inner punctae was 18.42 ± 2.213 a.u. (n=25 

punctae in 10 cells). This is consistent with length-dependent effect of kinesin-8 in 

which longer microtubules, i.e. outer ones, lead to greater accumulation on their plus-

end as the larger amount of kinesin-8 motors bind to them and move toward the plus-

ends (Varga et al., 2006). 

Among all inspected microtubule-based motors, I have shown that only MKLP1 

localizes to central part of the metaphase spindle between sister kinetochores, where 

bridging fibers reside. Following the initiation of chromosome segregation, MCAK, 

Kif18A, Kif4A, and MKLP1 start to concentrate at the sites of microtubule plus-end 

overlaps. Interestingly, Eg5 accumulates at lateral parts of these central spindle 

bundles. As the aftermath of these translocations, motors generate the central spindle 

that later regulates cleavage furrow initiation and the completion of cytokinesis.  



Discussion 

 

50 

Due to PRC1 overexpression with mCherry-PRC1 plasmid, all kinesin motors have 

shown aberrant relocalization within the spindle and association with PRC1-labeled 

overlap regions. This change of localization could be a consequence of massive 

crosslinking of all neighboring fibers and therefore bundles of microtubules growing 

within them. In agreement with this, dynein motor DN1CH1 showed no atypical 

relocalization within the spindle. DN1CH1 as a minus-end directed motor retained its 

position at the spindle poles and the k-fibers. Thus, minus-ends of microtubules 

remained at the spindle poles and along k-fibers. 

For future aspects, it will be important to examine the role of MKLP1 in the bridging 

fiber and to determine to which extent it contributes to the different phases of mitosis 

with respect to its position within the bridging fiber. Furthermore, it will be 

interesting to see if motors located at the k-fibers generate forces to slide 

chromosomes along the bridging fibers. Finally, it is necessary to understand why 

PRC1 overexpression prevents prometaphase-to-metaphase transition. 
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5. Conclusion 

In this thesis, I have used confocal microscopy to show the localization of motor 

proteins with respect to positions of the bridging fibers. Upon investigation, MKLP1 

was shown to be the most prominent candidate that localizes within the bridging 

fibers. MKLP1, a kinesin-6 motor, was observed in the central part of the spindle, 

spanning the region between sister kinetochores, where bridging fibers reside. Length 

of the MKLP1 signal was significantly less than the length of previously observed 

PRC1-labeled overlap regions of the bridging fibers. Overexpression of PRC1 with 

mCherry-PRC1 plasmid affected relocalization of kinesins within the mitotic spindle. 

These spindles with aberrant localization of motor proteins were unable to align 

chromosomes in the metaphase plate and therefore proceed from prometaphase to 

metaphase. Notably, overexpression of PRC1 in MKLP1-GFP cell line showed 

correlation between PRC1-labeled bundles and MKLP1 signal, both in length and 

intensity. Length of the MKLP1 signal, when PRC1 was overexpressed, was 

significantly increased, compared to untreated cells. Additionally, Kif4A, a kinesin-4 

motor, which is major binding partner of PRC1, was shown to elongate PRC1-labeled 

overlaps of the bridging fibers when silenced. These elongated PRC1-labeled overlaps 

had similar intensity to PRC1-labeled overlaps in control cells. 
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