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Abstract 

 

Proper attachment of chromosomes to microtubules is important for the accurate segregation of 

chromosomes and genome stability. The initial engagement of chromosomes happens along the lateral wall 

of microtubules through a highly specialised protein structure assembled on the centromeric DNA, the 

kinetochore. Ultimately, kinetochores must be attached to the ends of microtubules (a geometry called end-

on attachment). A series of highly dynamic steps called the end-on conversion process, converts the initial 

immature lateral attachments into mature end-on attachments. How this process is finely tuned by 

phosphorylation and dephosphorylation to achieve stable attachments is still unclear. Furthermore, what is 

the role of microtubule-associated proteins in the stabilisation of kinetochore-microtubule attachments is 

unknown. This project aimed to study the role of phosphatases in the regulation of the end-on conversion 

process. First, I investigated the different contribution of the two outer-kinetochore phosphatases  - BubR1-

recruited PP2A-B56 and KNL1-recruited PP1 - in counteracting Aurora B kinase during the end-on 

conversion process. I found that BubR1-recruited PP2A-B56 plays an essential role in the process, but 

KNL1-recruited PP1 does not. I also investigated whether the HEC1/Ndc80 N-tail is a critical substrate of 

Aurora B phosphorylation for the stabilisation of the end-on attachments. Using a phospho-dead mutant of 

the HEC1/Ndc80 N-tail, I discovered that cells are still susceptible to Aurora B activity, indicating downstream 

pathways independent of HEC1/Ndc80. Then, I studied the biological role of the Astrin C-terminus, where an 

evolutionarily conserved RVMF motif, a putative PP1 binding site, is located. My findings show C-terminal 

Astrin mutants fail to localise at kinetochores of both monopolar and bipolar spindles; induce defects in the 

end-on conversion process in monopolar spindles and prolong mitosis time with increased Mad2 levels at 

the outer-kinetochore. A kinase inhibitor assay showed that kinetochore-microtubule attachment defects in 

Astrin mutant expressing cells could be rescued when both Aurora B and Cdk1 kinases are inhibited, 

suggesting a role for Astrin’s C-terminus in counteracting Aurora B and Cdk1 activity. Finally, I probed the 

putative interaction of the Astrin C-terminus and PP1 using biochemistry, cell biology and fluorescence 

microscopy techniques. I discovered that artificially targeting PP1 onto the Astrin C-terminus but not on the 

N-terminus rescues mutants localisation defects at the kinetochore. In summary, my results indicate that 

Astrin and PP1 interact at the kinetochore of living cells. 

 

In conclusion, my work shows that mitotic phosphatases have distinctive contributions in the regulation of the 

dynamic steps of the end-on conversion process and that Astrin is a potential PP1 phosphatase recruiter at 

the outer-kinetochore, where is necessary for the stabilisation of end-on attachments. 
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1. Introduction 

 

1.1. Overview of mitosis. 

 

It is estimated that the human body is composed of roughly 1013 cells (Bianconi et al., 

2013), which are organised in super-structures called tissues, ultimately forming complex 

organs. Our cells may vary in their morphology and function, for example compare the role 

of a leucocyte of the immune system to that one of an osteoblast secreting bone material, 

but they all share one fundamental feature: they contain the same genomic sequence (i.e. 

they are clones). Clonal inheritance is indeed essential for allowing cooperation and 

coordination of the various parts of this very complex machinery and for “self/non-self” 

recognition. However, single cells are not immortal and, throughout life, the human body 

undergoes a continuous cycle of disassembly and regeneration of each tissue 

compartment to maintain actively its physiological equilibrium, called homeostasis. The 

maintenance of this remarkable architecture is controlled by cell division or mitosis. 

Indeed, mitosis is the process by which two genetically identical daughter cells are 

generated from one original mother cell. This is an asexual process, meaning that no 

genetic recombination occurs, as opposed to meiotic division.  

 

In this chapter, the various phases of eukaryotic cell cycle and mitosis are described, 

followed by a review of the current knowledge on the molecular biology of faithful 

chromosome segregation. 

 

 

1.1.1. The cell cycle and mitosis. 

 

After more than a century of scientific research, the lifespan of a eukaryotic cell is now 

defined by an alternation of different stages, altogether called the cell cycle. The function 

of this cycle is to prepare the cell to segregate its genetic material into two identical sets. In 

general, we can define two coordinated phases: i) M phase (or mitotic phase), the actual 

division of the nuclear material, and ii) interphase, the stage between the end of an M 

phase and the beginning of a new one.  
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Interphase is the growth stage, which prepares the cell for division. Interphase is 

subdivided into two gap phases (G1 and G2) with a synthesis (S) phase in between. G1 is 

a crucial stage of the interphase, where cells decide to enter the pathway for division. Cells 

can arrest in G1 indefinitely accordingly to internal or external environment signals, which 

are continuously monitored. For example, in the human body, differentiated cells enter a 

stage of indefinite G1 phase also termed G0. In S phase, all the genomic material is 

copied once to be divided into two equal sets, whereas G2 is the final gap stage before 

cell division begins. In this stage, many protein complexes needed for mitosis are 

assembled. 

 

In eukaryotic cells, mitosis is classically divided into six subsequent phases, first 

postulated by early microscope work by German biologist Walther Flemming (reviewed in 

Paweletz, 2001). They are named prophase, prometaphase, metaphase, anaphase, 

telophase and cytokinesis, respectively. Altogether, this series of events ensures the 

physical separation of the previously duplicated genetic material into two equal sets 

(Figure 1.1.). 

 

In prophase, chromosomes are tightly coiled in the typical condensed forms that are visible 

under a light microscope. They will remain in this configuration until the end of the process. 

In the transition between prophase and prometaphase, the nuclear membrane 

disassembles releasing the chromosomes to float freely in the cytoplasm. At the same 

time, centrioles, barrel-shaped protein complexes duplicated in S phase and responsible 

for the nucleation of microtubules (reviewed in Conduit et al., 2015), are separated and 

directed to sites opposite to the disassembling nuclear membrane. Microtubules emanated 

by the opposite centrosomes, coordinated by associated motor proteins, arrange in a self-

assembled “rugby-ball” shaped structure called the mitotic spindle (reviewed in Prosser 

and Pelletier, 2017). Microtubules dynamic assembly and disassembly is an essential 

feature for catching and dragging apart chromosomes during mitosis (for microtubules 

structure and dynamic instability see Figure 1.2.). Microtubules can directly interact with 

chromosomes through a multimeric proteinaceous platform assembling on the DNA, 

termed kinetochore (section 1.2.). Chromosome capture happens in prometaphase 

(Hayden et al., 1990), and the initial interaction is on the lateral wall of microtubules (also 

called lateral attachment). Then, the chromosome attachment status is actively converted 

to end-on attachment (i.e. where the kinetochore is bound to the plus-end tip of a 

microtubule bundle), due to what is named “the end-on conversion process” (section 1.3.). 
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Figure 1.1. Mitosis.  

The cartoon shows the different phases of cell division, highlighting the possible chromosome-microtubule 

attachment errors that can arise during the prometaphase-metaphase transition. Correct attachment and 

biorientation allow the triggering of chromosome segregation (adapted from Conti et al., 2017). 

 

Attachment to microtubules allows the movement of the genetic material towards the cell 

equator (Kapoor et al., 2006; Magidson et al., 2011). Once the chromosomes start to 

arrange themselves into a plate-like disposition, the cell reaches metaphase. This stage is 

the last step before the physical separation of chromosomes, and an untimely onset of 

segregation is carefully prevented by a checkpoint signal generated by kinetochores (the 

spindle assembly checkpoint, or SAC - section 1.1.3.). Once each chromosome is 

congressed and attached to both spindle poles through a stable interaction of the 

kinetochore with the tip of microtubules, a condition called “amphitelic attachment”, the 

SAC is satisfied and the cell is now ready to enter anaphase.  
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Figure 1.2. Microtubules and dynamic instability. 

The building block of microtubules is a two-subunit complex of α and β-tubulin, which are closely related. The 

dimers associate in a linear head-to-tail fashion to form a protofilament. One microtubule is composed of 

thirteen protofilaments, closely associated to form a hollow tubular structure. Despite the interaction between 

subunits is non-covalent, the combination of lateral and end-to-end forces make microtubules a very strong 

and rigid structure. Due to the precise orientation of the dimers to form protofilaments, microtubules present 

always one extremity where only β-tubulin is exposed (called the plus-end) the other one where only α-

tubulin is exposed (called the minus-end). Microtubules are very dynamic structures, as they are able to 

actively grow and shrink very fast. This is because α and β-tubulin are GTPases, enzymes able to catalyse 

the hydrolysis of GTP into GDP. The hydrolysis of GTP generates conformational changes that modify the 

affinity of the dimer to the microtubule structure. In particular, GDP-bound tubulin presents lower affinity for 

microtubules in comparison to GTP-tubulin. Microtubule growth always happens at the ends of the structure 

(A). Incorporation of GTP-tubulin in the growing microtubule tip enhances the GTPase activity. However, 

once incorporated, the GDP-tubulin gets locked into the structure. Therefore, the majority of tubulin of a 

microtubule is GDP-bound, with the exception of the newly added one. This is also referred to as the GTP-

cap. Changes in the GTPase activity and rate of tubulin association can modulate the stability of a 

microtubule. This behaviour is called the “dynamic instability” (B-D). Active and timely regulation of 

microtubule growth and shrinkage by altering the dynamic instability is crucial for ensuring coordinated 

capture and segregation of chromosomes (adapted from Morgan, 2007). 

 

Anaphase onset is triggered by the activation of the Anaphase-Promoting 

Complex/Cyclosome (APC/C), an ubiquitin ligase (reviewed in Sivakumar and Gorbski, 

2015). The ubiquitin-dependent proteolysis generated by the APC/C is responsible for the 

cleavage of cohesin, the physical ligament that keeps each sister chromatid pair together 
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(Gruber et al., 2003; Haering et al., 2008; Michaelis et al., 1997). Thus, chromatids are 

pulled poleward by de-polymerising microtubules (Cassimeris and Salmon, 1991; 

Skibbens et al., 1993) (anaphase A), while the spindle elongates and the centrosomes are 

moved apart from each other (anaphase B). Once apart, in telophase, chromosomes 

decondense while the nuclear membrane is restored. Eventually, in cytokinesis, the 

cytoplasm is divided in two by a constriction of the cell membrane, called the cleavage 

furrow. The daughter cells thus generated are then separated in a process termed 

abscission. 

 

 

1.1.2. CDKs and  control of the cell cycle. 

Transition into each step of the cell cycle is tightly controlled by a network of regulatory 

proteins which are collectively defined as the cell-cycle control system. The key players in 

this process are a series of cyclin-dependent kinases (or Cdks) and their activators, called 

cyclins. Formation of specific Cdk-cyclin complexes triggers the switch between the major 

phases of the cell cycle, namely, the commitment from G1 into S, the progression of G2 

into M and the metaphase/anaphase transition during cell division (reviewed in Morgan, 

2007). The sudden activation of Cdks kinase activity leads to the activation of the specific 

enzymes regulating each cell cycle phase. For example, for mitotic entry, Cdk1-cyclin B1 

triggers the activation of many substrates which are important for nuclear envelope 

breakdown, condensation of the chromosomes, separation of centrosomes, disassembly 

of the Golgi apparatus and initiation of the SAC (Peter et al., 1990; Lowe et al., 1998; 

Draviam et al., 2001; Jackman et al., 2003; Lindqvist et al., 2005; Blethrow et al., 2008). 

The cell-cycle control system possesses an oscillatory behaviour. Cdks levels do not 

change over time but their activation is modulated by the oscillation of cyclins levels. 

Cyclins availability is regulated by both modulations of gene transcription and control of 

protein's degradation rate. 

 

All the members of the cyclin-dependent kinases family are small serine/threonine protein 

kinases (between 34 to 40 KDa) which are mainly composed of a conserved catalytic 

domain. In human cells, there are four Cdks important in controlling the cell cycle 

progression: Cdk1 is active during M phase, Cdk2 which function is important during G1/S 

and S phases, Cdk4 and Cdk6 which are active during G1. It is interesting to point out that 

a yeast strain where the Cdk1 gene has been replaced with the human homologue is still 
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able to proliferate normally (Morgan, 2007). This shows how the function of Cdk function 

has not changed for the last hundreds of millions of years. 

 

All Cdks require the binding of a cyclin to be activated. This is due to major allosteric 

changes that compromise Cdk catalytic sites in the absence of cyclin (De Bondt et al., 

1993). Differently from Cdks, structures can vary between different cyclins although a 

helical core domain is conserved among them. In humans, four types of cyclins control the 

main phases of the cell cycle: cyclin D(1,2,3) activates Cdk4 and Cdk6 during G1 phase, 

cyclin E bound to Cdk2 is required for the G1/S transition, cyclin A is important to activate 

Cdk1 and Cdk2 during the S phase and, finally, cyclin B in partnership with Cdk1 is active 

during M phase. 

 

In the majority of the cases, Cdks activity can be modulated by phosphorylation. One well-

studied example is control of Cdk1-cyclin B (the Cdk-cyclin complex active during M 

phase) activity by phosphorylation. At late stages of G2, the cyclin B gene expression 

leads to the formation of the Cdk1-cyclin B complex (Pines and Hunter, 1989). Despite the 

complex formation, two inhibitory phosphorylations on Cdk1’s Thr14 and Tyr15 by Wee1 

and Mty1 kinases keep the complex in its inactive state (Parker and Piwnica-Worms, 1992; 

Mueller et al., 1995). The two residues are situated inside the Cdk1 catalytic domain and 

their phosphorylation generates conformational changes inactivating the domain. 

However, once DNA replication is terminated at the end of the G2 phase, Cdc25 

phosphatase is activated by phosphorylation. In human cells, three isoforms of Cdc25 

(Cdc25A, Cdc25B and Cdc25C) are responsible for the counteraction of Wee1 and Mty1 

activity on Cdk1. Dephosphorylation of Cdk1’s Thr14 and Tyr15 activates the complex. 

Activation of Cdk1-cyclin B triggers a positive-feedback loop where Cdk1 phosphorylation 

inactivates Wee1 and Mty1 and, at the same time, enhances Cdc25 activity. Once the 

phosphatase activity is higher than the kinases one, Cdk1 full activation is achieved and 

leads to mitotic entry (reviewed in Nurse, 1990; Morgan, 2007). As Wee1, Mty1 and Cdc25 

are regulated by factors responding to stress agents, it shows how the cell cycle control 

systems can prevent the premature activation of Cdk1-cyclin B and start cell division only 

when ready. 
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1.1.3. Waiting is essential: the spindle assembly checkpoint. 

 

A very complex process such as mitosis has to be thoroughly monitored not to allow 

events to happen untimely. This responsibility is evolutionarily shared by a collection of 

proteins, which delay anaphase onset until each single chromosome is correctly attached 

and aligned. These proteins can be subdivided into three main groups: 

 

i) Bubs (or Budding Uninhibited Benzimidazole): This group includes the human 

paralogues Bub1 and BubR1 and the related Bub3 (Jablonski et al., 1998; Hoyt et al., 

1991; Suijkerbuijk et al., 2012; Roberts et al., 1994; Taylor et al., 1998). Bub1 is a 

kinase (Roberts et al., 1994), and it is discussed in section 1.4.1. On the other hand, 

BubR1 was originally thought to possess kinase activity (Chan et al., 1999), although it 

has been recently shown that it functions mainly as docking site for PP2A-B56 (Kruse 

et al., 2013; Suijkerbuijk et al., 2012a; Suijkerbuijk et al., 2012b; Xu et al., 2013). 

ii) Mads (or Mitotic Arrest Deficient): This group includes the Mad1 and Mad2 proteins (Li 

and Benezra, 1996; Chen et al., 1998; Li et al., 1991). Recent experiments have shown 

that Mad2 protein presents two different conformations (i.e. open or closed) that are 

involved in SAC signalling (reviewed in Luo and Liu, 2008; reviewed in  Musacchio, 

2015). 

iii) The Mps1, Cdk1, Plk1, Aurora B kinases and PP1 and PP2A-B56 counteracting 

phosphatases: reviewed in section 1.4.1. 

 

From a molecular point of view, the SAC prevents the Cdc20-dependent activation of the 

APC/C complex driven proteolysis cascade, thus preventing anaphase onset (Abrieu et al., 

2001; Hwang et al., 1998). Indeed, BubR1, Bub3, Mad2, and Cdc20 form a complex called 

the MCC (or Mitotic Checkpoint Complex), thus sequestering Cdc20 from APC/C 

interaction (Fang, 2002; Izawa and Pines, 2015; Sudakin et al., 2011: Tang et al., 2011). 

The SAC priming is given by the unattached status of kinetochores in prometaphase 

(Chen et al., 1998;  Howell et al., 2000; Rieder et al., 1995; Waters et al., 1998). The “wait” 

signal exhibits a diffuse behaviour to inhibit the APC/C in the cytoplasm (Rieder et al., 

1995), and its strength is proportional to the amount of MCC produced (Collin et al., 2013). 

 

All components of the SAC localise at kinetochores and are highly dynamic (Howell et al., 

2004; Meraldi et al., 2004). Indeed, Bub1/Bub3/BubR1 bind onto KNL1 (reviewed in 

section 1.2.1) MELT repeats through direct interaction with Bub3 and BubR1, under the 
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control of Mps1 and Plk1 (Bolanos-Garcia et al., 2011; Espeut et al., 2015; Kiyomitsu et 

al., 2007; Kiyomitsu et al., 2011; Krenn et al., 2012; Krenn et al., 2014; Pagliuca et al., 

2009; Primorac et al. 2013; Saurin et al., 2011; Shepperd et al., 2012; Vleugel et al., 2015; 

von Schubert et al., 2015; Zhang et al., 2014; Zhang et al., 2015). On the other hand, the 

localisation of Mad1/Mad2 has been shown to be dependent on the RZZ complex 

(described in section 1.2.1 - Buffin et al., 2005; Kops et al., 2005; Siliò et al., 2015). 

Moreover, evidence shows a direct interaction between Bub1 and Mad1 controlled by 

Cdk1 and Mps1 phosphorylation (Brady and Hardwick; del Mar Mora-Santos et al., 2016; 

Moyle et al., 2014;  Zhang et al., 2017). 

 

The SAC silencing is reversible, allowing prompt re-establishment in case of unexpected 

problems (Ballister et al., 2004). Silencing is thought to happen by displacement of SAC 

components from kinetochores. For instance, the Bub1/Bub3/BubR1 modules localisation 

is drastically reduced during metaphase (Howell et al., 2004), whereas Mad1/Mad2 

complex is stripped from kinetochores in a Dynein dependent manner (Chan et al., 2009; 

Gassmann et al., 2010; Griffis et al. 2007; Kasuboski et al., 2011). Once anaphase is 

triggered, SAC re-activation is prevented by physically displacing the main regulators 

Aurora B and Mps1 from kinetochores (Hiruma et al., 2015; Ji et al., 2015; Vàsquez-

Novelle et al., 2010). 

 

Recent observations have pointed out that SAC is sensitive to attachment status (Etemad 

et al., 2015; Tauchman et al., 2015). A review of kinetochore-microtubule attachment and 

SAC is presented in section 1.3. 

 

 

1.2. Connecting-up: how the outer-kinetochore structure sustains interactions with 

the spindle.  

 

A fundamental process during mitosis is the correct attachment of chromosomes to the 

mitotic spindle. Critical player in these events is the kinetochore, a complex protein 

structure which assembles directly on the centromeric region of the chromatin and 

mediates the attachment to the spindle. As its etymology suggests (κίνησις/kinisis = 

movement; χώρος/choros = region - Sharp, 1934), the kinetochore is the hub where forces 

generated from dynamic microtubules are harnessed. Kinetochores possess modular 
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features and, in humans, it is formed of more than 100 proteins tightly organised in a 

hierarchical architecture. 

 

The idea of a region responsible for chromosome attachment to the microtubules was 

already present at the beginning of the 20th century. However, it was first visualised under 

an electron microscope in 1966 (Brinkley and Stubblefield, 1966). Nowadays, after 

decades of research in different model organisms, a kinetochore is usually divided into two 

main regions (Dong et al., 2007; Magidson et al., 2015; Maiato et al., 2004; Rieder, 1981; 

Wynne and Funabiki, 2016 - Figure 1.3.): 

i) Inner-kinetochore: it is the most internal part of a kinetochore, which assembles directly 

on the chromatin through a Histone3 variant called CENP-A. It is formed by a solid 

network of proteins, also termed constitutive centromeric associated network (CCAN), 

and it serves as platform for the assembly of the outer-kinetochore (Hori et al., 2008; 

Weir et al., 2016; reviewed in Cheeseman, 2014; reviewed in Musacchio and Desai, 

2017). 

ii) Outer-kinetochore: it is the outer part of the kinetochore architecture, which assembles 

on the CCAN and directly engages with the microtubule lattice. The outer-kinetochore 

composition is highly dynamic and changes depending on the attachment status 

(section 1.3.1 - Magidson et al., 2015; Wynne and Funabiki, 2015). The outermost part 

of this structure, where the physical interaction of microtubules happens is called 

fibrous corona. 

 

The kinetochore possesses remarkable load-bearing properties for sustaining the pushing-

pulling forces generated by the polymerisation/de-polymerisation of microtubules. 

Understanding how this architecture is elegantly assembled and able to withstand traction 

forces is interesting not only for biomedical reasons (discussed in section 1.6) but also 

from an engineering point of view. Indeed, chromosomes dimensions are significantly 

bigger when compared to kinetochores (Brinkley and Stubbfield, 1966). Learning how 

these structures are able to harness efficiently the pushing and pulling forces generated by 

microtubules will give us an interesting new perspective on cargo transportation. 

 

The focus of this subsection is the composition and organisation of the outer-kinetochore, 

including proteins that localise at kinetochore from the spindle. 
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Figure 3.2. The kinetochore structure. 

The cartoon shows the overall structure of a mammalian kinetochore. A) High-resolution deconvolution 

picture of a human epithelial cell (RPE1) shows DNA in blue, microtubule in green and kinetochore in red. B) 

Electron microscopy image shows the kinetochore structure of a dividing Chinese hamster cell. The arrows 

highlight the fibrous corona (adapted from Brinkley and Stubblefield, 1966). C) The diagram shows a 

schematic of the kinetochore structure, describing the three main electron-dense areas as seen in B. 

 

 

1.2.1. The Architecture of the outer-kinetochore. 

 

The structural core of the outer-kinetochore of a human cell is composed of a repeated 

module of three protein complexes, called the Mis12, KNL1, and Ndc80 complex, 

respectively (Figure 1.4.). Collectively, this module is referred to as the KNM network, and 

it is responsible for the direct binding of the outer-kinetochore with microtubules 

(Cheeseman et al., 2006). Most of the components of the KMN network are conserved 

across eukaryotes. In addition, the RZZ complex, another complex essential for SAC 

signalling, co-localises with the KNM network at the outer-kinetochore. 

 

The Mis12 complex:  

The Mis12 complex (called MIND in yeast - Euskirchen, 2002) is the most inner 

component of the KMN network (Wan et al., 2009), and it is formed by four subunits (from 

inner to outer: Nnf1, Mis12, Dsn1, Nsl1, respectively - Goshima et al., 2003; Hornung et 
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al., 2011; Kline et al., 2006; Obuse et al., 2004). The subunits are tightly coiled to each 

other and form rod-like structures spanning between 21 and 23 nm (Dimitrova et al., 2016; 

Maskell et al., 2010; Petrovic et al., 2010; Petrovic et al., 2016). In human cells, the Mis12 

connects the KNM network to the CCAN via direct interaction of Nnf1 subunit with CENP-

C (Screpanti et al., 2011; Petrovich et al. 2016) and CENP-T (Huis in ’t Veld et al., 2017). 

Thus, the Mis12 complex represents the connector of the KNM network with the inner-

kinetochore. 

 

The KNL1 complex: 

The KNL1 complex is a two-protein module composed of KNL1 (also called 

KNL1/Blinkin/CASC5 in humans, KNL1 in nematodes, and Spc105 in yeast and fruitfly - 

Desai et al., 2003; Kiyomitsu et al., 2007; Nekrasov et al., 2003; Schittenhelm et al., 2009) 

and Zwint1 (Starr et al., 2000). Unlike the Ndc80 and Mis12 complexes, KNL1 protein is 

intrinsically disordered for most of its structure, except for its C-terminus domain (Petrovic 

et al., 2014). Evidence collected from various model organisms showed that KNL1 acts as 

a platform for the physical recruitment of SAC proteins. Distributed across the N-terminal 

unstructured region, KNL1 bears two KI motifs and a series of MELT repeats, which are 

docking domains for the Bub1/Bub3/BubR1 module in a phosphorylation-dependent 

manner (Bolanos-Garcia et al., 2011; del Mar Mora-Santos et al., 2016; Kiyomitsu et al., 

2007; Kiyomitsu et al., 2011; Krenn et al., 2012; Krenn et al., 2014; Pagliuca et al., 2009; 

Primorac et al. 2013; Shepperd et al., 2012; Vleugel et al., 2015; Zhang et al., 2014; 

Zhang et al., 2015). This function is conserved throughout eukaryotes, besides C. elegans 

and S. cerevisiae, where KNL1 has been shown to possess an additional microtubule-

binding domain in its N-terminus (Cheeseman et al., 2006; Espeut et al., 2012). 

Furthermore, human and yeast KNL1 possess a PP1 binding motif within the first 25 a.a. 

of the N-terminus (Liu et al., 2010; Meadows et al., 2007; Rosenberg et al., 2011). 

Regulation of SAC on KNL1 in response to kinetochore-microtubule attachment status is 

discussed in section 1.5. Zwint1 interacts with KNL1 C-terminal coil-coiled region 

(Pagliuca et al., 2009), and contributes to its localisation at kinetochore (Varma et al., 

2013). Interestingly, the KNL1/Zwint1 complex seems able to form dimers through the 

interaction of the respective coil-coiled regions (Petrovic et al., 2014), suggesting that 

KNL1/Zwint1 may also function as structural support for adjacent KMN modules. 
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Figure 1.4. The KMN network. 

The cartoon shows the spatial arrangement of the Mis12 complex, KNL1 and Ndc80 complex to form the 

core component of the outer-kinetochore. In human cells, KNL1 acts the physical platform where the SAC 

can be primed, subject to phosphorylation. The KMN complex elegantly combines a binding platform for 

microtubule binding (the Ndc80 complex) with the possibility to modulate SAC. The Mis12complex acts as 

the connector for the network to the CCAN, binding either to CENP-C or CENP-T. 

 

The Ndc80 complex:  

The Ndc80 complex is the outermost component of the KMN network (Wan et al., 2009), 

and it is arranged as a tetramer composed by HEC1/Ndc80, NUF2, Spc24, and Spc25 

subunits (Bharadwaj et al., 2004; Ciferri et al., 2005; McCleland et al., 2004; Valverde et 

al., 2016; Wei et al., 2005; Wigge and Kilmartin, 2001). Structurally, the Ndc80 complex 

assembles as a flexible dumbbell-shaped structure (Wei et al., 2005), between 50 to 60 

nm long, and it is the KMN module responsible for physically bridging the kinetochore with 

microtubules (Alushin et al., 2010; Gonen et al., 2012). Indeed, both the paralogue HEC1 

and NUF2 subunits can interact with microtubules in vivo and in vitro with their CH 

(Calponin homology) domains (Ciferri et al., 2008; Cheeseman et al., 2006; DeLuca et al., 

2005; Zaitsev et al., 2015). In particular, the HEC1 N-terminal unstructured tail is critical for 

the generation of stable kinetochore-microtubule attachments (Guimaraes et al., 2008; 

Miller et al., 2008). Interestingly, HEC1 N-tail affinity to the microtubule lattice is decreased 

by phosphorylation by Aurora B kinase (reviewed in section 1.4 and 1.5 - Cheeseman et 

al., 2006; DeLuca et al., 2006; DeLuca et al., 2011), showing how intra-kinetochore 

signalling can finely tune kinetochore-microtubule attachments. Whether the Ndc80 

complex is the only module responsible for kinetochore-microtubule load bearing function 

is still not known. Finally, the HEC1 subunit bears an Mps1 kinase binding site on its N-
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terminus tails, which displays competitive binding with microtubules (Chmielewska et al., 

2015; Hiruma et al., 2015; Ji et al., 2015). 

 

The RZZ complex:  

The RZZ complex is a ~800 kDa trimeric module composed of Rod, ZW10, and Zwilch 

subunits, respectively (Civril et al., 2010; Chan et al., 2000; Mosalaganti et al., 2017; Starr 

et al., 1997; Williams et al., 2003), which is conserved only in the Metazoan kingdom. 

Through a direct interaction between spindly, both Rod and Zwilch contribute to localising 

the dynein/dynactin motor complex to the outer-kinetochore (Griffis et al., 2007; Gama et 

al., 2017; Gassmann et al., 2008), in an Aurora B and farnesylation dependent manner 

(Kasuboski et al., 2011; Mosalaganti et al., 2017). This shows how the RZZ may be 

directly involved in kinetochore-microtubule attachments. Recent observations have 

pointed out that the RZZ complex may act as an alternative platform to KNL1 for SAC 

signalling modulation (Buffin et al., 2005; Kops et al., 2005; Siliò et al., 2015), thus, 

suggesting the complex to be a modulator of the SAC rather than a structural element of 

the outer-kinetochore. Finally, the RZZ complex displays dimerisation properties 

(Mosalaganti et al., 2017), suggesting it may behave as an intermediary platform for 

binding both dynein/dynactin and Mad1/Mad2 complex. 

 

Arrangement of the KNM network and the RZZ complex at the outer-kinetochore: 

The localisation of the KNM network and the RZZ complex at the outer-kinetochore follows 

a precise spatial disposition in human cells. The innermost component is the Mis12 

complex, whose Nnf1 subunit can interact in a mutually exclusive way with CENP-E or 

CENP-T (Huis in ’t Veld et al., 2017; Petrovic et al., 2010; Wan et al., 2009). Furthermore, 

an alternative pathway for Mis12 localisation has been identified through CENP-I 

(Goshima et al., 2003). The C-terminal domain of Nsl1 binds with the KNL1’s C-terminal 

RWD domain - a highly specialised in protein-protein interaction domain (Doerks et al., 

2002; Petrovic et al., 2010; Petrovic et al., 2014). The Ndc80 complex is the module of the 

KMN network positioned at the outermost part. Indeed, Spc24 globular RWD domain 

interacts with Nsl1's C-terminal tail (Petrovic et al., 2010), making the HEC1/NUF2 

extremity free to interact with the microtubule lattice (Cheeseman et al., 2006). 

Alternatively, the Ndc80 complex can also bind to CENP-T without interaction with the 

Mis12 complex (Huis in ’t Veld et al., 2017; Nishino et al., 2013). Interestingly, a CENP-

C/Mis12 complex unit can bind up to three Ndc80 complexes in vitro (Huis in ’t Veld et al., 

2017), indicating how the outer-kinetochore possesses a LEGO-bricks-like potential to 
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maximise the surface for engaging the microtubules of the spindle. Finally, the RZZ 

complex localises adjacent to the KNM network, as Zwint1 interacts with ZW10 (Famulski 

et al., 2008; Starr et al. 2000; Varma et al., 2013; Wang et al., 2004), although additional 

evidence has recently pointed out that Bub1 may be a binding partner of the complex 

(Zhang et al., 2015). 

 

In summary, the KMN network composes a flexible structure that elegantly interacts with 

the microtubules of the spindle. The RZZ complex role at outer-kinetochore is now being 

unravelled as new insights into its assembly and localisation emerge. Altogether, the KMN 

and RZZ modules efficiently couple kinetochore-microtubule attachment to SAC priming. 

 

 

1.2.2. The enhanced toolkit: microtubule-associated proteins recruited to the outer-

kinetochore. 

 

In addition to the core modules, the outer-kinetochore architecture is enriched throughout 

mitosis with an array of proteins deriving from the microtubules (MAPs, or Microtubule-

Associated Proteins). In this section, the main players responsible for kinetochore-

microtubule attachments are described. 

 

The Astrin/SKAP complex:  

The Astrin/SKAP complex is a dimeric complex possessed only by the Metazoan kingdom 

(Dunsch et al., 2011; Schmidt et al., 2010; van Hoof et al., 2017). Initially, both Astrin and 

SKAP (or Small Kinetochore Associated Protein) were identified from screens performed 

on human mitotic cells extract (Mack and Compton, 2001) or cell cycle genes from cancer 

samples (Fang et al., 2009; Sauer et al., 2005). Astrin/SPAG5 (for SPerm-associated 

AntigenGene 5) is a ~135 kDa protein (Mack and Compton, 2001; Thein et al., 2007), 

which displays a ~80 nm lollypop-like structure when visualised in EM (Gruber et al., 

2002). A structural analysis identified in Astrin an unstructured N-terminal region followed 

by two coil-coiled regions (422 and 210 a.a. long, respectively) joined together by a short 

linker domain. On the other hand, SKAP/Kinastrin weighs only ~28 kDa (Fang et al., 2009) 

and contains two short coil-coiled regions adjacent to an unstructured N-terminus (Friese 

et al., 2016). It is interesting to notice that a longer isoform of SKAP (~35 kDa) is 

expressed in germline but not somatic cells, and it is thought to replace the shorter isoform 

to form a complex with Astrin (Kern et al. 2016; Vranesic et al., 2016). When expressed 
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together, SKAP binds to Astrin’s coil-coiled1 region via the whole length of both its coil-

coiled regions (Dunsch et al., 2011; Friese et al., 2016; Schmidt et al., 2010).  

 

As a complex, Astrin/SKAP localises on the spindle in the early stages of prometaphase 

and then gradually enriches at the kinetochore of congressed cells, reaching its peak in 

metaphase (Fang et al., 2009; Mack and Compton, 2001; Schmidt et al., 2010). The 

complex residence at kinetochore persists throughout anaphase and disappears in 

telophase, once chromosome pulling is completed (Dunsch et al., 2011; Fang et al., 2009; 

Mack and Compton, 2001). Recent findings from our group and others showed that the 

Astrin/SKAP complex localises only at end-on kinetochores (Kuhn and Dumont, 2017; 

Shrestha et al., 2013; Shrestha et al., 2017), and it follows Aurora B counteraction 

(Schmidt et al., 2010; Shrestha et al., 2017).  Interestingly, Astrin can enrich at 

kinetochores of monopolar spindle cells, which mimic early stages of prometaphase 

(Shrestha and Draviam, 2013; Shrestha et al., 2017). Astrin is also shown to be regulated 

by phosphorylation during mitosis (Chung et al., 2016), although the precise mechanism is 

still not clear.  

 

Co-immunoprecipitation experiments have identified a series of proteins as binding partner 

of the Astrin/SKAP complex, including LC8 (dynein light chain subunit), Plk1, Sgo2, 

MYCBP, and NuMa (Chu et al., 2016; Dunsch et al., 2011; Kern et al., 2017; Schmidt et 

al., 2010), although the role of these interactions is still unclear. SKAP can also interact 

with Kif2b kinesin on the spindle (Qin et al., 2016). In addition, biochemistry and 

immunofluorescence evidence suggests that Astrin/SKAP might interact with CLASP1 and 

CENP-E during mitosis (Huang et al., 2012; Manning et al., 2010). During interphase, the 

Astrin/SKAP complex assembly is retained and it co-immunoprecipitates with LC8 (Kern et 

al., 2016). The complex plays an important role in apoptosis, as Astrin is a suppressor of 

the mTORC1 complex (Thedieck et al., 2013). However, despite the conspicuous quantity 

of information about the interactors of the complex, how Astrin/SKAP ensures the 

stabilisation of kinetochore-microtubule attachments is still unknown.  

 

Research conducted in the past years suggest that Astrin and SKAP may have different 

roles inside the complex. For instance, SKAP bears a SLLP motif which binds to EB1 

(Tamura et al., 2015; Kern et al., 2016), giving the Astrin/SKAP complex microtubule plus-

end tracking features both in interphase and mitosis (Kern et al., 2016; Schmidt et al., 

2010; Tamura et al., 2015). Biochemistry evidence has pointed out that SKAP, rather than 
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Astrin, exhibits microtubule binding properties (Friese et al., 2016), suggesting its role is to 

allow spindle localisation of the complex. On the other hand, evidence suggests that Astrin 

is the component of the Astrin/SKAP complex for the complex’s localisation at the 

kinetochore. Indeed, an Astrin C- terminal fragment, which retains no binding to SKAP, 

can localise at kinetochore in cells depleted of the endogenous Astrin (Kern et al., 2017). 

Furthermore, Astrin localisation at kinetochore remains unaffected when the protein is co-

expressed in vivo with different fragments of SKAP (Dunsch et al., 2011). Finally, Astrin 

has been shown to bind to HEC1 in vivo and in vitro (Naoka Tamura, 2013 - PhD thesis; 

Kern et al., 2017).  

 

The Astrin/SKAP complex displays a critical role in mitosis. Indeed, human cells depleted 

of either Astrin or SKAP result in longer mitotic time and high incidence of cell cycle arrest 

although being able to congress chromosomes (Fang et al., 2009; Thein et al., 2007). At 

kinetochore, despite its late recruitment in prometaphase, the Astrin/SKAP complex is 

important for the establishment of stable kinetochore-microtubule attachments. Indeed, 

depletion of Astrin drastically decreases the proportion of cold-stable attachments in 

human cells (Thein et al., 2007), and depletion of SKAP shortens the half-life of end-on 

attachments (Shrestha et al., 2017). The Astrin/SKAP complex seems also to be involved 

in bipolar spindle integrity maintenance, as depletion of the two proteins generates 

multipolar spindles after a prolonged mitotic arrest (Fang et al., 2009; Thein et al., 2007). 

Additionally, the complex localises to astral microtubules where it is involved in spindle 

positioning, possibly through direct interaction with the cortex protein NuMa (Chu et al., 

2016; Kern et al., 2016). Finally, clinical evidence also suggests that the Astrin/SKAP 

complex is mutated in different types of cancer patients (Ansari et al., 2014; Abdel-Fatah 

et al., 2016; Johansson et al., 2013; Lee et al., 2014). 

 

In conclusion, the Astrin/SKAP complex plays a critical function in the stabilisation of end-

on attachments. A plethora of interacting proteins have been identified in the course of last 

years but still the biological meaning is unclear. Understanding the role of this function at 

the outer-kinetochore will give important insights into attachment stabilisation. 

 

The Ska complex:  

The Ska (or Spindle and Kinetochore Associated) complex is formed of three subunits, 

called Ska1, Ska2, and Ska3/Rama1, respectively (Gaitanos et al., 2009; Hanisch et al., 

2006; Welburn et al., 2009), and it is conserved throughout metazoans. Structural 
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investigations showed that these three subunits are rich in coil-coiled domains and, once 

the complex is formed, it has the potential to dimerise with another Ska complex to 

generate a peculiar wing-shaped structure (Jayaprakash et al., 2012). Both Ska1 and 

Ska3 subunits exhibit binding affinity to microtubules (Abad et al., 2014; Abad et al., 2016; 

Jeyaprakash et al., 2012; Schmidt et al., 2012; Welburn et al., 2009). Oligomers of the Ska 

complex assemble around the microtubule lattice in a ring-like fashion (Welburn et al., 

2009). With this configuration, the complex can act as a bridle and harness the force 

generated by depolymerising microtubules during anaphase (Welburn et al., 2009; 

Schmidt et al., 2012). Interestingly, the Ska and Ndc80 complex interact with different 

structural features of the microtubule lattice (Abad et al., 2014), suggesting cooperation 

rather than competition in establishing contact with the spindle. For these reasons, the Ska 

complex is thought to be a paralogue of yeast Dam1 complex, due to its ring-like assembly 

on the microtubule lattice (Jayaprakash et al., 2012; Ramey et al., 2011).  

 

During mitosis, the Ska complex enriches on the spindle in early mitosis and then 

gradually localises at kinetochores (Hanisch et al., 2006). However, the complex seems to 

arrive earlier at kinetochore in comparison to the Astrin/SKAP complex, as it starts to 

enrich in early prometaphase (Hanisch et al., 2006; Janczyk et al., 2017). Human cells 

depleted of Ska3 display a longer mitotic time, in particular in the metaphase-anaphase 

transition (Daum et al., 2009; Hanisch et al., 2006; Sivakumar et al., 2014). Interestingly, 

depletion of the Ska complex does not interfere with generation of end-on attachments 

(Daum et al., 2009). The Ska complex localisation at kinetochore is negatively regulated 

by Aurora B (Chan et al., 2012). On the contrary, Cdk1 has also been found to 

phosphorylate directly Ska3 and, thus, enhancing its localisation at kinetochore through 

direct binding with HEC1/Ndc80 (Janczyk et al., 2017; Zhang et al., 2017). Additionally, a 

recent observation has also reported that Ska3 is also regulated by Mps1 (Maciejowski et 

al., 2017). Some evidence indicates that the Ska3 subunit to be needed to enhance the 

APC/C complex association to chromosomes (Sivakumar et al., 2014). Finally, Ska1 

subunit has been recently reported to be a novel recruiter of PP1 phosphatase to the 

kinetochore (Sivakumar et al., 2016).  

 

In conclusion, novel insights into Ska localisation might point out its role to be more 

important in harnessing the force of depolymerising microtubules, rather than stabilisation 

of the attachment per se. Indeed, Ska 1 or Ska2 depleted cells are still able to generate 

cold-stable kinetochore-microtubule attachments (Hanisch et al., 2016). 
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CENP-E kinesin: 
CENP-E (CENtromeric Protein E) is a microtubule plus-end directed protein (or kinesin - 

Wood et al., 1997; Yen et al., 1991; Yen et al., 1992) that accumulates in the cell during 

G2 but it is degraded after mitosis (Yen et al., 1992). During mitosis, CENP-E enriches on 

microtubules and kinetochores until anaphase A (Brown et al., 1996; Cooke et al., 1997; 

Yen et al., 1991), and then localises also on the spindle midzone from anaphase B (Brown 

et al., 1996; Cooke et al., 1997). Biochemistry and EM studies show that CENP-E can 

form head-to-head dimers, and that discontinuous coiled-coil domains in its structure allow 

it to stretch flexibly for ~230 nm (Espeut et al., 2008; Kim et al., 2008; Vitre et al., 2014). 

The N-terminus of the protein contains a conserved motor domain (Liao et al., 1994), 

whereas at the C-terminus end of the region, lies the microtubule-binding domain (Liao et 

al., 1994; Musinipally et al., 2013). Adjacent to CENP-E N-terminal motor domain there is 

a conserved RRVT site which binds to PP1 in an Aurora B-dependent manner (Kim et al., 

2010). 

 

A combination of studies employing protein depletion and use of inhibitors have shown 

that CENP-E is critical for chromosome alignment (Gudimchuk et al., 2013; Kapoor et al., 

2006; Mao et al., 2005; Putkey et al., 2002; Schaar et al., 1997; Wood et al., 1997; Yao et 

al., 2000). Chromosome uncongression in CENP-E depleted cells correlates to sustained 

SAC signal (Mao et al., 2005; Putkey et al., 2002; Yao et al., 2000). The motor domain of 

CENP-E is fundamental for this process (Gudimchuk et al., 2013; Kim et al., 2008; Schaar 

et al., 1997), and it is negatively regulated by Aurora B (Kim et al., 2010). Also, the long 

unstructured stalk of the kinesin is needed to allow normal chromosome congression (Vitre 

et al., 2014). Furthermore, CENP-E is important for kinetochore-microtubule attachments. 

Indeed, the kinesin is involved in chromosome capture (Mao et al., 2005; Yao et al., 2000), 

and for the initial stages of the end-on conversion process (Shrestha and Draviam, 2013). 

Consistently, uncongressed kinetochores of CENP-E depleted cells display unstable 

attachments (Putkey et al., 2002). 

 

On the spindle, CENP-E displays a slow motility, which also presents microtubule tracking 

characteristics once the protein reaches the plus-tip (Espeut et al., 2008; Gudimchuk et al., 

2013; Kim et al., 2008). CENP-E can track microtubules also when depolymerising, 

possibly thanks to its microtubule-binding domain but not the motor domain (Gudimchuk et 

al., 2013). In vitro, CENP-E can cross-link microtubules (Liao et al., 1994). Moreover, it 

has been shown that CENP-E motor domain enhances tubulin polymerisation in vitro 
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(Musinipally et al., 2013; Sardar et al., 2010). Interestingly, the microtubule domains of a 

CENP-E dimer can function as inhibitors of the motor domains of the same molecule, and 

this phenomenon is disrupted by phosphorylation (Espeut et al., 2008). 

 

At kinetochore, CENP-E can bind to BubR1 and Mad1, indicating independent sub-pools 

of the protein (Akera et al., 2015; Mao et al., 2005). Some evidence pointed out that, at 

kinetochores, CENP-E directly interacts with the NUF2 subunit of the Ndc80 complex (Liu 

et al., 2007). However, more recent experiments show that CENP-E is capable of load-

bearing features at kinetochores depleted of HEC1/Ndc80 (Cai et al., 2009), suggesting 

there is at least one more locus at the kinetochore where the protein localises.  

 
CENP-F: 
CENP-F (or CENtromeric Protein F) is a ~400 kDa protein, which localises at the outer-

kinetochore from G2 phase throughout mitosis (Liao et al., 1995; Rattner et al. 1993). 

Similar to motor proteins, CENP-F structure presents two structured domains at its N and 

C-termini, spaced by a long unstructured stalk (Musinipally et al., 2017). Where CENP-F 

localises precisely at the outer-kinetochore is still mysterious, although some evidence 

suggests the protein may enrich through the CENP-I pathway (Liu et al., 2003). 

Interestingly, in human cells depleted of Bub1 but not BubR1, CENP-F fails to load at 

kinetochore (Johnson et al., 2004). Moreover, depletion of CENP-E also results in a 

reduction of CENP-F intensity at kinetochore, and vice versa (Bomont et al., 2005; 

Johnson et al., 2004), suggesting the two proteins might interact at the level of the fibrous 

corona. 

 

CENP-F seems to have a function in kinetochore-microtubule attachment. Indeed, in 

human cells, an increase in laterally attached kinetochores is reported upon CENP-F 

depletion (Feng et al., 2006; Holt et al., 2005), which correlates with a reduction of cold-

stable kinetochore fibres (Bomont et al., 2005; Feng et al., 2006). Human cells depleted of 

CENP-F exhibit a longer mitotic time, and a persistent activation of the SAC at 

kinetochores (Bomont et al., 2005; Feng et al., 2006; Holt et al., 2005). Chromosome 

congression is also impaired in CENP-F depleted cells (Feng et al., 2006; Holt et al., 

2005). Moreover, HeLa cells depleted of CENP-F present an increase in multipolar 

spindles (Holt et al., 2005), suggesting CENP-F to be involved in spindle maintenance. 

Finally, Studies in human cells indicate that CENP-F may bind to Ndel1, a protein involved 



1. Introduction                                                                                                                                                                                                   

   21 

in kinetochore activation of the Dynein motor complex (Liang et al., 2007; Raaijmakers et 

al., 2013; Vergnolle et al., 2007). 

 

CENP-F can bind microtubules via both its N-terminal and C-terminal domain in vivo and 

in vitro (Feng et al., 2006; Musinipally et al., 2013). Biochemistry studies showed that 

CENP-F affinity to microtubules is comparable to the Ndc80 complex (Musinipally et al., 

2013) and that the protein can strongly interact with depolymerising microtubules (Volkov 

et al., 2015). Despite no motor domain has been identified, CENP-F possesses cargo 

loading properties (Kanfer et al., 2017), suggesting that this protein may support the 

activity of other outer-kinetochore proteins to generate stable attachments. 

 

The dynein motor complex: 

Dynein is a gigantic ~1.5 MDa large motor protein belonging to the AAA+ enzyme 

superfamily (or ATPases Associated with diverse Activities). It consists of a dimer of two 

complexes each composed of twelve subunits. Each complex possesses a motor domain 

(bearing an array of six AAA+ motor modules), linked to a long stalk terminating with a 

microtubule-binding domain. A tail protruding from the motor domain is used by the 

complex to for cargo or adaptor (reviewed in Roberts et al., 2013). Dynein possesses a 

ubiquitous activity during the cell cycle, acting as minus-end directed cargo transport in a 

variety of cellular processes (reviewed in Roberts et al., 2013). 

 

Due to its diverse functions during the cell cycle, dynein gains its specificity through 

different adaptors, which makes the complex able to bind selectively with only a subset of 

interactors. Initial yeast two-hybrid experiments suggested dynactin as co-factor for mitotic 

dynein (Kops et al., 2005; Urnavicius et al., 2013). More recent studies indicated that 

another specific adaptor for dynein function during mitosis is a protein called spindly (Chan 

et al., 2009; Griffis et al., 2007). This binding is controlled by farnesylation (Moudgil et al., 

2015). A recent study showed that different components of the dynein/dynactin/spindly 

complex might cover different roles during mitosis, independently of each other 

(Raaijmakers et al., 2013). 

 

Dynein was first identified in mitosis via EM as hexagonal buttons localising on the surface 

of the microtubule lattice in dividing sea urchin eggs (Hirokawa et al., 1985). Further 

investigations showed that dynein complex localises on the spindle and at kinetochores 

during mitosis (King et al., 2000; Pfarr et al., 1990; Steuer et al., 1990). Notably, 
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kinetochore localisation of the complex decreases upon kinetochore-microtubule 

attachment and chromosome congression (King et al., 2000; Pfarr et al., 1990). Depletion 

of components of the dynein/dynactin/spindly complex causes a mitotic delay in human 

cells (Chan et al., 2009; Jones et al., 2014; Gassmann et al., 2010; Sivaram et al., 2009). 

Moreover, depletion of spindly results in chromosome congression defects and a reduction 

of cold-stable K-fibres (Chan et al., 2009; Gassmann et al., 2010). Interestingly, dynactin 

seems not to be important for the end-on conversion process (Raaijmakers et al., 2013; 

Roshan Shrestha, unpublished findings), but it is critical for bipolar spindle maintenance 

(Jones et al., 2014, Rusan et al., 2002). Moreover, the dynein complex has an essential 

role in removing the SAC proteins such as the Mad1/Mad2 complex (Sivaram et al., 2009). 

In particular, spindly is critical for dynein/dynactin interaction with the RZZ complex at 

outer-kinetochore, in a farnesylation-dependent manner (Chan et al., 2009; Gama et al., 

2017; Gassmann et al., 2010; Griffis et al., 2007; Moudgil et al., 2015). Finally, dynein has 

been shown to be involved in balancing forces during spindle orientation, acting at the cell 

cortex level (Kiyomitsu and Cheeseman, 2012). 

 

The dynein motor complex is regulated by phosphorylation during mitosis. For example, 

Cdk1 kinase negatively regulates dynein removal from kinetochores by phosphorylating 

the LIC1 subunit (dynein light intermediate chain 1 - Sivaram et al., 2009). Phosphorylation 

of the dynactin p27 subunit by Cdk1 controls Plk1 binding to the dynactin complex (Yeh et 

al., 2013). Moreover, phosphorylation of dynein intermediate chains allows the complex 

normal motility during mitosis (Whyte et al., 2008). Finally, Plk1 localising at the 

centrosome is responsible for cortical dynein/dynactin displacement (Kiyomitsu and 

Cheeseman, 2012). This evidence shows that many regulators can finely modulate the 

Dynein motor complex activity during cell division. 

 

In summary, during mitosis, the outer-kinetochore is decorated by an array of different 

microtubule-associated proteins. This addition enriches the core structural proteins with 

highly dynamic players, which interaction is crucial for chromosome capture and 

segregation. How these proteins interplay during the establishment and stabilisation of 

kinetochore-microtubule attachment is the topic of the next section.   
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1.3. Defining the geometry of kinetochore-microtubule attachment: the end-on 

conversion process. 

 

During early mitosis, human chromosomes are captured by the microtubule of the spindles 

and are aligned to form the metaphase plate before segregation begins (Alexander and 

Rieder, 1991; Magidson et al., 2011). This process involves several players, both 

structural and enzymatic ones, which interact dynamically to efficiently ensure proper 

chromosome attachment and congression. Initial kinetochore engagement happens with 

the lateral wall of microtubules. Then, in a series of coordinated events termed the “end-on 

conversion process”, the immature lateral attachment is converted to an end-on 

attachment (i.e. where the kinetochore is linked to the plus end-tip of a single microtubule  

in yeast and a microtubule bundle in humans) (Shrestha and Draviam, 2013; Tanaka et al., 

2005). This geometry is critical, because only end-tethered and not wall-tethered 

kinetochores are able to translate the growth and shrinkage of microtubule-ends into 

pushing and pulling forces, respectively (Cassimeris and Salmon, 1991; McEwen et al., 

1997; Maddox et al., 2003; McIntosh et al., 2008; Skibbens et al., 1993). Once it is 

achieved, the end-on geometry is stabilised by the dynamic complexes of the outer-

kinetochore and microtubule associated proteins. Recent observations have pointed out 

that stabilisation of end-on attachment is necessary for SAC signal abrogation (Kuhn and 

Dumont, 2017; Etemad et al., 2015; Tauchman et al., 2015), implying that the end-on 

conversion is a fundamental process for the correct segregation of chromosomes. 

 

This section reviews the end-on conversion process and how the conformational change in 

kinetochore-microtubule attachments function as a mechanical switch to silence the SAC. 

 

 

1.3.1. Initial engagement and establishment of lateral attachments. 

 

During early stages of prometaphase, the engagement of chromosomes with the spindle 

happens predominantly on the lateral wall of microtubules (Shrestha et al., 2013; Tanaka 

et al., 2005). Chromosome capture is a self-regulated and stochastic process, and the 

mitotic machinery has evolved to complete the task as efficiently as possible. Indeed, the 

average mitotic time of a non-transformed human cell falls within 25 minutes and the 

overall time is proportional to the number of kinetochores to be captured (Yang et al., 

2008). This process involves the microtubule bundles rapidly assembling and 
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disassembling from the two spindle poles, seeking for a random interaction with the free-

floating chromosomes - a model called “search and capture” (Kirshner and Mitchinson, 

1986; reviewed in Heald and Khodjakov, 2017). 

 

How chromosomes do allow efficient capture by microtubules? Evidence collected over 

the last two decades points out to two main factors within the kinetochore which are 

involved in this process. 

 

First, the outer face of the kinetochore (including the outer-kinetochore and fibrous corona) 

undergoes a dramatic expansion upon mitotic entry. Indeed, studies performed in human 

cells and X. leavis egg extract show that the outer-kinetochore form large crescent-like 

structures that encompass the peri-centromeric chromatin and drastically shrink upon 

attachment (Magidson et al., 2015; Wynne and Funabiki, 2016). The proteins reported so 

far in the expansion are CENP-E and CENP-F in humans (Magidson et al., 2015), 

whereas in frogs eggs CENP-E, Mad1/2, BubR1, the Mis12 complex, dynein, and CENP-C 

are part of the expanding module (Wynne and Funabiki, 2016). The majority of these 

proteins (such as CENP-E, CENP-F, and dynein) possess microtubule-binding properties. 

Thus, the expansion of the outer face of the kinetochore facilitates microtubule interactions 

as it significantly increases the surface available for binding. Interestingly, in X. laevis egg 

extracts, the expanding module is positively regulated by Aurora B and Bub1 kinases and 

counteracted by PP1 phosphatase (Wynne and Funabiki, 2016), suggesting active 

modulation of the capture surface. No expandable kinetochore module for attachment has 

been reported so far in other model organisms, although budding yeast kinetochores 

display a radial expansion of inner-kinetochore proteins upon biorientation (Haase et al., 

2012). Moreover, indirect observations suggest other mechanisms of kinetochore 

expansion might exist. Indeed, recent in vitro experiments show that Ndc80 can be 

recruited at kinetochore via direct binding with either CENP-T or the Mis12 complex in a 

Cdk1-dependent manner (Huis in ’t Veld et al., 2017). This suggests that the outer-

kinetochore displays redundant ways of building up its microtubule-interacting surface, 

which can help to engage the spindle more efficiently. 

 

Second, the small GTPase Ran positively influences dynamic polymerisation of 

microtubules towards the chromosomes (Carazo-Salas et al., 2001; Carazo-Salas et al., 

2003). Indeed, Ran enhances Tubulin polymerisation and it is important for spindle 

assembly (reviewed in Clarke and Zhang, 2008). Due to a cycle of interactions between 
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Ran and its interactors RCC1 (repressor - localised on the chromatin) and RanGAP 

(activator - diffused in the cytoplasm), a gradient of active Ran is produced centred around 

the chromosome (reviewed in Heald and Khodjakov, 2017). Thanks to this gradient, the 

kinetochore actively biases the randomly polymerising microtubule bundles towards itself 

(Wollman et al., 2005) 

 

At the onset of mitosis, the outer-kinetochore is coated with proteins presenting 

microtubule binding properties, namely, the Ndc80 complex, CENP-E, CENP-F and dynein 

(Brown et al., 1996; Cooke et al., 1997; Yen et al., 1991; King et al., 2000; Liao et al., 

1995; McCleland et al., 2004; Pfarr et al., 1990; Rattner et al. 1993; Steuer et al., 1990). 

These proteins synergistically allow the anchorage of the chromosome to microtubules, as 

human cells deleted of each one these proteins exhibit unstable attachments (Feng et al., 

2006; Gassmann et al., 2010; Guimaraes et al., 2008; Putkey et al., 2002). In particular, 

depletion of the Ndc80 complex causes a high proportion of unattached kinetochores 

(DeLuca et al., 2005; Meraldi et al., 2004). Furthermore, recent observations from our 

group defined CENP-E as essential for the establishment of lateral kinetochore-

microtubule attachments in monopolar spindles mimicking the early stages of mitosis 

(Shrestha and Draviam, 2013). In addition to these two players, CENP-F and dynein could 

contribute to sustaining the interaction with microtubules. Indeed, CENP-F possesses high 

affinity for microtubules (Musinipally et al., 2013), could represent a structural support in 

addition to the Ndc80 complex since it bears no motor domain. On the other hand, dynein 

can help chromosome capture as it is densely localised at the fibrous corona of 

unattached kinetochores (King et al., 2000). Experiments in nematodes suggest that 

dynein might be involved in chromosome capture (Gassmann et al., 2008). Recent 

evidence from structural investigations, postulated the hypothesis that the Dynein motor 

complex could be recruited by RZZ complex platform to sustain lateral engagement with 

microtubules (Mosalaganti et al., 2017). Other motor proteins localising at kinetochore, 

such as Kif2b, are not involved in this step (Shrestha and Draviam, 2013). 

 

Interestingly, microtubule nucleation from the kinetochore itself can engage other 

microtubule bundles (Sikirzhytski et al., 2014), suggesting alternative strategies of 

chromosome capture might exist. 
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1.3.2. Lateral to End-on conversion. 

 

Once the engagement with microtubules is established, in human and yeast cells, the 

immature lateral attachments are then converted into end-on attachments (Shrestha and 

Draviam, 2013; Tanaka et al., 2005). In human cells, the geometry conversion requires the 

synergistic participation of two independent events: 

 

i) Kinetochore sliding: the kinetochore actively moves towards the plus-tip of the 

microtubule bundle. 

ii) Microtubule shrinkage: The plus-tip of the microtubule undergoes a catastrophe event 

and shrinks as  it reaches the advancing kinetochore. 

 

Two main proteins have been identified in the process. First, CENP-E kinesin but not Kif2B 

kinesin is required for the transportation of the kinetochore towards the microtubule plus-

tip (Shrestha and Draviam, 2013). This mechanism is conserved also in yeast, and it is 

performed by Eg5 kinesin homologue Cut7 (Akera et al., 2015). At the same time, MCAK 

(a minus-end motor protein, or kinesin - Kline Smith et al., 2004; Wordeman and 

Mitchison, 1995) is responsible for the depolymerisation of the microtubule bundle 

(Shrestha and Draviam, 2013). Interestingly, human cells depleted of HEC1/Ndc80 can 

still perform CENP-E-dependent chromosome congression (Cai et al., 2009), suggesting 

that load-bearing activity of the Ndc80 complex is dispensable for this process. Despite 

being essential for chromosome congression, the dynein/dynactin/spindly complex is not 

important for this process, as human monopolar spindles depleted of p27 or Arp11 or 

p150glued presents a mild level of lateral attachments (Yeh et al., 2013). Interestingly, 

recent evidence has shown that, in both humans and yeast cells, Mad1 bears a CENP-E 

binding motif (Akera et al., 2015). Indeed, depletion of Mad1 increases the proportion of 

misaligned chromosomes (Akera et al., 2015), suggesting that Mad1-bound CENP-E is an 

alternative kinetochore pool to BubR1-bound one (Mao et al., 2005). Also, this mechanism 

shows how SAC and end-on geometry establishment are mechanically linked. 

 

It is interesting to point out that end-on conversion and chromosome congression are two 

independent events happening in prometaphase. Indeed, laterally attached kinetochore 

can lead to chromosome congression by sliding onto adjacent kinetochore fibres (Kapoor 

et al., 2006). Furthermore, congressed kinetochores can exhibit lateral attachment, as 

observed in EM studies (Magidson et al., 2011). 
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Random capture may unintentionally cause two chromosomes to be laterally attached to 

the same microtubule bundle. However, non-transformed human cells manage to 

complete mitosis efficiently (Yang et al., 2008). How cells overcome this problem is still not 

known. A recent study shows that, in yeast cells, simultaneous occupancy of the same 

microtubule by two chromosome shows competitive behaviour (Yue et al., 2017). In 

particular, the kinetochore pair which resolves first to an end-on geometry can displace the 

other chromosome from the microtubule (Yang et al., 2008). This behaviour has not been 

studied in human cells and, therefore, it opens interesting questions about attachment 

competition during end-on conversion process and congression. 

 

In conclusion, the end-on conversion process is a chain of dynamic events and, as such, it 

has to be finely tuned in order to allow normal mitotic progression. Recent investigations in 

human and yeast cells have shown that Aurora B activity promotes the stabilisation of 

lateral attachments (Shrestha et al., 2017). How kinetochore phosphatases counteract 

Aurora B in this process was not known when I started this work. 

 

 

1.3.3. Stabilisation of end-on attachments and SAC silencing. 

 

Once end-tethered, the kinetochore of a mammalian cell engages with a bundle counting 

up to ~30 microtubules (McEwen et al.,1997). However, the end-on conversion of a 

kinetochore per se does not represent the final stage of the process. Indeed, the 

attachment needs to be stabilised to avoid disengagement of the kinetochore from the 

microtubule during anaphase. A number of proteins have been reported to be involved to 

different extents in the process. 

 

First, it is clear that a structural component of the core outer-kinetochore is needed to 

sustain an end-on attachment. Indeed, a HEC1/Ndc80 version with a 9A mutation in the N-

tail increases the percentage of attached kinetochores in human monopolar spindles 

(Etemad et al., 2015). This shows how de-phosphorylation of HEC1/Ndc80 N-tail is crucial 

for the stabilisation of end-on attachments. Structural flexibility is also another important 

feature the Ndc80 complex must possess, as deletion of the HEC1/Ndc80 loop region 

drastically reduces the kinetochore ability to stably bind to microtubules tips in both human 

and yeast cells (Maure et al., 2011; Shrestha et al., 2013; Zhang et al., 2012). 
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Another way to stabilise and end-on attachment is the localisation of additional players to 

the primary outer-kinetochore core components. In particular, two microtubule-associated 

protein complexes have been shown to localise at kinetochores at a later stage of mitosis. 

 

The Ska complex is important for the metaphase-to-anaphase transition (Daum et al., 

2009; Hanisch et al., 2006; Sivakumar et al., 2014). However, human cells depleted of 

either of Ska1 or Ska2 can still form stabilised cold-stable attachments (Hanisch et al., 

2006). Recently, it has been shown that the Ska complex binds directly to HEC1/Ndc80 in 

human cells (Janczyk et al., 2017; Zhang et al., 2017). As the complex forms a ring-like 

structure surrounding the microtubule bundle (Welburn et al., 2009; Schmidt et al., 2012 - 

compare with Ndc80-Dam1 interaction in yeast, Kim et al., 2017), its role as microtubule 

“bridle” in anaphase seems to be more prominent than its contribution to the stability of 

end-on attachments. 

 

The other latecomer at kinetochore is the Astrin/SKAP complex (Fang et al., 2009; Mack 

and Compton, 2001; Sauer et al., 2005). Our group discovered that Astrin localises only at 

end-on and not laterally attached kinetochores (Shrestha and Draviam, 2013). Depletion of 

Astrin causes a severe decrease in the number of cold-stable attachments (Thein et al., 

2007). Furthermore, depletion of Astrin or SKAP results in a high percentage of lateral 

attachments in human monopolar spindles (Shrestha et al., 2017). In particular, 

kinetochores depleted of SKAP can form end-on attachments but with a short half-life 

(Shrestha et al., 2017). These observations suggest that the Astrin/SKAP complex is 

critical for stabilising kinetochore-microtubule attachments. However, what is the exact role 

of the complex at outer-kinetochores remained unknown. 

 

External factors from kinetochores-microtubule interaction per se may contribute to 

attachment stabilisation. For example, in bipolar spindles of human cells, bridging 

kinetochore fibres have been shown to regulate the intra-kinetochore tension (Kajitez et 

al., 2016). This tension dissipation by the bridging fibres may alleviate the forces acting on 

kinetochore-microtubule attachments sites too. This field of research is still open for 

exploration. 

 

Finally, recent findings show that the architecture of the outer-kinetochore links attachment 

status elegantly to SAC signalling. Indeed, biochemistry observation in human cells 

showed that the HEC1/Ndc80 tail contains a binding region for the Mps1 kinase (Hiruma et 



1. Introduction                                                                                                                                                                                                   

   29 

al., 2015; Ji et al., 2015). Mps1 binding to HEC1/Ndc80 is in direct competition with 

microtubule occupancy, and its kinetochore enrichments decreases upon attachment until 

complete displacement once the end-on geometry is established (Hiruma et al., 2015). 

This mechanism is also conserved in yeast cells (Aravamudhan et al.,  2015; Chmielewska 

et al., 2015), showing how the SAC can sense the attachment status in a clockwork-like 

manner. However, other kinases regulate the SAC signalling at kinetochore (reviewed in 

section 1.4). Therefore, how end-on attachments silence the checkpoint is still unknown. 

 

 

1.4. Tipping the balance: kinase-phosphatase counteraction at kinetochores 

regulates attachment status. 

 

As introduced in the previous sections, the affinity of a kinetochore for microtubules is 

finely tuned by phosphorylation/de-phosphorylation events. Over time, a number of 

kinases and phosphatases have been identified as important players in attachment 

establishment, geometry stabilisation and correcting the errors that arise in the process 

(reviewed in Funabiki and Wynne, 2013). This section lists the principal players in the 

establishment of mature kinetochore-microtubule attachments, their role and localisation 

during mitosis. 

 

 

1.4.1. Major kinases at the kinetochore. 

 

Aurora B:  

Aurora B is one of the upstream regulators of kinetochore-microtubule interaction 

establishment, also covering multiple roles during chromosome segregation. Originally 

identified in yeast model, Aurora B has been shown to possess a conserved and essential 

role in both initiating the SAC signal and to sense errors in kinetochore-microtubule 

capture (Biggins et al., 1999; Tanaka et al., 2002; Kallio et al., 2002; Cheeseman et al., 

2002; Hauf et al., 2003; Ditchfield et al., 2003; Lampson et al., 2003; Vanoosthuyse and 

Hardwick, 2009; Gurden et al., 2016). Small molecule inhibitors of the kinase, Hesperadin 

and ZM447439, have been widely used to study Aurora B’s dual role in ensuring proper 

kinetochore-microtubule attachment and SAC signalling (Ditchfield et al., 2003; Hauf et al., 

2003).  
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Aurora B is targeted to specific loci during mitosis via shuttling within a complex formed by 

INCENP, Survivin and Borealin, also known as the Chromosome Passenger Complex (or 

CPC - Gassman et al., 2004; Vader et al., 2005; Jeyaprakash et al., 2007). During 

prometaphase and metaphase, the CPC is mainly targeted to the inner centromeric 

regions of kinetochores, although recent studies in yeast and human cells have identified 

CPC sub-pools localising close to the kinetochore-microtubule interface (Klein et al., 2006; 

Jeyaprakash et al., 2007; Posch et al., 2010; DeLuca et al., 2011; Campbell and Desai, 

2013; Cormier et al., 2013; Shrestha et al., 2017). Once anaphase is initiated, Aurora B 

relocates to the spindle mid-body where it is essential for cytokinesis (Gruneberg et al., 

2004; Guse et al., 2005; Fuller et al., 2008; Chi-Kuo et al., 2012; Ferreira et al., 2013; 

Nunes Bastos et al., 2013; Afonso et al., 2014; Nunes Bastos et al., 2014).   

 

During the early phases of mitosis, Aurora B has been shown to phosphorylate many 

substrates within the kinetochore structure. The most notable for kinetochore-microtubule 

interaction are the KMN network, the Astrin/SKAP complex and the Ska complex in 

mammalian and nematode cells, and the Ska homolog Dam1 complex in yeast cell 

(Hanisch et al., 2006; DeLuca et al., 2006; Ciferri et al., 2008; Welburn et al., 2009; 

Schmidt et al., 2010; Welburn et al., 2010). Notably, Aurora B forms a gradient of 

phosphorylation at kinetochores which suggests its mechanism of action on substrates to 

be diffusive (Liu et al., 2009; Wang et al., 2011). Aurora B is also essential for the SAC 

signal initiation by phosphorylating KNL1 on its N-terminus in mammals, fruitfly, 

nematodes and yeast (Ditchfield et al., 2003; Vanoosthuyse and Hardwick, 2009; 

Santaguida et al., 2011). Finally, Current studies on the establishment of mature end-on 

attachment are suggesting Aurora B phosphorylation of the outer-kinetochore to promote 

lateral attachments in both budding yeast and human cells (Kalantzaki et al., 2015; 

Shrestha et al., 2017). 

 

Mps1:  
Initially discovered in yeast, Mps1 is widely conserved among the animal kingdom (Winey 

et al., 1991; Weiss and Winey, 1996; He et al., 1998; Abrieu et al., 2001). Mps1 localises 

on the outer-kinetochore via interaction with the N-terminus domain of Hec1 subunit of the 

Ndc80 complex during early mitosis and is rapidly degraded by the APC/C complex upon 

anaphase initiation (Palframan et al., 2006; Saurin et al., 2011; Nijenhuis et al., 2013; 

Chmielewska et al., 2016). Here, Mps1 phosphorylates KNL1 on its repeated MELT motif 

allowing the recruitment of the Bub1/Bub3/BubR1 module and, thus, sustaining the SAC 
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signal (Stucke et al., 2002; Saurin et al., 2011; London et al., 2012; Shepperd et al., 2012; 

Yamagishi et al., 2012). Interestingly, Mps1 docking site on Hec1 is in competition with 

microtubule binding, allowing the kinase to finely tune SAC maintenance in response to 

kinetochore-microtubule attachment status (Hiruma et al., 2015; Ji et al., 2015). Finally, 

recent observations in D. melanogaster have shown that Mps1 is inactivated by PP1-87B 

(orthologue of human PP1) de-phosphorylation of Mps1 T490 (Moura et al., 2017). In 

summary, Mps1 is an essential mitotic kinase primarily responsible for SAC initiation and 

maintenance while the erroneous kinetochore-microtubule attachments are resolved. 

 

Plk1:  

Plk1 kinase was discovered in D. melanogaster where flies bearing mutations of the gene 

displayed a high percentage of monopolar spindles during mitosis (Sunkel and Glover, 

1988). Plk1 is an evolutionarily conserved kinase that localises at kinetochores and 

centrosomes during mitosis, including the binding to INCENP in the CPC complex (Arnaud 

et al., 1998; Goto et al., 2005). Plk1 has been found to accumulate at kinetochores of 

unattached chromosomes, and its activity is critical for prometaphase to metaphase 

transition in human cells (Ahonen et al., 2005; Lénàrt et al., 2007). Plk1 is also targeted to 

the fibrous corona through direct interaction with the Dynactin subunit p27 (Yeh et al., 

2013).  

 

Phospho-proteomic studies have shed light on Plk1 interactome on spindle and 

kinetochore proteins (Santamaria et al., 2011). Recently Plk1 was shown to be important 

for positively regulating MCAK, a minus-end motor protein, which depolymerises 

microtubules at kinetochore (Moore et al., 2005; Shao et al., 2015). In the context of SAC 

signal initiation, Plk1 acts synergistically with Mps1 by phosphorylating the MELT repeats 

on KNL1 both in human cells and nematodes (Espeut et al., 2015; von Schubert et al., 

2015). Interestingly, Plk1 has been shown to phosphorylate Sds22 to recruit PP1 (Protein 

Phosphatase 1, introduced in section 1.4.2.) to the outer-kinetochore in human cells 

(Duan et al., 2016). Finally, Plk1 binds directly to Bub1 (another essential mitotic kinase 

discussed in the next paragraph) and recent experiments have shown the complex to be 

important to sustain the SAC signal (Qi et al., 2006; Jia et al., 2016). In conclusion, Plk1 is 

an important kinase at the outer-kinetochore, which synergistically regulates kinetochore-

microtubule interaction with Aurora B and initiates SAC signalling with Bub1. 

 

 



1. Introduction                                                                                                                                                                                                   

   32 

Bub1:  
Bub1 was also identified for the first time in S. cerevisiae and subsequently identified 

across other organisms due to its high evolutionary conservation (Hoyt et al., 1991; 

Roberts et al., 1994; Pangilinan et al., 1997). Work in yeast and human cells showed that 

Bub1 is part of a protein module including Bub3 and Mad3/BubR1 recruited to 

kinetochores where it plays a pivotal role in SAC initiation (Taylor and McKeon, 1997; Farr 

and Hoyt, 1998; Taylor et al., 1998; Seeley et al., 1999; Taylor et al., 2001; Johnson et al., 

2004; Rischitor et al., 2007). Further studies identified KNL1 MELT repeats as the direct 

binding site of Bub1 at the outer kinetochore (Kiyomitsu et al., 2007; London et al., 2012; 

Shepperd et al., 2012; Vleugel et al., 2013; Zhang et al., 2014). As mentioned in the 

preceding paragraph, Bub1 also serves as a platform for recruiting Plk1 onto KNL1 (Qi et 

al., 2006). Also, Bub1 kinase activity has been shown to be important for sister chromatid 

cohesion safeguard through the Sgo1/PP2A-B56 pathway, as it helps to localise PP2A-

B56 at the inner centromeric region (Tang et al., 2006). Recent studies in human cells 

have highlighted that Bub1 recruits the RZZ complex (i.e. composed of Rod, Zwilch and 

Zw10 proteins) to outer-kinetochores via direct interaction, further strengthening the 

evidence that this kinase acts as a scaffold for SAC signalling initiation (Zhang et al., 

2015). In conclusion, the Bub1 kinase is a critical player at kinetochore during the 

prometaphase to metaphase transition, interestingly possessing a role beyond its 

enzymatic activity as it seems to act as one of the physical platforms to initiate and sustain 

SAC signalling. 

 

Cdk1:  
As in the case of other mitotic kinases, Cdk1 was also discovered in depletion studies 

performed in yeast model where mutant cells displayed a higher mitotic timing than wild 

type cells (Nurse and Thuriaux, 1980; Wood and Hartwell, 1982; Conrad and Newlon, 

1983). Further studies showed that Cdk1 is a cell-cycle kinase regulated through direct 

interaction with Cyclins, essential for cell division initiation and highly conserved across 

organisms (Draetta and Beach, 1988; Gautier et al., 1988; Draetta et al., 1988; Riabowol 

et al., 1989; Olsen et al., 2010). Cdk1 and its regulator Cyclin B rapidly accumulate inside 

the nucleus right before nuclear envelope breakdown (or NEB) and localises in the 

cytoplasm and at centrosomes during mitosis (Riabowol et al., 1989; Gavet and Pines, 

2010a; Gavet and Pines, 2010b).  

 



1. Introduction                                                                                                                                                                                                   

   33 

Phospho-proteomics studies revealed Cdk1 to possess a high number of substrates during 

cell division both proteins involved in mitosis and others active at different cell-cycle 

stages, implying that it negatively regulates the substrates not participating in the process 

(Olsen et al., 2010). Elegant experiments in X. laevis have shown that Cdk1 

phosphorylates Cdc20 preventing its binding to the APC/C complex, thus inactivating it 

during mitosis (Labit et al., 2012). Moreover, Cdk1 phosphorylation has also been shown 

to be important to sustain Mad2-dependent arrest in SAC signalling in human cells 

(D’Angiolella et al., 2003). Finally, recent studies where Cdk1 is inhibited prior the start of 

mitosis have suggested an early role in human cells for Cdk1 in modulating spindle 

formation and stability by acting on mitotic kinesins (Gayek and Ohi, 2016). In conclusion, 

Cdk1 can be considered one of the most upstream kinases as it plays in a variety of 

essential roles to ensure faithful chromosome segregation, from spindle formation to SAC 

signal initiation. 

 

 

1.4.2. Major phosphatases at the kinetochore.  

 

The presence of mitotic kinases at kinetochore is reported to be linked mainly with 

destabilisation of kinetochore-microtubule attachments and SAC signal initiation. 

Therefore, the counteraction by mitotic phosphatases is crucial for resolving the mitotic 

process. There are three main kinetochore phosphatases that are active at kinetochore 

during mitosis (Table 1.1).  Their discovery, localisation and know function in cell division 

is described below. 

 

PP1:  

In chronological order, the first phosphatase to be reported as important in mitosis is 

Protein Phosphatase 1 or PP1. Early research on S. cerevisiae, S. pombe and A. nidulans 

identified PP1 to be essential for accurate mitotic timing and chromosome segregation 

(Booher and Beach, 1989; Doonan and Morris, 1989; Ohkura et al., 1989; Ishii et al., 

1996). Subsequent studies identified PP1 to localise specifically at kinetochore during 

mitosis (Trinkle-Mulcahy et al., 2003).  

 

How PP1 is recruited and what is its role at kinetochore is still an open question. Each PP1 

protein contains a catalytic subunit which, interestingly, is shared with the whole protein 

phosphatase superfamily (i.e. also with PP2A - more structural and evolutionary details 
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can be found here Moorhead et al., 2009; Shi, 2009; Bollen et al., 2010) and a regulatory 

domain. Given the highly unspecific mechanism of action towards the substrates, it is 

indeed the regulatory domain that gives PP1 specificity. In vivo and in vitro studies 

conducted in the past years have shown that PP1 has a highly conserved consensus motif 

on its binding partners (i.e. the RVxF motif), which has allowed the discovery of the various 

proteins responsible for shuttling PP1 to kinetochores during mitosis (Egloff et al., 1997; 

Wakula et al., 2003; Hendrickx et al., 2009). In yeast and human cells, PP1 is recruited to 

kinetochores during early mitosis by a different number of interacting partners, notably 

KNL1, CENP-E, RepoMan and Sds22 (Trinkle-Mulcahy et al., 2006; Hendrickx et al., 

2009; Liu et al., 2010; Kim et al., 2010; Posch et al., 2010; Rosemberg et al., 2011; 

Meadows et al., 2011; Vagnarelli et al., 2011). Unique to budding yeast, Fin1 has been 

shown to be a recruiter of PP1 to the outer-kinetochore (Akiyoshi et al., 2009). In human 

cells, recent studies have also highlighted PP1 to directly bind to SKA1 at the junction 

between outer-kinetochore and microtubules (Sivakumar et al., 2016). Notably, both B55 

and B56 regulatory subunits of PP2A (described further on) possess a conserved PP1 

binding domain, suggesting that PP1 and PP2A can indeed cluster together (Grallert et al., 

2015).  

 

In yeast and mammalian cells, functional studies have demonstrated that outer-

kinetochore PP1 is fundamental in counteracting Aurora B in SAC silencing and 

chromosome congression (Pinski et al., 2006; Pinski et al., 2009; Vanoosthuyse and 

Hardwick, 2009; London et al., 2012; Wurzenberger et al., 2012; Bokros et al., 2016). PP1 

also covers an important role at later stages of mitosis (Vagnarelli et al., 2011). Recent 

experiments conducted in D. melanogaster and human cells have shown PP1-Sds22 to 

synchronise chromosome segregation to polar relaxation during cytokinesis (Wu et al., 

2009; Kunda et al., 2012; Rodrigues et al., 2015). Furthermore, PP1-87B is crucial for 

Mps1 inactivation on bioriented kinetochores of fruitfly cells (Moura et al., 2017). Finally, 

PP1 with its regulatory subunit Ref2 has been reported to be important for faithful 

cytokinesis in S. Cerevisiae (Orii et al., 2016). 

 

PP2A:  
The other major phosphatase recruited at kinetochore during mitosis is PP2A. PP2A is 

highly conserved across the animal kingdom and it is involved in many biological 

processes. Differently from PP1, PP2A holoenzyme is composed of a scaffold subunit (A 

in the accepted nomenclature) that connects to both a catalytic subunit (C) and a 
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regulatory subunit (B) (more structural and evolutionary details can be found here: Xu et 

al., 2006; Moorhead et al., 2009; Shi, 2009; Bollen et al., 2010). Specifically, among the 

different families of regulatory subunits, B56 has been identified to be the one allowing 

PP2A centromeric targeting during mitosis and meiosis (Katajima et al., 2006; Riedel et al., 

2006; Tang et al., 2006; Foley et al., 2011).  

 

Despite the early evidence of PP1's importance in cell division, PP2A’s role at kinetochore 

has been unknown for a long time. Initial studies performed in S. pombe suggested PP2A 

to be important during cell cycle but to cover a different and essential role than PP1 

(Kinoshita et al., 1990). It was not until the early 2000’s that first evidence of PP2A 

localisation at kinetochore where found (Katajima et al., 2006; Riedel et al., 2006; Tang et 

al., 2006). These studies showed that, in yeast and human cells, PP2A-B56 is recruited at 

the inner-kinetochore by interaction with Sgo1 where it is important for preventing untimely 

sister chromatid separation in yeast and human cells (Katajima et al., 2006; Riedel et al., 

2006; Tang et al., 2006; Meppelink et al., 2014). Subsequently, PP2A-B56 was found to be 

essential in human cells for maintaining stable kinetochore-microtubule attachments (Foley 

et al., 2011). A series of later experiments demonstrated that PP2A-B56 is indeed shuttled 

onto KNL1 via direct interaction with BubR1 (Kruse et al., 2013; Suijkerbuijk et al., 2012; 

Xu et al., 2013). Recent crystallography studies have elucidated the physical interaction 

between the proteins (Wang et al., 2016). When binding to BubR1, PP2A-B56 is important 

for counteracting Aurora B in stabilising kinetochore-microtubule attachments, although 

also Sgo1-bound PP2A-B56 is involved in this role (Foley et al., 2011; Kruse et al., 2013; 

Suijkerbuijk et al., 2012; Xu et al., 2013; Meppelink et al., 2014), suggesting a degree of 

redundancy. There is evidence suggesting that BubR1-bound PP2A-B56 is involved in 

regulating chromosome congression to the metaphase plate (Xu et al., 2014). Recent 

experiments performed in human cells also showed that PP2A-B56 activity, when bound to 

Sgo1, is negatively regulated by Bod1 protein and the presence of the latter is essential for 

sister chromatids cohesion (Porter et al., 2013). As explained in the previous paragraph, 

B55 and B56 regulatory subunits have been shown to bear a highly conserved RVxF motif, 

therefore being a docking domain for PP1 (Grallert et al., 2015).  

 

In conclusion, PP1 and PP2A are the most important phosphatases involved in 

counteracting mitotic kinases at the kinetochore. Recently, they have been shown to be 

part of a feedback loop which controls both their localisation at the kinetochore and the 

counteraction of Aurora B and Mps1 for silencing the SAC in human cells (Espert et al., 
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2014; Nijenhuis et al., 2014). This PP2A/PP1 crosstalk has also been shown to be present 

beyond mitosis, and it indeed is scaled up to regulate the whole cell cycle (i.e. PP1 and 

PP2A interplay in a phosphatase relay, which gives the timing to the various phases of the 

cycle - Grallert et al., 2015). 

 

PP4: 

PP4 is a phosphatase that operates in a variety of processes during interphase (reviewed 

in Cohen et al., 2005). Its participation in cell division has been unknown until recently. 

Indeed,  a study performed in D. melanogaster showed that PP4 interacts through its 

regulatory subunit R3/Falafel with CENP-C, where it is important for centromere cohesion 

(Lipinszki et al., 2015). Whether PP4 might cover the same role in mammalian cells and, in 

particular, in humans is still not known. 

 

Table 1.1. Principal recruitment loci of protein phosphatases at the kinetochore. 

PP1 

Interactor Targeting locus  Species Reference  

Repo-Man histones H. sapiens 
Qian et al., 2011; 

Trinkle-Mulcahy et al., 2006 

KNL1 outer-kinetochore H. sapiens, S. cerevisiae Liu et al., 2010; Rosenberg et al., 2011 

CENP-E outer-kinetochore H. sapiens, X. laevis Kim et al., 2010 

Ska1 outer-kinetochore H. sapiens Sivakumar et al., 2016 

Sds22 
outer-kinetochore 

(diffused) 
H. sapiens Posch et al., 2010 

 

PP2A-B56 

Interactor Targeting locus  Species Reference  

Sgo1 inner-kinetochore H. sapiens, S. cerevisiae Tang et al., 2006 

Sgo2 outer-kinetocore H. sapiens Tanno et al., 2010 

BubR1 outer-kinetocore H. sapiens 

Kiuse et al., 2013; Suijkerbuijk et al., 

2012;  

Xu et al., 2013 
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PP4 

Interactor Targeting locus  Species Reference  

CENP-C inner-kinetochore D. melanogaster Lipinszki et al., 2015 

 

 

1.4.3. Mitotic kinases regulate each others localisation at kinetochore. 

 

The mitotic kinases have been shown to be part of a very complex network in which they 

modulate each other localisation and enzymatic activity.  

 

Aurora B is one of the most upstream enzymes and it’s phosphorylation on Hec1 N-tail 

allows Mps1 recruitment at kinetochores which, together with Plk1, phosphorylates KNL1 

MELT repeats for the recruitment of the Bub1/Bub3/BubR1 module (Ditchfield et al., 2003; 

Santaguida et al., 2011; Saurin et al., 2011; London et al., 2012; Shepperd et al., 2012; 

Yamagishi et al., 2012; Nijenhuis et al., 2013; Espeut et al., 2015; von Schubert et al., 

2015). Interestingly, Mps1 cross-talks with Aurora B by increasing the latter’s enrichment 

at kinetochore i) by phosphorylating Borealin which allows the CPC complex to dimerise 

and ii) by enhancing Aurora B enrichment at centromeres (Bourhis et al., 2007; Jelluma et 

al., 2008; Van der Waal et al., 2012). Furthermore, in vitro and in vivo studies performed in 

human cells, frog oocytes and nematodes showed that Aurora B modulates its own activity 

by phosphorylating in trans both its kinase domain and INCENP, which results in an 

enhanced catalytic activity and a increased concentration of the kinase at kinetochores 

(Bishop and Schumacher, 2002; Honda et al., 2003; Sessa et al., 2005; Kelly et al., 2007; 

Wang et al., 2011). Aurora B also activates Plk1 by phosphorylating the protein, which, in 

turns, enhances MCAK depolymerising activity (Shao et al., 2015). Recent experiments 

have highlighted Plk1 to promote indirectly Aurora B activity by increasing the binding of 

PP1 to its partner Sds22 (Duan et al., 2016). 

 

Adding to this complex network, Cdk1 also acts as an upstream regulator. Indeed, Cdk1 

has been shown to phosphorylate Survivin in fission yeast and Borealin in human cells 

allowing to CPC complex enrichment at the inner-kinetochore (Tsukahara et al., 2010). 

Moreover, Cdk1 enriches Plk1 at kinetochores by phosphorylating INCENP and Bub1, 

thus allowing Plk1 targeting close to Aurora B and by co-localising with Bub1 (Goto et al., 

2005; Qi et al., 2006).  
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In summary, research conducted in the last thirty year has identified the major players 

during mitosis for regulating the establishment of kinetochore-microtubule interactions. 

There are many lines of evidence suggesting that these kinases tune each others’ activity 

and localisation, despite singularly covering important and distinct roles in regulating 

kinetochore biology. This network of interaction, coupled to phosphatase counteraction 

(explained in the following paragraph), is essential to temporally and spatially modulate the 

geometry of kinetochore-microtubule attachment which, ultimately, allows the faithful 

segregation of chromosomes. 

 

 

1.5. How are kinetochore-microtubule attachments monitored? 

 

As it emerges from the previous paragraphs, a network of kinases and phosphatases is 

present inside the kinetochore scaffold and at the interface between kinetochore and 

microtubule. This self-regulating turnover of proteins allows the fine tuning of the SAC 

signal in relationship to the state of attachments. As a general tendency, phosphorylation 

is associated with a lower affinity for the outer-kinetochore substrates (e.g. Hec1 and 

KNL1) to the microtubule lattice and a sustained SAC signal (Welburn et al., 2010). Aurora 

B phosphorylation gradient has been shown to be one of the most important processes for 

regulating the kinetochore attachment status in yeast and mammalian cells (Kallio et al., 

2002; Hauf et al., 2003; Lampson et al., 2004; Welburn et al., 2010; Munoz-Barrera and 

Monje-Casas, 2014; Kalantzaki et al., 2015; Shrestha et al., 2017). To date, the 

phosphorylation of Hec1 N-terminus is thought to be the most important factor for 

destabilising the interaction between the outer-kinetochore and microtubules (DeLuca et 

al., 2006; Ciferri et al., 2008; Welburn et al., 2010). Moreover, Aurora B phosphorylation 

has been shown to negatively regulate the localisation of microtubule end-binding proteins 

such as the Astrin/SKAP complex which are associated to the stabilisation of end-on 

attached kinetochores (Schmidt et al., 2010; Shrestha and Draviam, 2013). Although PP1 

has been shown to be the principal phosphatase counteracting Aurora B in yeast, PP2A-

B56 has the initial role of stabilising kinetochore-microtubule attachments in mammalian 

cells (Kim et al., 2010; Foley et al., 2011; Suijkerbuijk et al., 2012; Meppelink et al., 2014).  

 

Also Plk1 has been implicated in the negative regulation of kinetochore-microtubule 

attachments although this has been studied less extensively than for Aurora B. Notably, 

the phosphorylation of BubR1 and MCAK have been shown so far to be indirectly critical in 
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the stabilisation of kinetochore-microtubule attachments (Elowe et al., 2007; Shao et al., 

2015). Furthermore, as in mammalian cells and nematodes Plk1 is cooperating with Mps1 

in the sustaining of the SAC signal on KNL1, this would imply that kinases can have a dual 

role in both sensing the state of kinetochore-microtubule attachment and the SAC signal 

(von Schubert et al., 2015; Espeut et al., 2015). To this end, the fact that Mps1 is 

competing with microtubules to bind onto Hec1 N-terminus and its displacement from 

outer-kinetochore is dependent on the attachment geometry would suggest to us that 

mitotic kinases can directly sense the attachment status and modulate the SAC 

accordingly (Hiruma et al., 2015; Ji et al., 2015). Conversely, the phosphatase feedback 

loop on KNL1 could correlate with this as the Bub1/Bub3/BubR1 module is primed upon 

Mps1 phosphorylation (Espert et al., 2014; Nijenhuis et al., 2014). 

 

The presence of phosphatases of multiple binding sites for phosphatases at kinetochores 

surely allows the precise counteraction of kinase activity. Studies so far have shown a 

gradient of phosphorylation for Aurora B, suggesting a more unspecific action of the kinase 

towards kinetochore substrates (Welburn et al., 2010). As PP1 and PP2A-B56 are 

recruited close to microtubule binding sites this would allow a more directed action on the 

attachment itself (Liu et al., 2010; Kim et al., 2010; Posch et al., 2010; Meadows et al., 

2011; Rosemberg et al., 2011; Sivakumar et al., 2016; Suijkerbuijk et al., 2012; Kruse et 

al., 2013; Xu et al., 2013). In agreement, recent papers seem to point out that establishing 

stable kinetochore-microtubule attachments is sufficient for satisfying the SAC (Etemad et 

al., 2015; Tauchman et al., 2015). 

 

On an interesting note, very recent papers have shown how microtubule-associated 

proteins such as the Ska complex, and CENP-E motor protein can also recruit PP1 to the 

outer-kinetochore region (Kim et al., 2010; Sivakumar et al., 2016). Coupled to this is the 

evidence that both Aurora B and Cdk1 can to modulate microtubule dynamics by acting 

directly on microtubule-associated proteins (e.g. EB2 - Iimori et al., 2016). All these clues 

would point out to a cross-talk between outer-kinetochore and microtubule end-binding 

proteins in ensuring the stabilisation of end-on attachments. They also emphasise the 

need to identify when and where these interactions occur within the cell to coordinate the 

various steps of the chromosome segregation process. 
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1.6. Consequences of errors in chromosome-microtubule attachment. 

 

A direct consequence of most errors arising during cell division is an unbalanced 

distribution of the genetic material in the two daughter cells, which, in turn, lose their clonal 

inheritance. This condition of incorrect chromosome number is called aneuploidy. 

Understanding how this phenomenon occurs is critical as aneuploidy is a hallmark of 

cancer cells (reviewed in Giam and Rancati, 2015; Potapova et al., 2013; Weaver and 

Cleveland, 2006), and it is linked to developmental diseases when segregation defects are 

generated in meiosis (reviewed in Hassold and Hunt, 2001). 

 

Defects in kinetochore-microtubule attachments are one of the most common ways to 

generate aneuploid cells. During the process of attachment, a series of possible erroneous 

scenarios may be generated (reviewed in Rieder and Maiato, 2004): 

 

i) Syntelic attachment: this attachment occurs when both sister kinetochores are attached 

to the same spindle pole. For example, inhibition of Aurora B kinase stabilises 

kinetochore-microtubule attachments in a syntelic fashion (Ditchfield et al., 2003). 

ii) Monotelic attachment: here, only one of the sister kinetochores is attached, whereas 

the other one remains unattached. For example, monotelic attachments are common 

during the early prometaphase when chromosomes are captured, and it can be 

recapitulated in monopolar spindles generated in cells exposed to Monastrol (an Eg5 

kinesin inhibitor - Kapoor et al., 2000). 

iii) Merotelic attachment: it is generated when both kinetochores are attached to the 

opposite spindle poles, but one of them engages fibres emanating from both 

centrosomes. This condition is the most dangerous, as the error correction machinery 

is not able to recognise it (Cimini et al., 2001). 

iv) Lateral attachment: in this condition, one or both sister kinetochores attachment is not 

resolved into end-tethering and, thus, it is stabilised on the lateral wall of microtubules. 

Recent observations from our lab showed that inhibition of Aurora B kinase stabilises 

lateral attachments in human cells (Shrestha et al., 2017). 

 

It is interesting to point out that error correction and end-on conversion are two 

independent events. Whether aneuploidy is a cause or just a direct consequence of 

carcinogenesis is still unclear. For this reason, it is critical to understand how 
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chromosome-microtubule attachment is correctly established and how the geometry of 

attachment is regulated. 
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1.7. Aims of the project. 

 

The lateral to end-on conversion of kinetochores is a highly dynamic process, which is 

essential for faithful chromosome segregation. How this chain of events is finely regulated 

to achieve attachment maturation is still not known. Evidence suggests that 

phosphorylation and dephosphorylation of substrates at the junction between kinetochore 

and microtubules orchestrate the maturation of kinetochore-microtubule attachments. 

 

While the role of mitotic kinases in kinetochore-microtubule attachment and SAC silencing 

has been extensively studied, little is known about PP1 and PP2A function within the end-

on conversion process. In particular, the biological significance of targeting the 

phosphatases at different kinetochore loci during the end-on conversion process is not 

clear. Moreover, how the end-on geometry of attachment is stabilised to allow faithful 

chromosome segregation is still not completely understood. Recent observations are 

indicating that microtubule-associated proteins, such as the Astrin/SKAP complex, may 

play a critical role in attachment stabilisation. Our group discovered a conserved putative 

PP1 binding site (RVMF) located at Astrin C-terminus, suggesting the primary function of 

the complex is to recruit a phosphatase to the outer kinetochore. Therefore, the purpose of 

this study was to combine high-resolution cell biology, molecular biology and statistical 

tools to address the following:  

 

i) To study the different roles of BubR1-recruited PP2A-B56 and KNL1-recruited PP1 in 

the end-on conversion process. 

ii) To understand whether the HEC1/Ndc80 N-tail phosphorylation is the main structural 

player of the core outer-kinetochore involved in the stabilisation of end-on attachments. 

iii) To investigate the biological significance of the Astrin RVMF motif as putative PP1 

interaction domain during cell division. 

iv) To probe whether Astrin and PP1 physically interact in vivo. 
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2. Materials and Methods 

 

2.1.  Cell culture. 

 

2.1.1.  Cell lines. 

 

The following cell lines were used for the work of this thesis. 

 

Table 2.1. List of cell lines used in my work. 

Cell line Protein Expressed Source 

HeLa None Viji Draviam Lab 

HeLa YFP-PP1γ  YFP-PP1γ wild type 

Jason R. Swedlow Lab  

(Trinkle-Mulcahy et al., 

2003) 

HeLa T-REx None Jonathon Pines Lab 

HeLa T-REx Venus-BubR1 Venus-BubR1 wild type 
Jakob Nilsson Lab 

(Kruse et al., 2013) 

HeLa T-REx Venus-BubR1 ∆660-685 Venus-BubR1 ∆660-685 
Jakob Nilsson Lab 

(Kruse et al., 2013) 

HeLa T-REx YFP-Astrin YFP-Astrin wild type Present work 

HeLa T-REx YFP-Astrin RVMF/AAAA YFP-Astrin RVMF/AAAA Present work 

HeLa T-REx YFP-Astrin ∆1123-1193 YFP-Astrin ∆1123-1193 Present work 

HeLa T-REx YFP-Astrin 956-1193 Astrin 956-1193 wild type Present work 

HeLa T-REx YFP-Astrin 956-1193 RMVF/AAAA Astrin 956-1193 RVMF/AAAA Present work 

HeLa T-REx YFP-Astrin 956-1122 Astrin 956-1122 Present work 

 

 

2.1.2. Maintenance conditions of cell lines. 

 

HeLa cells and HeLa YFP-PP1γ were cultured in Dulbecco’s Modified Eagle’s Medium 

supplemented with 10% FCS (Fisher, 10270-106), 1% Penicillin/Streptomycin (Fisher; 

15140122) and 0.1% Fungizone (Fisher; 11510496). HeLa T-REx were maintained in 
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Dulbecco’s Modified Eagle’s Medium supplemented with 10% tetracycline-free FCS 

(LabTech; FB-1001T/500) and antibiotics. All cell lines were maintained as a monolayer at 

37°C with 5% CO2 atmosphere. 

 

 

2.1.3. Propagation of cell lines. 

 

Confluent cells were washed twice with pre-warmed 1X DPBS (no Ca2, no Mg2 - Fisher, 

14190250) and then treated with pre-warmed 1X Trypsin-EDTA (Fisher; 25300054) and 

incubated for 3-4 minutes at 37°C. Trypsinisation reaction was stopped by adding fresh 

media (at least half the volume of Trypsin-EDTA used) and cells were gently resuspended 

to break clumps. Cells concentration was counted using a Bright-Line™ hemocytometer 

(Sigma-Aldrich; Z375357-1EA) and the appropriate number of cells was seeded in new 

stock plates.  

 

Stock cultures were maintained in sterile 6 cm Nunc cell culture dishes (Fisher; 150288). 

For larger cultures, cells were maintained in 10 cm Nunc cell culture dishes (Thermo-

Fisher; TKT-110-070A). For experiments,  the respective seeding procedure is indicated in 

each method. 

 

 

2.1.4. Generation of stable expressing HeLa T-REx cell lines. 

 

HeLa T-REx cells were seeded into sterile 10 cm cell culture dishes. When confluence 

reached 80% to 90%, cells were transfected (same protocol as in section 2.1.7.) with 

Flippase and the selected pcDNA5 FRT/TO plasmid in a 3:7 proportion (6 µg total). 

Culture were incubated at 37°C for two days to allow plasmid recombination, then media 

was supplemented with Hygromycin B (1:200 dilution - Fisher; 10687010). The medium 

was changed every day until single colonies of Hygromycin-resistant cells were visible but 

not confluent. Single colonies were picked by containing the Trypsinisation reaction around 

the selected colony using a sterilised 200 µl micropipette tip with the extremity cut off. 

Space between the micropipette tip and the dish was sealed using sterilised silicon 

grease. Each colony was treated with 50 µl 1X Trypsin-EDTA and incubated for 3 minutes 

at 37°C. The reaction was stopped by pipetting 100 µl of fresh medium into each 

micropipette tip. Cells were gently resuspended and seeded into 12 well Nunc cell culture 
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dish (Fisher; 150628), one colony per well. Colonies were expanded in Tetracycline-free 

medium (see section 2.1.2. for details). in alternative to colony picking, the whole plate of 

Hygromycin-resistant cells was collected as a pooled culture. 

 

HeLa T-Rex cell lines containing integrated pDNA in the genome were maintained with 

complete Tetracycline-free medium supplemented with 5 mg/ml Blasticidin (Life 

Technologies; PC 1820380) and 0.2 mg/ml Hygromocyin B. 

 

 

2.1.5. Long-term storage of cell lines. 

 

Freezing: For long-term storage, Trypsin-EDTA treatment was performed as on 2.1.3. 

Once resuspended, cells were centrifuged at 4,000 rpm for 3 minutes, and the pellet gently 

resuspended in pre-chilled 10% DMSO (Sigma-Aldrich; B8418) freezing medium 

(composition: 45% complete medium, 45% FCS, 10% DMSO). For HeLa T-REx cell lines, 

Tetracycline-free freezing medium was prepared. The cell suspension was then aliquoted 

into cryovial tubes (SLS; G122263), 1 ml per tube. The cryovial tubes were stored into a 

freezing-container for at least 24h at -80°C. Finally, the tubes were transferred to their 

respective storage box at -80°C or in liquid nitrogen (-140°C) for longer storage purposes. 

 

Thawing: Cells were revived by gently thawing the frozen vial in a water bath at 37°C. 

Once liquid again, 1 ml of appropriate medium was slowly pipetted into each tube and the 

content transferred to a 10 ml tube. Cells were centrifuged at 4,000 rpm for 3 minutes, the 

supernatant was removed and the pellets were resuspended with at least 1 ml of 

appropriate medium. Cells were then seeded into a 6 cm dish and incubated at 37°C. 

 

 

2.1.6. Inhibitors. 

 

The following inhibitors were used for the purpose of my experiments. 
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Table 2.2. List of inhibitors used for my experiments. 

Name 
Working 

Concentration 
Target Supplier (cat no.) References 

Monastrol 10 µM Eg5 kinesin Tocris Biosciences (1305) Kapoor et al., 2000 

STLC  

(S-trityl-L-cysteine) 
20 µM Eg5 kinesin Fisher (AAL1438403) Skoufias et al., 2006 

MG132 10 µM Proteasome Tocris Biosciences (1748) Han et al., 2009 

ZM447439 10 µM Aurora B Tocris Biosciences (2458) Ditchfield et al., 2003 

Roscovitine 20 µM Cdk1 Sigma-Aldrich (R7772) Mejer et al., 1997 

 

For solvent controls, the same volume of DMSO was mixed with the selected medium. For 

synchronising cultures in G2, selected media were supplemented with 1 µg/ml aphidicolin 

for 24h. 

 

 

2.1.7. Plasmid transfection. 

 

Plasmid transfection was performed using TurboFect (Fisher; R0531) according to 

manufacturer’s instructions. In addition to the standard protocol, after 4h of incubation, the 

transfection medium was removed and fresh selected pre-warmed medium was added to 

each well. 

 

For one well of a 12 well dish, 1 µg of total pDNA was incubated in 100 µl of Opti-Mem 

(Invitrogen; 11058-021) with 2 µl of TurboFect reagents. 100 µl of the final mixture was 

pipetted drop-by-drop onto the coverslip of the selected well. This proportion was scaled 

up for multiple transfections with the same reagents. For STORM imaging experiments, a 

proportion of reagents to transfect 1 µg of pDNA was maintained. 

 

For Astrin plasmids transfections, the final mixture was prepared adding 750 ng of pDNA 

and 1.5 µl of TurboFect into 75 µl of Opti-Mem. 75 µl of the final mixture was pipetted 

drop-by-drop onto the coverslip of the selected well. 

 

For live-cell experiments, 500 ng of pDNA was mixed with 1 µl TurboFect into 50 µl of 

Opti-Mem. 
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For plasmid co-transfections, the following proportions were maintained. 

 

Table 2.3. Settings for pDNA co-transfections used in this thesis. 

pDNA Pair Proportion (Total) 
TurboFect 

Volume 

Opti-Mem 

Volume 

Experiment 

Type 

HEC1-GFP + Mis12-INCENP-

mCherry 
 500 ng each (1 µg) 2 µl 100 µl IF 

Astrin-SF-GFP + mCherry-GBP 

constructs 

750 ng GFP + 250 

ng mCherry (1µg) 
2 µl 100 µl IF 

GFP-Astrin + mCherry-GBP 

constructs 

750 ng GFP + 250 

ng mCherry (1µg) 
2 µl 100 µl IF 

Astrin-CFP + HEC1-YFP  500 ng each (1 µg) 2 µl 100 µl Live-cell 

NUF2-CFP + YFP-Astrin  500 ng each (1 µg) 2 µl 100 µl Live-cell 

 

The complete list of plasmids used for this thesis is presented below: 

 

Table 2.4. List of plasmid used in this thesis work. 

Name Backbone 
Database 

Number 
Source 

pO644 Flippase pOG44 VMD 390 
Jayaprakash 

Arulanandam 

pGAT3-PP1Cgamma (7-323) 
pGAT3 VMD 577 

J. Peränen and M. 

Hyvönen, unpublished 

pRSET-Astrin-WT pRSET VMD 588 Dominique Braun 

pRSET-Astrin-4A pRSET VMD 589 Dominique Braun 

pRSET-Astrin-delC pRSET VMD595 Dominique Braun 

pcDNA5 FRT/TO-LAP KNL1-WT 
pcDNA5 

FRT/TO 
VMD 591 Nijenhuis et al., 2014 

pcDNA5 FRT/TO-LAP KNL1-2A 
pcDNA5 

FRT/TO 
VMD 592 Nijenhuis et al., 2014 

pcDNA5 FRT/TO-LAP KNL1-4A 
pcDNA5 

FRT/TO 
VMD 590 Nijenhuis et al., 2014 

Mi12-INCENP∆Cen-mCherry WT pEGFP N1 VMD 607 Liu et al., 2009 
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Name Backbone 
Database 

Number 
Source 

mCherry-GBP pEGFP C1 VMD 617 Thomas Surrey  

mCherry-GBP-PP1γ pEGFP C1 VMD 619 Present Work 

mCherry-GBP-PP1γ D64N pEGFP C1 VMD 620 Present Work 

Astrin WT PEYFPC1 pEYFP C1 VMD 573 Rajesh Shenoy 

Astrin RVMF/AAAA PEYFPC1 pEYFP C1 VMD 572 Rajesh Shenoy 

Astrin 1-1122 PEYFPC1 pEYFP C1 VMD 574 Rajesh Shenoy 

(pcDNA5 FRT/TO) YFP-Astrin WT 
pcDNA5 

FRT/TO 
VMD 621 Present Work 

(pcDNA5 FRT/TO) YFP-Astrin RVMF/AAAA 
pcDNA5 

FRT/TO 
VMD 622 Present Work 

(pcDNA5 FRT/TO) YFP-Astrin ∆1123-1193 
pcDNA5 

FRT/TO 
VMD 623 Present Work 

(pcDNA5 FRT/TO) YFP-Astrin 956-1193 WT 
pcDNA5 

FRT/TO 
VMD 624 Present Work 

(pcDNA5 FRT/TO) YFP-Astrin 956-1193 

RVMF/AAAA 

pcDNA5 

FRT/TO 
VMD 625 Present Work 

(pcDNA5 FRT/TO) YFP-Astrin 956-1122 
pcDNA5 

FRT/TO 
VMD 626 Present Work 

(pECFP N1) Astrin-CFP WT pECFP N1 VMD 627 Present Work 

(pECFP N1) Astrin-CFP RVMF/AAAA pECFP N1 VMD 628 Present Work 

(pECFP N1) Astrin-CFP ∆1123-1193 pECFP N1 VMD 629 Present Work 

(pEGFP N1) Astrin-GFP WT pEGFP N1 VMD 630 Present Work 

(pEGFP N1) Astrin-GFP RVMF/AAAA pEGFP N1 VMD 631 Present Work 

(pEGFP N1) Astrin-GFP ∆1123-1193 pEGFP N1 VMD 632 Present Work 

(pEGFP C1) GFP-Astrin WT pEGFP C1 VMD 633 Present Work 

(pEGFP C1) GFP-Astrin RVMF/AAAA pEGFP C1 VMD 634 Present Work 

(pEGFP C1) GFP-Astrin ∆1123-1193 pEGFP C1 VMD 635 Present Work 

(pEGFP N1) Astrin-GFP WT short flexible linker pEGFP N1 VMD 636 Present Work 

(pEGFP N1) Astrin-GFP WT medium flexible linker pEGFP N1 VMD 636 Present Work 
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Name Backbone 
Database 

Number 
Source 

(pEGFP N1) Astrin-GFP WT long flexible linker pEGFP N1 VMD 636 Present Work 

(pEGFP N1) Astrin-GFP WT short rigid linker pEGFP N1 VMD 636 Present Work 

(pEGFP N1) Astrin-GFP 4A short flexible linker pEGFP N1 VMD 648 Present Work 

(pEGFP N1) Astrin-GFP ∆1123-1193 short flexible 

linker 
pEGFP N1 VMD 643 Present Work 

(pEGFP) mCherry-GBP-PP1γ F286A pEGFP C1 VMD 644 Present Work 

(pEGFP) mCherry-GBP-PP1γ D64N F286A pEGFP C1 VMD 645 Present Work 

(pCDNA5 FRT/TO) Venus-BubR1 ∆660-685 
pcDNA5 

FRT/TO 
VMD 641 Kruse et al., 2013 

HEC1-YFP WT pEYFP N1 VMD 64 Viji Draviam 

(pEGFP N1) Hec1-GFP WT pEGFP N1 VMD 604 DeLuca et al., 2011 

(pEGFP N1) Hec1-GFP 9A pEGFP N1 VMD 603 DeLuca et al., 2011 

(pEGFP N1) Hec1-GFP 9D pEGFP N1 VMD 606 DeLuca et al., 2011 

NUF2-CFP pECFP N1 VMD 115 Viji Draviam 

 

All plasmids were expressed for 24h after transfection. 

 

 

2.1.8. siRNA transfection. 

 

siRNA transfection was performed using Oligofectamine (Thermo-Fisher; 12252011) 

according to manufacturer’s instructions. All siRNA oligonucleotides were dilutions were 

prepared in Opti-Mem. In addition to the standard protocol, after 4h of incubation, the 

transfection medium was removed and fresh selected pre-warmed medium was added to 

each well. The complete list of siRNA oligonucleotides used in this thesis is presented 

below. 
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Table 2.5. List of siRNA oligonucleotides used in this work. 

Target Sequence (5’t o 3’) 
Database 

Number 

Optimal 

Depletion Time 
References 

BubR1 GAUGGUGAAUUGUGGAAUAdTdT VMD 82 

2 consecutive 

transfections x 36h 

each 

Kruse et al., 2013 

Astrin GACUUGGUCUGAGACGUGAtt VMD 59 48h Present Work 

KNL1 GCAUGUAUCUCUUAAGGAAUU VMD 94 48h Draviam Lab 

HEC1/Ndc80 GAGUAGAACUAGAAUGUGA VMD 91 36h Zhang et al., 2012 

 

Stealth Negative siRNA (Invitrogen; 12935-300) was used as depletion control. 

 

 

2.2. Bacterial cell culture. 

 

2.2.1. Media and Antibiotics. 

 

Solid and liquid media for cultivating bacterial cells were prepared as follows. 

 

Table 2.6. Recipes of media for bacterial cell cultures. 

Name Purpose Composition Final Volume 

LB (Luria-Bertani) liquid medium Liquid culture 

10 g Tryptone 

10 g NaCl 

5 g Yeast extract 

1 L 

LA (Luria Agar)  Petri dish culture 

10 g Tryptone 

10 g NaCl 

5 g Yeast extract 

15 g Agar 

1 L 

SOC medium 

(Super Optimal broth with Catabolite 

repressor) 

Recovery step of pDNA 

transformation 

2% Tryptone 

0.5% Yeast extract 

10 mM NaCl 

2.5. mM KCl 

10 mM MgCl2 

20 mM Glucose 

n.a. 
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For antibiotic selection, solid and liquid media were supplemented with 100 µg/ml 

Ampicillin or 50 µg/ml Kanamycin. 

 

 

2.2.2. Transformation of competent cells. 

 

Subcloning Efficiency™ DH5α™ chemically competent E. coli (Fisher; 18265017) were 

used for all the transformations for this thesis work. For the transformation procedure, a 

minimum of 100 ng of pDNA was mixed with 50 µl of super-competent cells and incubated 

for 20 minutes on ice. Then, heat-shock was performed by incubating the cells for 1 minute 

at 42°C (in a water bath) and immediately placed back on ice. Cells were incubated for 1 

minute before the addition of 400 µl of SOC medium (LB in alternative). Cells were 

recovered in SOC/LB medium at 37°C for at least 30 minutes for ampicillin selection and 1 

hour in case of kanamycin selection. Finally, cultures were plated onto LA dish 

supplemented with the selected antibiotic and incubated at 37°C. 

 

 

2.2.3. Plasmid DNA purification. 

 

Plasmid purification was performed using two different kits based on the purpose.  

 

Plasmid minipreparation: Minipreparations were performed for small-scale pDNA 

purifications of bacterial cultures, typically a maximum of 5 ml volume per culture. For 

purifying the pDNA, EZ-10 Spin Column Plasmid DNA Miniprep Kit (NBS biologicals; 

NBS414) was used following manufacturer’s instructions. pDNA was eluted in 15 µl of 

elution buffer (EB) provided by the kit. In addition to the standard protocol, pDNA final 

elution was performed in two separate steps: 7.5 µl EB was added to the column, 

incubated at room temperature for 5 minutes, down for 1 minute at full-speed, and then the 

whole procedure was repeated again. The two-step elution was collected in the same 

tube. 

 

Plasmid midiprep: Midipreps were performed for obtaining high-yield pDNA solutions with 

good purity to be used for transfection into human cells. For the purpose, 100-200 ml liquid 

cultures were used. pDNA was purified using the Macherey-Nagel NucleoBond Xtra Midi 

kit (Fisher; 12363348), following manufacturer's instructions. pDNA was eluted in 200 µl of 
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elution buffer provided by the kit. To check the quality of the purification, 500 ng of pDNA 

were inspected via gel electrophoresis (see section 2.4.3.). 

 

pDNA stocks were stored at -20°C and working aliquots were prepared to avoid frequent 

freeze-thawing. For plasmid transfections, 500 ng/µl working aliquots were prepared in 

sterile dH2O and stored at 4°C. 

 

To measure pDNA concentration after purification, 1.5. µl of pDNA solution was inspected 

using a NanoDrop™ machine (Thermo-Fisher). 

 

 

2.3 Protein Methods. 

 

2.3.1. Reagents. 

 

The following solutions were used to perform the protein methodologies resented in this 

thesis work. Reagents were purchased from Sigma-Aldrich, Melford Laboratories Ltd. and 

Seven Biotech Ltd. (30% Acrylamide gel mix). 

 

Table 2.7. Buffers and solutions used in protein methods. 

Name Composition 

10X PBS (Phosphate-Buffered Saline) 

1.36 mM NaCl 

27 mM KCl 

188 mM Na2HPO4 

17 mM KH2PO4 

pH equilibrated to 7.4 

4X SDS (Sodium Dodecyl Sufate) buffer 

160 mM Tris-HCl pH 6.8 

20% (w/v) Glycerol 

4% (w/v) SDS 

0.2% (w/v) Bromophenol ble 

WB 10X SDS (Sodium Dodecyl Sufate) Running buffer 

192 mM Glycine 

250 mM Tris 

34.7 mM SDS 

WB 10X Transfer buffer 
192 mM Glycine 

250 mM Tris 
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Name Composition 

IP washing buffer 

1 mM Na3VO4 

5 µM DDT 

0.1% Tween 20 

in 1X PBS 

IP lysis buffer 
0.02% Triton X-100 

in IP washing buffer 

 

Polyacrylamide gels were prepared in the laboratory following the recipes below. 

 

Table 2.8. SDS-PAGE gels composition. 

Separation gels 

Concentration Reagents 
Final 

Volume 

10% gels 

2.5 ml 1.5 M Tris (pH 8.8) 

3.3 ml 30% Acrylamide gel mix 

100 µl 10% SDS 

100 µl Ammonium persulfate 

4 µl TEMED 

4 ml dH2O 

14 ml 

Concentration Reagents 
Final 

Volume 

12% gels 

2.5 ml 1.5 M Tris (pH 8.8) 

4 ml 30% Acrylamide gel mix 

100 µl 10% SDS 

100 µl Ammonium persulfate 

4 µl TEMED 

3.3 ml dH2O 

14 ml 
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Stacking gel 

Concentration Reagents 
Final 

Volume 

4% 

380 µl 1 M Tris (pH 6.8) 

500 µl 30% Acrylamide gel mix 

30 µl 10% SDS 

30 µl Ammonium persulfate 

3 µl TEMED 

2.1 ml dH2O 

3 ml 

 

 

2.3.2. Immunoblotting. 

 

Cell cultures were lysed with the appropriate volume of 4X SDS buffer and separated in 

SDS-PAGE gels according to their size using a Mini-protein® Tetra (Bio-Rad) 

electrophoresis system. Separated proteins were then transferred onto a PVDF membrane 

(Immobilolon®-P, 0.45 µm pore size - Millipore; IPVH00010) using a Criterion™ blotter 

(Bio-Rad). The transfer was performed preferentially overnight at 4°C or for 2 hours on ice 

with at the appropriate voltage. 

 

The outcome of the transfer was assessed using Ponceau’s stain before proceeding with 

the immunoblotting. Membranes were washed three times with 1X PSB + 0.1% Tween 20 

(Sigma-Aldrich; P9416-50ML), then incubated 1 hour in the appropriate blocking buffer. 

Incubation with primary antibodies was performed for 2 hours at room temperature or 

overnight at 4°C. Membranes were washed three times with 1X PSB + 0.1% Tween 20, 

followed by incubation with secondary antibodies for 1 hour. Finally, 3 washes with 1X 

PSB + 0.1% Tween 20 were performed and membranes were dried before developing. 

Fluorescence signal was detected using an Odyssey® machine (Li-Cor Biosciences). 

 

 

2.3.3. Immunoprecipitation. 

 

For the immunoprecipitation experiments, cells were grown into 2/3 10 cm Nunc tissue 

culture dishes (Thermo-Fisher; TKT-110-070A). The whole procedure was performed on 

ice. 
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For each plate, media was poured off and cells were gently scraped with a scraper 

(Greiner Bio-One; 541 070). Cells were collected into a 15 ml tube and centrifuged 8 

minutes at 4,000 rpm at 4°C. Then, the supernatant was removed and 500 µl of lysis 

buffer was added to the pellet. The mixture was transferred to a 1.5 ml tube and rotated for 

45 minutes at 4°C. During this incubation, 10/15 µl of GFP-Trap® MA beads (Chromotek; 

gtma-10) were prepared using washing buffer following manufacturer’s instructions. Once 

the centrifugation was completed (18 µl whole cell lysate collected here), the tubes were 

centrifuged for 10 minutes at 14,000 rpm. Then, the supernatant was moved to a new tube 

(18 µl of input collected here), where 5/10 µl of the prepared beads was added. Samples 

were rotated for 30 minutes at 4°C. Beads were collected using a magnetic rack and the 

supernatant was removed (18 µl unbound fraction collected here). Beads were washed 3 

times with 500 µl of washing buffer for 30 seconds with washing buffer. Finally, Beads 

were eluted in 18 µl of washing buffer. 6 µl of 4X SDS buffer was added to each tube. 

Results of the immunoprecipitation were inspected by immunoblotting (section 2.3.2). 

 

 

2.3.4. Antibodies used for immunoblotting. 

 

Below is presented a complete list of the antibodies used for the immunoblots of this thesis 

work. All antibodies were diluted in the blocking buffer (1X PBS + 0.1% Tween 20 + 

appropriate blocking agent). 

 

Table 2.7. List of antibodies used for immunoblotting. 

Primary Antibodies 

Epitope Species 
Working Concentration (Blocking 

Agent) 
Supplier Catalog Number 

BubR1 Rabbit 1:2,000 (5% BSA) Bethyl Laboratories A300-995A 

Astrin Rabbit 1:500 (5% BSA) Novus Biologicals NBP1-85262 

SKAP Rabbit 1:1,000 (5% Milk) Atlas Biologicals HPA042027 

GFP Rabbit 1:3,000 (5% Milk) Abcam ab290 

PP1 Mouse 1:1,000 (5% Milk) 
Santa Cruz 

Biotechnology 
sc-7482 

γ-Tubulin Mouse 1:800 (5% Milk) Sigma-Aldrich T6793 
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2.4. Molecular Biology. 

 

2.4.1. Reagents. 

 

The following solutions were used to perform the nucleic acid methodologies performed in 

this thesis work. 

 

Table 2.8. List of buffers used for molecular biology experiments. 

Name Composition 

10X TAE  

400 mM Tris 

180 mM Glacial Acetic acid 

10 mM EDTA 

pH equilibrated to 8.0 

DNA loading dye 

75 mM EDTA 

25% (w/v) Sucrose 

0.1% (w/v) Bromophenol blue 

 

 

2.4.2. PCR reactions. 

 

The PCR reactions performed for this thesis work were used for subcloning and direct site 

mutagenesis. Below are described the settings for preparing the reaction mixtures and the 

amplification cycles. For each PCR reaction, a master mixture (i.e. all reagents minus the 

template DNA) was prepared for the total number of the samples plus one spare. Mixtures 

Secondary Antibodies 

Epitope Species 
Working 

Concentration* 
Supplier Catalog Number 

IRDye 680LT anti-Mouse IgG (H+L)  Donkey 1:10,000 Li-Cor 926-68022 

IRDye 800CW anti-Rabit IgG (H+L)  Donkey 1:10,000 Li-Cor 926-32213 

*For secondary antibodies blocking buffer was chosen according to its matching primary antibody. 
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were kept on ice until placed in the thermal cycler. For running the reaction, a G-Storm 

system was used. 

 

Table 2.9. PCR reaction mixtures. 

Standard PCR Mixture 

Reagent (Supplier) Stock Concentration  Working concentration 

DNA template n.a. 20 ng 

Forward primer (Custom) 10 µM 0.3 µM 

Reverse primer (Custom) 10 µM 0.3 µM 

dNTPs (NEB; N0447S) 10 mM 0.1 mM 

Polymerase buffer (see below) 5X 1X 

Phusion DNA polymerase (Fisher; 

F530S) 
2 units/µl 2 units 

dH2O n.a. up to 20 µl 

   

Site-directed mutagenesis PCR Mixture 

Reagent (Supplier) Stock Concentration  Working concentration 

DNA template n.a. 50 ng 

Forward primer (Custom) 10 µM 0.3 µM 

Reverse primer (Custom) 10 µM 0.3 µM 

dNTPs (NEB; N0447S) 10 mM 0.1 mM 

Polymerase buffer (see below) 10X 1X 

Pfu DNA polymerase (Promega; 

M774A) 
2 units/µl 2 units 

dH2O n.a. up to 50 
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Table 2.10. PCR cycles. 

Standard PCR Programme 

Step  Temperature Time 

1. Initial denaturation  95°C 5 minutes 

2. Denaturation 

30 cycles 

95°C 30 seconds 

3. Annealing 50-72°C (primer specific) 30 seconds 

4. Extension 72°C 1 minute/kilobase 

5. Final extension  72°C 10 minutes 

    

Site-directed mutagenesis PCR Programme 

Step  Temperature Time 

1. Initial denaturation  95°C 5 minutes 

2. Denaturation 

25 cycles 

95°C 30 seconds 

3. Annealing gradient 50-62°C 1 minute 

4. Extension 68°C 12 minutes 

5. Final extension  68°C 10 minutes 

 

 

2.4.3. Agarose gel electrophoresis and DNA purification from gel. 

 

Agarose (Melford Laboratories Ltd.; MB1200) gel electrophoresis was performed to assess 

the outcome of PCR reactions, DNA purifications, and for size separation of DNA 

fragments. Gels were prepared in the standard concentration of 1% in 1X TAE. For higher 

resolutions, 2-2.5% were prepared. Electrophoresis was performed using a Geneflow tank 

system. Voltage and run time were selected accordingly to the sample characteristics. 

 

Fragments of interest were purified using the Zymoclean™Gel DNA Recovery Kit (Zymo 

Research; D4001T), according to the manufacturer’s instructions. DNA was eluted in 10 µl 

of the elution buffer (EB) provided by the kit. In addition to the standard protocol, pDNA 

final elution was performed in two separate steps: 5 µl EB was added to the column, 

incubated at room temperature for 5 minutes, down for 1 minute at full-speed, and then the 
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whole procedure was repeated again. The two-step elution was collected in the same 

tube. 

 

 

2.4.4. Subcloning and site-directed mutagenesis. 

 

Subcloning was performed following standard procedures. If no restriction site matching 

the insertion locus on the donor vector was available, a PCR reaction was used to 

generate the appropriate restriction sites (settings as in section 2.4.2.) The general 

settings of reactions used for the methodology are presented below. 

 

Table 2.11. Subcloning reaction methodologies. 

1. Restriction 

Reagent (Supplier) Stock Concentration  Working concentration 

DNA n.a. PCR product or 2-3 µg pDNA 

Buffer 10X 1X 

Enzyme A (Various) 10,000-20,000 units 10,000 units 

Enzyme B (Various) 10,000-20,000 units 10,000 units 

dH2O n.a. up to 30 µl 

Incubate at 37°C for 2-4h (according to reaction). All enzymes purchased at NEB or Roche + 80°C for 20 

minutes heat-inactivation. 

   

2. Vector de-phosphorylation 

Reagent (Supplier) Stock Concentration  Working concentration 

Shrink Alkaline Phosphatase  

(GE Healthcare; E70092Y) 
n.a. 2.5 µl x 5 µl reaction 

Buffer n.a. 2.5 µl x 5 µl reaction 

Incubate at 37°C for 30 minutes + 80°C for 20 minutes heat-inactivation. 
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3. Ligation 

Reagent (Supplier) Stock Concentration  Working concentration 

Insert DNA n.a. According to fragment size 

Vector DNA n.a. 100 ng 

Ligase buffer 10X 1X 

T4 DNA Ligase (M0202S) 20,000 units/µl 20,000 units 

dH2O n.a up to 10 µl 

Incubate at 16°C for 1h. 

 

For site-directed mutagenesis, PCR products were digested with DpnI enzyme (Roche for 

3h at 37°C, following the settings as on Table 2.11. 

 

Subcloning and site-directed mutagenesis reactions products were transformed into super-

competent cells as described in section 2.2.2. To select positive clones, cells were grown 

on the appropriate selective media.  

 

 

2.4.5. DNA sequencing and analysis. 

 

All plasmid used for the work of this thesis were sequenced by Source BioScience. 

Sequencing results were analysed using SnapGene Viewer and SerialCloner software. 

Plasmid maps were generated using SerialCloner software. 

 

 

2.4.6. Primers. 

 

All primers used for the work of this thesis were purchased from Sigma-Aldrich. 

 

Table 2.11. List of primers used. 

Database 
Number 

Sequence (5’ to 3’) Use 

VMD 567 CATGGACAATACTATAATTTGCTGCGACTTTTTG To mutate PP1 D64 to N F primer. 
VMD 568 CAAAAAGTCGCAGCAAATTATAGTATTGTCCATG To mutate PP1 D64 to N R primer. 
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Database 
Number 

Sequence (5’ to 3’) Use 

VMD 608 CACTAATGTGTTCTgcTCAGATTTTAAAGC To generate F286A mutation in PP1 
gamma protein forward primer. 

VMD 609 GCTTTAAAATCTGAgcAGAACACATTAGTG 
To generate F286A mutation in PP1 
gamma protein (abolishment of Phe-
Phe bond with RVxF) reverse primer. 

VMD 560 CTTCGGTTGGGGGCCCGGTTTCCCTTCAGCCC 
To subclone Astrin 956-1193 into 
VMD440 (FRT/TO Tao1) plasmid. 
Primer adds ApaI site. 

VMD 561 CTTCGGTTGGGTTTAAACTTAGCTCAGAAATTC 
To subclone Astrin 956-1193 into 
VMD440 (FRT/TO Tao1) plasmid. 
Primer adds PmeI site. 

VMD 562 CTTCGGTTGGGTTTAAACTTACAGTTTGTCCAC 
To subclone Astrin 956-1122 into 
VMD440 (FRT/TO Tao1) plasmid. 
Primer adds PmeI site. 

VMD516 
ATTCAA GTTTAAAC 
TTACAGTTTGTCCACCTCCTG 

to subclone astrin1-1122 in pcdna5 
FRT/TO (+ PmeI site). 

VMD517  ATTCAA GTTTAAAC 
TTAGCTCAGAAATTCCAGCAATC 

to subclone astrin RVMF/AAAA in 
pcdna5 FRT/TO (+ PmeI site). 

VMD 582 GCTGTACAAGTCCGGActcgagATGTGGCGAGTGA
AAAAACTG 

To generate Astrin-CFP from pEYFP-
Astrin F primer (+ XhoI site). 

VMD 583 
CGAAGCTTGAGCTCGAGgggcccTGCTCAGAAATT
CCAGC 

To generate Astrin-CFP from pEYFP-
Astrin R primer for WT/4A (TAA 
removed, + ApaI site). 

VMD 584 CGAAGCTTGAGCTCGAGgggcccTCAGTTTGTCCA
CCTCC 

To generate Astrin-CFP from pEYFP-
Astrin R primer for ∆ (TAA removed, + 
ApaI site). 

VMD 595 CtgggaggcgggggtagcggcggtggagggtccGATATCgGG
GCC 

Short flexible linker Forward 
(GGGS)x2 + Apa1 overhangs + 
EcoRV site (to use in +1 reading 
frame) + 5' phosphorylation. 

VMD 596 
CcGATATCggaccctccaccgccgctacccccgcctcccaGGG
CC 

Short flexible linker Reverse 
(GGGS)x2 + Apa1 overhangs + 
EcoRV site (to use in +1 reading 
frame) + 5' phosphorylation. 

VMD 597 
Ctgggcggcggtggaggcggggggggcggaggtgggggcggtggc
GATATCgGGGCC 

Medium flexible linker Forward (G)x14 
+ Apa1 overhangs + EcoRV site (to 
use in +1 reading frame) + 5' 
phosphorylation. 

VMD 598 CcGATATCgccaccgcccccacctccgccccccccgcctccaccg
ccgcccaGGGCC 

Medium flexible linker Reverse (G)x14 
+ Apa1 overhangs + EcoRV site (to 
use in +1 reading frame) + 5' 
phosphorylation. 

VMD 599 
Ctgggaggcgggggtagcggcggtggagggtccggaggtgggggtt
caggaggcgggggtagtgggggtggaggctcgGATATCgGGG
CC 

Long flexible linker Forward 
(GGGS)x5 + Apa1 overhangs + 
EcoRV site (to use in +1 reading 
frame) + 5' phosphorylation. 

VMD 600 CcGATATCcgagcctccacccccactacccccgcctcctgaaccc
ccacctccggaccctccaccgccgctacccccgcctcccaGGGCC 

Long flexible linker Reverse 
(GGGS)x5 + Apa1 overhangs + 
EcoRV site (to use in +1 reading 
frame) + 5' phosphorylation. 
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Database 
Number 

Sequence (5’ to 3’) Use 

VMD 601 
CtggaagcggcgaaagaggcggccaaagaagcagctaagGATA
TCgGGGCC 

Medium rigid linker Forward (EAAK)x3 
+ Apa1 overhangs + EcoRV site (to 
use in +1 reading frame) + 5' 
phosphorylation. 

VMD 602 
CcGATATCcttagctgcttctttggccgcctctttcgccgcttccaGG
GCC 

Medium rigid linker Reverse (EAAK)x3 
+ Apa1 overhangs + EcoRV site (to 
use in +1 reading frame) + 5' 
phosphorylation. 

VMD 540 GGGTGCTTATCTCTAAAGAGCTGATATCCTTGCT
TC 

To substitute the 3' end of astrin-GFP 
from WT to RVMF/AAAA (to be 
performed in pEYFP-astrin 
RVMF/AAAA). 

VMD 370 CACTGGAGATGAGTTGTTGC 
To sequence Astrin from 185bp 
(Reverse). 

VMD 371 CTGAGCAGTAGAACTGAGGC To seqeunce Astrin from 661bp. 

VMD 372 CTCCAGATCTGACTGCCTTG To sequence Astrin from 1268bp. 

VMD 373 GGTTCAGCAGACAGTGAGTC To sequence Astrin from 1890bp. 

VMD 374 CTCAAGGACACTGTAGAGAAC To sequence Astrin from 2521bp. 

VMD 375 ACTCCAACTGCCAGCCTATG To sequence Astrin from 3293bp. 

VMD 538 CTTCAGAACATTTCAGTCATTCCTC 
To sequence astrin gene. To be used 
with VMD 371-375. 

VMD 539 GGGTGCTGGAACAAGTCTCTGCCCAGTT 
To sequence astrin gene. To be used 
with VMD 371-375. 

VMD 585 CCACTGGAGATGAGTTGTTGCTGCC To sequence Astrin from 181 (R). 
VMD 586 GGGAAACCTCATTTCTCTTTCCTCC To sequence Astrin from 825 (R). 

S1 ATG AAG CGC AGT TCA GTT TC TO SEQ HEC1 forward from 1bp. 

S2 AAA TTG CTA GAG TAG AAC TAG TO SEQ HEC1 forward from 1000bp. 

S3 TTC TTC AGA AGA CTT AAT TAG TO SEQ HEC1 reverse from 1927bp. 

S4 TTC TTT CAT GAT TTA TTC GC TO SEQ HEC1 reverse from 1110bp. 

VMD 339 GGCATACATGAGCAA To sequence Hec1. 

VMD 340 TAGACGATTCGGTTCT To sequence Hec1. 

VMD 341 TTTAATCCCGAGGCTGGT To sequence Hec1. 

VMD 342  GCCTCTGGCATATTTT To sequence Hec1. 

VMD 343  ATCTTGAGGAGCAG To sequence Hec1. 

VMD 344  GTTTGCACAACTAGTTGG To sequence Hec1. 

VMD 552 CAATGACTTCATAAAAAGATT To sequence KNL1 (primer is after 
Nijenhuis et al. mutations) from 645. 

VMD 553 GCTAAAGCATGACAGTAATTAT To sequence KNL1 from 1356. 

VMD 554 GGGAACAATCTTTGTTTTCTACC To sequence KNL1 from 2072. 

VMD 555 CAACAGTGATATGTACTCCTACTGAGG To sequence KNL1 from 2957. 

VMD 556 TGGACTTTACAAGTAGTCATGC To sequence KNL1 from 3854. 

VMD 557 GGAAATAAGGCACACAATGATATGC To sequence KNL1 from 4768. 

VMD 558 CCCCGACAGAGCAATCTCCCAGGC To sequence KNL1 from 5656. 

VMD 559 GGGAACACTAGCCAAGATGATATTGC To sequence KNL1 from 6826. 

VMD 563 GTCATTTGGTGCCATTGGCAGG To sequence KNL1 from 2678. 
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Database 
Number 

Sequence (5’ to 3’) Use 

VMD 564 GGTAGTGCACCATTGCAGACTCC To sequence KNL1 from 6615. 

VMD 537 GTGAAAAAAATGCTTTATTTGTGAAA to sequence mCherry-GBP-PP1 from 
the 3' end. 

VMD529 GTCCTCTGATTTCATTCTCCTG For sequencing beyond PP1 gamma 
5’. 

VMD 565 CAGAGGACTGTGCTTAAAGTCTCGTG To sequence PP1 gamma from 5' end. 

VMD526 CCTCGATCTCGAACTCG GBP sequencing primer from mcherry. 

VMD527 TCCGTCTCCCTTCATG GBP sequencing primer beyond GBP . 

S9 ATG TCT GTG GAT CCA ATG ACC TAC TO SEQ MIS12 forward @ 1bp. 

S10 TAA GAT ATT TTC AGT CGT TTC G TO SEQ MIS12 reverse @ 616 bp. 

VMD 603 CCTGTGGTGGAGATCGGC 

To sequence hINCENP from 718 bp 
(reference sequence = mRNA 
transcript variant 1, 
NM_001040694.1). 

VMD526 CCTCGATCTCGAACTCG 
GBP sequencing primer from 
mCherry. 

Purpose Colour code: Yellow = point-mutagenesis; Green = Subcloning; Blue = linker 

insertion; Grey = sequencing 

 

 

2.5. Microscopy 

 

2.5.1. Immunofluorescence microscopy. 

For standard immunofluorescence experiments, human cells were growth onto ø13 mm 

round coverslips (WVR; 631-0150). 

 

Cells were fixed with ice-cold methanol for 1 minute. Then, two quick washes with washing 

buffer (1X PBS + 0.1% Tween 20) were performed, followed by three washes of 5 minutes 

each. Alternatively, cells were pre-fixed for 20 seconds fixed using 4% PFA in 1X PBS, 

permeabilised 4 minutes with 1X PBS + 0.5% Triton X-100, fixed again for 20 minutes with 

4% PFA in 1X PBS and quenched for 20 minutes in 25 mM Glycine. For staining with 

pHEC1 Ser55 antibody, fixation was performed as in DeLuca et al., (2011). 

 

Coverslips were incubated with (1X PBS + 0.1% Tween 20 + 1% BSA) for 20 minutes, 

before staining with primary antibodies overnight at 4°C. Then, two quick washes with 

washing buffer were performed, followed by six washes of 5 minutes each. Incubation with 

secondary antibodies was performed for 30 minutes. Two quick washes with washing 

buffer were performed, followed by six washes of 5 minutes each. Finally, coverslips were 
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mounted onto VWR® Superfrost® Plus Micro slides (WVR; 48311-703) using 7.5 µl of 

ProLong® Gold antifade reagent with DAPI (Invitrogen; P-36931) or without DAPI 

(Invitrogen; P-36930), accordingly to the antibody combination. For all immunostaining 

procedures, antibodies dilutions were prepared in blocking buffer. 

 

Images of immunostained cells were acquired using 100X NA 1.4 objective on a 

DeltaVision Core microscope equipped with a CoolSnap HQ Camera (Photometrics). 

Deconvolution of fixed-cell images and 3D volume rendering were performed using 

SoftWorx software. 

 

 

2.5.2. Live-cell imaging. 

 

For live-cell imaging experiments, cells were grown into 4-well cover glass chambered 

dishes (Lab-tek; 1064716). For imaging, growth medium was replaced with Leibovitz’s L15 

medium (Fisher; 11415064). All the imaging sessions were performed at 37°C. 

 

For long live-cell imaging, the images were acquired every 3 minutes with exposures of 0.1 

seconds and at least 3 Z planes, using a 40X NA 0.75 objective on an Applied Precision 

Deltavision Core microscope equipped with a Cascade2 Camera (Photometrics) under EM 

mode. For high-resolution live-cell imaging (FRET measurements), the images were 

acquired with 0.2 seconds exposure of a minimum of 10 Z stacks 0.2 µm apart using a 

100x NA1.4 objective on an Applied Precision Deltavision Core microscope equipped with 

a Cascade2 Camera (Photometrics) under EM mode. 

 

 

2.5.3. Super-resolution microscopy imaging. 

 

For nanoscopy experiments, cells were grown onto ø24mm round coverslips (Carl Roth; 

PK.26). 

 

For STORM imaging experiments, cells were then pre-fixed with 4% PFA in PBS for 

20 seconds, permeabilised with 0.5% Triton X-100 in PBS for 4 minutes and the fixation 

step was repeated again for 20 minutes before quenching with 25 mM glycine for 20 min. 

One percent BSA in PBS with 0.1% Tween was used for blocking and all washes were 
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performed using 0.1% Tween 20 in PBS. The staining procedure is described in Shrestha 

et al., (2017). 

 

Samples were mounted and imaged in a custom-made microscope (Schoen et al., 2011) 

and covered with 300 µl of imaging buffer (150 mM Tris-HCl pH 8, 10% (v/w) glucose, 

35 mM cysteamine (MEA), 0.5 mg/ml glucose oxidase (Sigma; G7141), and 40 mg/ml 

catalase (Sigma; C3556)). Typically, 200,000–500,000 frames were recorded. Analysis 

was performed using custom software written in MATLAB. We acquired two spectral 

channels simultaneously by splitting the emission with a dichroic (Chroma, T680LPXXR) 

and assigned the colour based on the relative intensities of the single-molecule 

localisations in both channels with a cross-talk rate below 0.2% (Früh et al., 2015). 

Localisations with uncertainties above 25 nm or a fitted size of the PSF above 170 nm 

were discarded. The data were corrected for sample drift using a custom redundant cross-

correlation based algorithm. Images were rendered using a Gaussian with a width 

proportional to the localisation precision 

 

 

2.5.2. Antibodies used in immunofluorescence. 

 

A complete list of antibodies, antisera and stains used for this thesis work is presented 

below. 

 

Table 2.12. List of antibodies used for immunofluorescence experiments.  

* Indicates antibodies also used for STORM experiments. 

Primary Antibodies 

Epitope Species Working Concentration Supplier Catalog Number 

GFP Mouse 1:800 Roche 11814460001 

GFP Rabbit 1:1,000 Abcam ab290 

mCherry Rabbit 1:2,000 Abcam ab167453 

mCherry Rat 1:2,000 Thermo-Fisher M11217 

Astrin Rabbit 1:1,000 Novus Biologicals NBP1-85262 

Astrin Rabbit 1:1,000 Proteintech 14726-1-AP 
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Epitope Species Working Concentration Supplier Catalog Number 

SKAP Rabbit 1:1,000 Atlas Biologicals HPA042027 

BubR1 Rabbit 1:1,000 Bethyl Laboratories A300-995A 

Bub1 Rabbit 1:1,000 Bethyl Laboratories A300-373-A 

Mad2 Rabbit 1:500 Covance PRB-452C 

Sgo2 Rabbit 1:500 Bethyl Laboratories A301-261A 

B56 Mouse 1:500 
BD Trans. 

Laboratories 
610615 

α-Tubulin Rat 1:800 Abcam ab6160 

α-Tubulin* Mouse 1:300 Sigma-Aldrich T6074 

HEC1/Ndc8

0 
Rabbit 1:1,000 Sorger Lab n.a. 

pHEC1 

Ser55 
Rabbit 1:500 Thermo-Fisher PA534980 

CREST* Human 1:2,000 
Antibodies 

Incorporated 
15-234-0001 

DAPI n.a. 1:2,000 Sigma-Aldrich D9542 

 

 

Secondary Antibodies 

Epitope 
Working 

Concentration 
Supplier Catalog Number 

Goat anti-Human IgG (H+L) DyLight® 350 

conjugate 

1:500 Life-technologies SA5-10117 

Alexa flour® 488 donkey anti-mouse IgG (H+L) 1:1,000 Invitrogen A-21202 

Alexa flour® 488 donkey anti-rabbit IgG (H+L) 1:1,000 Invitrogen A-21206 

Dylight® 488 goat anti-mouse IgG (H+L)  1:1,000 Abcam ab96879 

Dylight® 488 goat anti-rat IgG (H+L) 1:1,000 Abcam ab98420  

Alexa flour® 594 donkey anti-mouse IgG (H+L) 1:1,000 Invitrogen A-21203 

Alexa flour® 594 donkey anti-rabbit IgG (H+L) 1:1,000 Invitrogen A-21203 

Alexa flour® 594 goat anti-rat IgG (H+L) 1:1,000 Invitrogen A-11007 
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Epitope 
Working 

Concentration 
Supplier Catalog Number 

Dylight® 594 goat anti-mouse IgG (H+L) 1:1,000 Abcam ab96881 

Alexa flour® 647 goat anti-human IgG (H+L) 1:1,000 Invitrogen A-21445 

Alexa flour® 647 goat anti-rabbit IgG (H+L)  1:1,000 Invitrogen A-21245 

Alexa Fluor® 647 donkey anti-mouse IgG 

(H+L) 
1:1,000 Invitrogen 

A-31571 

Dylight® 650 goat anti-rat IgG (H+L) 1:1,000 Abcam ab96074 

 Alexa Fluor® 647 goat anti-mouse* 1:800 Molecular Probes A21236 

donkey anti-human CF680* 1:1,000 Biotium 20278 

 

 

2.5.4. Data analysis. 

 

Image analysis was performed using Softworx, ImageJ and Excel (Windows) software. 

Data was plotted using Prism6 (GraphPad) software. Statistical analysis was performed 

using Prism6 (GraphPad) software. Final images were assembled in high-resolution using 

Illustrator CS6 (Adobe) software. 
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3.1. Results Part I: Outer-kinetochore phosphatases counteract Aurora B in the end-

on conversion process. 

 

3.1.1. Introduction. 

 

In metazoans and yeasts, chromosomes are captured during prometaphase by 

microtubules emanated from the two spindle poles (Hayden et al., 1990; Rieder and 

Alexander, 1999; Tanaka et al., 2005). The establishment of kinetochore-microtubule 

attachment geometry is a highly dynamic process and it is essential for the accurate 

segregation of chromosomes. Chromosomes are initially captured along microtubules 

walls and then brought to the microtubule ends. The end-on conversion process converts 

initial immature lateral attachments into mature end-on attachments (Magidson et al., 

2011; Shrestha et al., 2013; Tanaka et al., 2005). Stabilisation of end-on attachments is 

crucial to translate the polymerisation and depolymerisation of microtubules into pushing 

and pulling forces, respectively, that will allow chromosome congression and, ultimately, 

lead to segregation (Alexander and Rieder, 1991; Cassimeris and Salmon, 1991; McIntosh 

et al., 2008; Mitchinson et al., 1986; Shrestha and Draviam, 2013; Skibbens et al., 1993).  

 

Kinetochore attachment to microtubules is regulated by phosphorylation/de-

phosphorylation cycles. The Aurora B kinase has been shown to be the master regulator 

of kinetochore-microtubule attachments in human and yeast cells by correcting erroneous 

attachments (Cimini et al., 2006; De Luca et al., 2011; Hauf et al., 2003; Kalantzaki et al., 

2015; Kallio et al., 2002; Liu et al., 2009; Tanaka et al., 2002; Welburn et al., 2010). 

Interestingly, recent studies have shown that Aurora B phosphorylation stabilises lateral 

attachments in yeast and human cells (Shrestha et al., 2017; Kalantzaki et al., 2015). How 

Aurora B is efficiently counteracted for the stabilisation of mature end-on attachments was 

not known in human cells. In yeast and human cells, PP1 and PP2A phosphatases are 

recruited at different kinetochore loci in a time-specific manner (Kim et al., 2010; Kruse et 

al., 2013; Liu et al., 2010; Posch et al., 2010; Qian et al., 2011; Rosenberg et al., 2011; 

Sivakumar et al., 2016; Suijkerbuijk et al., 2012; Tang et al., 2006; Trinkle-Mulchahi et al., 

2006; Xu et al., 2013). The net contribution of each phosphatase recruited to each locus to 

the stabilisation of kinetochore-microtubule attachments is still not known.  
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In this chapter, I compare the contributions of BubR1-recruited PP2A-B56 and KNL1-

recruited PP1 in the formation of mature end-on attachments. I focused my attention on 

these phosphatase docking proteins as they are spatially located near the kinetochore-

microtubule interface (Wan et al., 2009), particularly to the Ndc80 complex which is 

important for the maintenance of end-on attachments (Shrestha et a., 2013). In support of 

my above hypothesis, BubR1 recruited PP2A-B56 has already been shown to be 

necessary for generating stable kinetochore-microtubule attachments by counteracting 

Aurora B (Foley et al., 2011; Suijkerbuijk et al., 2012). However, whether BubR1-bound 

PP2A-B56 altered the proportion of lateral versus end-on attachments was not known. The 

actual contribution of KNL1-recruited PP1 in stabilising kinetochore-microtubule 

attachment is still unclear, although some evidence suggests it is involved in chromosome 

congression (Liu et al., 2010). Moreover, BubR1-recruited PP2A-B56 and KNL1-recruited 

PP1 are part of a negative feedback loop involved in SAC silencing in human cells (Espert 

et al., 2014; Nijenhuis et al., 2014). As the establishment of stable end-on attachments is 

essential for SAC silencing (Etemad et al., 2015; Kuhn and Dumont, 2017; Tauchman et 

al., 2015), BubR1-recruited PP2A-B56 and KNL1-recruited PP1 are good candidates to 

explore the regulation of the end-on conversion process. Finally, I also investigated 

whether  the HEC1 subunit of the Ndc80 complex is a significant substrate of the Aurora B 

pathway in the end-on conversion process. 

 

 

3.1.2. BubR1 ∆660-685 reduces PP2A-B56 levels at kinetochore in comparison to 

wild type. 

 

First, I sought to replicate the reduction of PP2A-B56 levels at kinetochore observed in 

BubR1 KARD mutant expressing cells (hereafter called ∆660-685 - Suijkerbuijk et al., 

2012; Kruse et al., 2013; Xu et al., 2013). To achieve this, I expressed plasmids encoding 

Venus-tagged BubR1 wild type or ∆660-685 (i.e. unable to bind to PP2A-B56 - Kruse et 

al., 2013) in HeLa cells. Mitotic cells were arrested with monopolar spindles using 

Monastrol, an Eg5 kinesin inhibitor (Kapoor et al., 2000 - Figure 3.1.1.A). Immunostaining 

for kinetochores and B56 showed the average intensity of B56 in Venus-BubR1 ∆660-685 

expressing cells was reduced to almost half of wild type average intensity (Figure 3.1.1.B-

E). The general B56 intensity reduction observed in BubR1 ∆660-685 expressing cells was 

visible also at a single kinetochore resolution (Figure 3.1.1.E). These findings are 

consistent with previous reports using immunofluorescence (Suijkerbuijk et al., 2012) and  
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Figure 3.1.1. Expression of Bubr1 ∆660-685 mutant protein reduces PP2A-B56 recruitment to outer-

kinetochores. 

(A) Experimental regime: HeLa cells were transfected with plasmid vectors encoding Venus-BubR1 (wild 

type or ∆660-685) and exposed to Monastrol for 1 hour prior to immunostaining. (B) Representative images 

show B56 localisation at kinetochore in cells immunostained with antibodies against GFP and B56, CREST 

anti-serum and stained with DAPI for DNA. Scale bars: 5 µm. (C) Cropped images from cells as in B show 

circled areas used to measure intensities of B56, pseudo-coloured in green. Scale bar: 1µm. Average 

background noise from 6 random points outside the cell was measured and subtracted from individual 

kinetochore and cytoplasmic intensities. For cytoplasmic values, an average of 6 random points within the 

same cell was used. (D-E) Graphs show kinetochore-bound B56 intensity ratios relative to cytoplasmic 

intensities plotted as single kinetochores from multiple cells (D) or one cell (E) in cells treated as in B. Each 

circle (D) or bar (E) represents one kinetochore intensity value normalised against the average intensity 

value in wild type control cells. Green Horizontal bars and numerical values refer to median values across 

kinetochores (D). Horizontal bars and whiskers mark mean and SD across data from three independent 

experiments (E). In D “*” indicates statistically significant differences assessed using P-values from unpaired 

Student’s t-test. 
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correlate with co-immunoprecipitation experiments (Suijkerbuijk et al., 2012; Kruse et al., 

2013; Xu et al., 2013). 

I, therefore, conclude that the loss of 660-685 a.a. in Venus-BubR1 significantly reduces 

PP2A-B56 levels at  the kinetochore. These experiments also show that BubR1 is not the 

sole recruiter of B56 at the kinetochore.  

Figure 3.1.2. Optimisation for BubR1 depletion using RNAi. 

(A) Representative images show BubR1 levels at kinetochore in HeLa cells treated with BubR1 siRNA and 

fixed at different time points. Cells were arrested with MG132 for 1 hour prior to fixation and immunostained 

with antibodies against BubR1, CREST anti-serum and stained with DAPI for DNA. Scale bars: 5 µm. (B) 

Graph shows percentages of BubR1 positive cells from cells as in A. Whiskers mark SD across data from 

two independent repeats. 

 

 

3.1.3. BubR1-recruited PP2A-B56 is important for normal mitotic timing. 

 

Since BubR1 ∆660-685 causes a significant reduction of B56-PP2A levels at kinetochore, I 

then studied whether expression of this mutant protein would also lead to delay in mitotic 

progression, as previously reported (Suijkerbuijk et al., 2012; Kruse et al., 2013; Xu et al., 

2013). Testing conditions for depletion of endogenous BubR1, as assessed by 

immunofluorescence, showed two consecutive siRNA transfections (one at 72h and one at 

36h before fixation, respectively) to give the highest efficiency depletion (Figure 3.1.2.A-

B). Then, I followed the mitotic progression of HeLa T-REx cell lines stably expressing 

Venus-BubR1 wild type and ∆660-685 in a Doxycycline inducible manner and depleted of 

endogenous BubR1 using live-cell imaging (Kruse et al., 2013; Figure 3.1.3.A). Results 
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showed the average mitotic timing to be significantly higher in cells expressing BubR1 

∆660-685 in comparison to wild type (Figure 3.1.3.B). BubR1 ∆660-685 also displayed a  
 

Figure 3.1.3. Expression of BubR1 ∆660-685 mutant delays mitotic timing. 

(A) Experimental regime: HeLa T-REx Venus-BubR1 (wild type and ∆660-685) cells where transfected twice 

with BubR1 siRNA, induced with Doxycycline and imaged overnight. (B) Graph shows percentage of cells 

completing NEBD (Nuclear Envelope Break-Down) to AO (Anaphase Onset) transition over time from cells 

as in A. (C) Graph shows mitotic timing of cells completing NEBD-to-AO from cells as in A. Each circle 

represents one cell. Horizontal lines and whiskers mark mean and SD across data from one experimental 

repeats. (D) Immunoblot of lysates of cells as in B-C from one representative experimental repeat shows 

endogenous BubR1 depletion levels and exogenous Venus-BubR1 expression upon Doxycycline induction. 

Endogenous BubR1 depletion extent calculated as 63%. In C, “*” and “ns” indicate statistically significant and 

insignificant differences, respectively, assessed using a non-para- metric Kruskal-Wallis H test combined 

with Dunn’s multiple comparisons test. 

 

higher percentage of mitotic arrest as compared to wild type (Figure 3.1.3.C). 

Interestingly, BubR1 ∆660-685 expression presented a dominant negative phenotype as 

the mitotic timing of mutant cells treated with control siRNA was significantly higher than 

wild type expressing cells and comparable to BubR1 siRNA treated mutant expressing 

cells (Figure 3.1.3.B-C). These findings are consistent with the high incidence of mitotic 

arrest observed in cell lines from MVA patients with mutant heterozygous genotypes for 

BubR1 (Suijkerbuijk et al., 2010). 

 

I conclude that mutations in the BubR1 KARD domain prolong mitotic timing and increase 

the incidence of mitotic arrest in human cells. 
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Figure 3.1.4. BubR1 ∆660-685 causes severe chromosome congression defects. 

(A) Experimental regime: HeLa T-REx Venus-BubR1 (wild type and ∆6606-685) cells were treated with 

BubR1 siRNA before Doxycycline induction. Cells were exposed to MG132 for 1 hour prior to 

immunostaining. (B) Representative images show chromosome congression status in cells immunostained 

with antibodies against GFP (Venus epitope) and Tubulin, CREST anti-serum and stained with DAPI for 

DNA. Scale bars: 5 µm. (C) Diagram shows chromo- some congression methodology for scoring cells from 

B. Dotted white line indicates metaphase plate axis. In sub-panel II, white arrowhead highlights 

uncongressed chromosome. Scale bars = 5 µm. (D) Graph shows chromosome congression status from 

cells as in B. 
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3.1.4. BubR1-recruited PP2A-B56 is important for chromosome congression. 

 

Depletion of BubR1 and expression of BubR1 KARD domain mutants induce defects in 

chromosome alignment to metaphase plate (Lampson and Kapoor, 2004; Suijkerbuijk et 

al., 2012; Kruse et al., 2013; Xu et al., 2013). Hence, I sought to validate these findings 

using HeLa T-REx cells stably expressing Venus-BubR1 (wild type or ∆660-685) proteins. 

Cells were depleted of endogenous BubR1, induced with Doxycycline and arrested in 

metaphase using MG132 (a proteasome inhibitor - Han et al., 2009) before fixation 

(Figure 3.1.4.A). The short inhibitor treatment allows the observation of the steady state of 

chromosome congression (i.e. the efficiency of a cell to congress chromosomes) without 

causing cohesion fatigue due to prolong arrest. For scoring chromosome congression, 

metaphase plate axis of fixed mitotic cells was taken as the reference to assess the 

proportion of chromosomes that located on the axis (normal congression) or away from it 

(abnormal congression) (Figure 3.1.4.C). Results showed BubR1 ∆660-685 expressing 

cells display a high percentage of severely misaligned chromosomes as opposed to wild 

type, where the majority of cells congress chromosomes normally (Figure 3.1.4.B-D). This 

is consistent with previous findings (Suijkerbuijk et al., 2012; Kruse et al., 2013; Xu et al., 

2013). 

 

I conclude that mutations in BubR1 KARD domain induce chromosome congression 

defects in human cells. 

 

 

3.1.5. BubR1-recruited PP2A-B56 is important for the establishment of the correct 

plane of kinetochore-microtubule attachment. 

 

Since mutations in BubR1 KARD domain shows defects in chromosome congression, I 

asked whether it is due to defects in establishing the correct plane of kinetochore-

microtubule attachment. Indeed, previous results have shown that treatment with either 

PP2A-B56 or BubR1 siRNA drastically reduces the percentage of cold-stable kinetochore-

microtubule attachments (Lampson and Kapoor, 2004; Foley et al., 2011), suggesting that 

depletion of these proteins might interfere with the formation of mature end-on 

attachments. If this hypothesis is correct, I should expect an increase of laterally attached 

kinetochores in BubR1 ∆660-685 expressing cells in comparison to wild type. 
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Figure 3.1.5. BubR1 ∆660-685 mutant expressing cells present a high percentage of lateral 

attachments in monopolar spindles. 

(A) Experimental regime: HeLa cells were transfected with plasmids encoding Venus-BubR1 (wild type, 

∆660-685) and exposed to Monastrol for 1 hour prior to immunostaining. (B) Representative images show 

kinetochore-microtubule attachment status in cells immunostained with antibodies against GFP (Venus 

epitope) and Tubulin and CREST anti-serum. Cropped images highlight kinetochore-microtubule attachment 

status. Scale bars: 5 µm in uncropped images, 1 µm in cropped images. (C) Graph shows percentage of 

lateral, end-on and detached kinetochores from cells treated as in B. Each circle represents values from one 

cell. Black bar marks average values from four independent experiments. “*” and “ns” indicate statistically 

significant and insignificant differences, respectively, assessed using a non-parametric Mann-Whitney test. 

 

To test this hypothesis, I transiently expressed Venus-BubR1 (wild type or ∆660-685) into 

HeLa cells and arrested the cells with Monastrol prior to fixation (Figure 3.1.5.A). Staining 

for CREST, a kinetochore marker, and α-Tubulin, a microtubule marker, allows an easy 

scoring of the relative position of each kinetochore towards the nearest microtubule bundle 

(Shrestha and Draviam, 2013). Kinetochore-microtubule attachments were analysed first 

in monopolar spindles as these conditions mimic the early stages of mitosis (i.e. 

prometaphase, where centrosomes act as two independent monopoles) when BubR1 is 

highly enriched at kinetochore (Skoufias et al., 2001; Johnson et al., 2004). Therefore, any 

defects in the end-on conversion process should be highlighted. Results showed a high 

percentage of laterally attached kinetochores in BubR1 ∆660-685 mutant expressing cells 

in comparison to wild type expressing cells (average of 60% mutant versus 20% wild type - 

Figure 3.1.5.B-C). No significant differences were observed in the percentages of 
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unattached kinetochores across conditions, suggesting that the KARD domain is not 

critical for the initial kinetochore-microtubule engagement (Figure 3.1.5.C). These results 

indicate that mutation in the BubR1 KARD domain cause problems in the end-on 

conversion process in monopolar spindles.  

Figure 3.1.6. BubR1 ∆660-685 mutant expressing cells present high lateral attachments in bipolar 

spindles. 

(A) Experimental regime: HeLa T-REx Venus-BubR1 (wild type and ∆6606-685) cells were treated with 

BubR1 siRNA before Doxycycline induction. Cells were exposed to MG132 for 1 hour prior to 

immunostaining. (B) Representative images show kinetochore-microtubule attachment status in cells 

immunostained with antibodies against GFP (Venus epitope) and Tubulin, CREST anti-serum and stained 

with DAPI for DNA. Cropped images highlight kinetochore attachment status. Scale bars: 5 µm in uncropped 

images, 1 µm in cropped images. (C) Graph shows percentage of lateral and end-on kinetochores from cells 

treated as in B. Each circle represents values from one cell. Black bar marks average values from four 

independent experiments. “*” indicates statistically significant differences assessed using a non-parametric 
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Mann-Whitney test. (D) Graph shows percentage of lateral attachments in congressed and uncongressed 

kinetochores from cells treated as in B. Each circle represents values from one cell. Black bar and whiskers 

mark average and SD from four independent experiments. “*” indicates statistically significant differences 

assessed using a non-parametric Kruskal-Wallis H test combined with Dunn’s multiple comparisons test. 

 

Then, I studied kinetochore-microtubule attachments in bipolar spindles as they represent 

the physiological condition for the onset of anaphase. To obtain a synchronised population 

of bipolar spindles, I treated HeLa T-REx cells stably expressing Venus-BubR1 (wild type 

or ∆660-685) with BubR1 siRNA and exposed them to MG132 and immunostained with 

antibodies against GFP (for Venus-BubR1), Tubulin (for microtubules), CREST antiserum 

(for the centromeric region) and DAPI (for DNA - Figure 3.1.6.A). Results showed BubR1 

∆660-685 expressing cells to still display a high proportion of laterally attached 

kinetochores in comparison to wild type expressing cells (~65% mutant versus ~2% wild 

type - Figure 3.1.6.B-C). Interestingly, attachment status in BubR1 ∆660-685 mutants 

seems to be independent of congression status as the percentage of wall-tethered 

kinetochores was significantly increased in both congressed and uncongressed 

kinetochores (Figure 3.1.7.D). This shows that bipolar spindles that can offer inter-

kinetochore stretching and tension cannot support end-on attachments in cells expressing 

BubR1 ∆660-685 mutant. Overall, these results are consistent with BubR1 siRNA 

treatment generating lateral attachments in human cells (Lampson and Kapoor, 2004), and 

they provide a molecular explanation for the phenotype.  

 

To further confirm lateral attachment status in BubR1 ∆660-685 mutant expressing cells, I 

performed dual-colour super-resolution microscopy using STORM technique (Stochastic 

Optical Reconstruction Microscopy) in collaboration with Jonas Ries Lab (EMBL 

Heidelberg, Germany - for full optimisation of imaging conditions refer to Appendix 5.1.1.). 

Indeed , results showed that BubR1 ∆660-685 mutant expressing cells presented a high-

percentage of laterally attached kinetochores (n of cells = 4; KT-MT attachment status: 33 

lateral; 9 end-on; 18 undetermined - Figure 3.1.7.)  

 

Finally, I sought to confirm the previous results by studying Astrin localisation at 

kinetochore in cells stably expressing Venus-BubR1 (wild type or ∆660-685) and treated 

as schematised in Figure 3.1.8.A. Our laboratory identified the Astrin/SKAP complex as a 

marker specific for mature end-on attachments, as it localises only on end-on and not 

lateral kinetochores (Shrestha and Draviam, 2013). As expected, BubR1 wild type 

expressing cells presented high levels of Astrin at the kinetochores (average of ~90% -  
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Figure 3.1.7. Venus-BubR1 ∆660-685 induced lateral attachments visualised in STORM. 

(A) Experimental regime: HeLa cells were transfected with plasmids encoding Venus-BubR1 (wild type, 

∆660-685) and exposed to MG132 for 1 hour prior to immunostaining. (B) Diffraction limited and 

reconstructed super-resolution images, as indicated, of a representative cell expressing Venus-BubR1 ∆ 

660-680 mutant acquired using dual-colour STORM. Cells were immunostained with CREST antiserum and 

α-Tubulin antibody. Venus signal (not shown) was used to identify mutant expressing cells. Insets are 

cropped super-resolution images corresponding to area marked using dashed lines. White arrowheads mark 

lateral kinetochores. Scale: 10 µm in uncropped and 1 µm in cropped images. 

 

Figure 3.1.8.B-C). In contrast, Astrin enrichment at kinetochore was severely impaired in 

BubR1 ∆660-685 expressing cells, irrespectively of chromosome congression (average of 

~20% and 0% in congressed and uncongressed kinetochores, respectively - Figure 

3.1.8.B-C). Measurements of Astrin intensity at kinetochore confirmed a consistent 

reduction of Astrin average intensity on congressed and uncongressed kinetochores in 

BubR1 ∆660-685 mutants expressing cells in comparison to wild type (Figure 3.1.8.D).  
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Figure 3.1.8. BubR1 ∆660-685 expression reduces Astrin enrichment at kinetochore. 

(A) Experimental regime: HeLa T-REx Venus-BubR1 (wild type and ∆6606-685) cells were treated with 

BubR1 siRNA before Doxycycline induction. Cells were exposed to MG132 for 1 hour prior to 

immunostaining. (B) Representative images show Astrin kinetochore localisation in cells immunostained with 

antibodies against GFP (Venus epitope), Tubulin and Astrin and stained with DAPI for DNA. Cropped 

images highlight Astrin localisation at kinetochore. Scale bars: 5 µm in uncropped images, 1 µm in cropped 

images. (C) Graph shows Astrin enrichment at congressed and uncongressed kinetochores from cells as in 

B. Each bar represents values from one cell. Red dotted line marks average values across cells from two 

independent experiments. (D) Graph of Astrin intensities on congressed or uncongressed kinetochores in 

cells expressing Venus(YFP)-tagged BubR1 WT or ∆660–685 mutant, as in B. Each circle represents values 

from one kinetochore. Horizontal lines show average values (in green) across KTs from two independent 

experiments. “*” and “ns” indicate statistically significant and insignificant differences, respectively, assessed 

using a non-parametric Kruskal-Wallis H test combined with Dunn’s multiple comparisons test. 



3.1. Results Part I                                                

   82 

 

Figure 3.1.9. Inhibition of Aurora B activity rescues BubR1 ∆660-685 induced chromosome 

congression and kinetochore-microtubule attachment defects.  

(A) Experimental regime: HeLa T-REx Venus-BubR1 (wild type and ∆6606-685) cells were treated with 

BubR1 siRNA before Doxycycline induction. Cells were exposed to MG132 for 45’ and then treated with 

MG132 + ZM447439 prior to immunostaining. (B) Representative images show chromosome congression 

and kinetochore-microtubule attachment status in cells immunostained with antibodies against GFP (Venus 

epitope) and Tubulin, CREST anti-serum and stained with DAPI for DNA. Cropped images highlight 

kinetochore attachment status. Scale bars: 5 µm in uncropped images, 1 µm in cropped images. (C) Graph 

shows chromosome congression status from cells as in B. (D) Graph shows percentage of lateral and end-

on kinetochores from cells treated as in B. Each circle represents values from one cell. Black bar marks 

average values from two independent experiments. “ns” indicates statistically insignificant differences 

assessed using a non-parametric Mann-Whitney test. 
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This data is in agreement with low kinetochore levels of Astrin in human cells treated with 

B56 siRNA that display a BubR1 depletion-like phenotype (Xu et al., 2014). 

 

Based on this evidence, I conclude that BubR1-recruited PP2A-B56 is important for the 

formation of mature end-on attachments in human cells. 

 

 

3.1.6. BubR1-recruited PP2A-B56 counteracts Aurora B for the establishment of 

mature end-on attachments. 

 

Foley at al. (2011) showed that the depletion of human B56 using siRNA leads to an 

unregulated activity of Aurora B at outer-kinetochore in human cells. Conversely, previous 

experiments performed in human cells (in our group) and yeast cells (in Tanaka group; 

Kalantzaki et al., 2015) showed constitutive Aurora B activity at the outer-kinetochore 

stabilises lateral attachments (Kalantzaki et al., 2015; Shrestha et al., 2017). For these 

reasons, I postulated that the high percentage of lateral attachments shown by Venus-

BubR1 ∆660-685 expressing mutants might be due to a lack of counteraction of Aurora B 

activity by the PP2A-B56 phosphatase. If the hypothesis is true, inhibition of Aurora B 

should rescue the phenotype observed in Venus-BubR1 ∆660-685. 

 

Thus, I exposed cells stably expressing Venus-BubR1 (wild type or ∆660-685) to MG132 

and ZM447493 (an Aurora B inhibitor - Ditchfield et al., 2003) before fixation (Figure 

3.1.9.A). Inhibitor treatment rescued defects in chromosome congression of BubR1 ∆660-

685 expressing cells, reducing the percentage of severely misaligned chromosomes to 

~20% (Figure 3.1.9.B-C). This data is in agreement with rescue of chromosome 

congression defects in human cells treated with BubR1 siRNA upon Aurora B inhibition 

(Lampson and Kapoor, 2004). Furthermore, the proportion of end-on kinetochores in 

BubR1 ∆660-685 mutant expressing cells increased to 90% upon Aurora B inhibition 

(Figure 3.1.9.B,D - compare with Figure 3.1.6.C for non treated conditions, average of 

~35%). These findings are consistent with stabilisation of end-on attachments observed in 

ZM447439 inhibited cells (Shrestha et al., 2017). 

 

Finally, to confirm the inhibitor-based rescue studies using biochemical markers, I studied 

Astrin enrichment at kinetochore in cells treated as in Figure 3.1.9A. As expected, 

immunostaining for Astrin levels following Aurora B inhibitor treatment showed high  
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Figure 3.1.10. Aurora B inhibition rescues BubR1 ∆660-685 induced Astrin kinetochore localisation 

defects. 

(A) Representative images show Astrin kinetochore localisation in cells immunostained with antibodies 

against GFP (Venus epitope), Tubulin and Astrin and stained with DAPI for DNA. Cropped images highlight 

Astrin localisation at kinetochore. Scale bars: 5 µm in uncropped images, 1 µm in cropped images. (B) 

Graph shows Astrin enrichment at kinetochore from cells as in A. 

 

enrichment of Astrin at kinetochores of cells expressing BubR1 ∆660-685, comparable to 

wild type levels (Figure 3.1.10.A-B). This data agrees with high Astrin/SKAP complex 

enrichment at kinetochore in human cells treated with Aurora B inhibitors (Schmidt et al., 

2010; Shrestha et al., 2017). 

 

I, therefore, conclude that inhibition of Aurora B rescues chromosomes congression and 

end-on conversion defects in BubR1 KARD mutant expressing cells. This data shows that 

B56 phosphatase and Aurora B pathways counteract each other directly or indirectly. 

 

 

3.1.7. KNL1 4A reduces PP1 levels at kinetochore in comparison to wild type. 

 

Introduction: Results from my experiments show that ~65% of kinetochores were laterally 

attached in Venus-BubR1 ∆660-685 mutant expressing cells (Figure 3.1.6.C). However, 

immunofluorescence studies on cells expressing Mis12-INCENP displayed an increase in 

lateral attachments to almost ~97%. I hypothesised this gap between percentages to be 

due to another kinetochore-bound phosphatase(s). Based on proximity to the surface of 

kinetochore-microtubule interaction (i.e. HEC1 N-tail - Wan et al., 2009), the putative 

phosphatase could be either i) CENP-E (Kim et al. 2010) or ii) KNL1 (Liu et al., 2010) 

recruited PP1. CENP-E-bound PP1 has already been shown to be important for 
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chromosome-congression and the end-on conversion process (Kim et al. 2010; Shrestha 

and Draviam, 2013). On the other hand, KNL1-bound PP1 has been shown to be 

important mainly for SAC signal silencing in human and yeast cells (Liu et al., 2010; 

Rosenberg et al., 2011), and hence is recruited only in late mitosis following proper 

biorientation. Interestingly, recent evidence showed KNL1-recruited PP1 to be part of a 

negative feedback-loop with BubR1-recruited PP2A-B56 in Nocodazole treated cell 

cultures, where kinetochore-bound microtubules are absent (Nijenhuis et al., 2014). Given 

the spatial proximity of Bub1/BubR1/Bub3 module to KNL1 (Wan et al., 2009), I 

investigated whether blocking KNL1-PP1 recruitment might affect the plane of kinetochore-

microtubule attachments. Because KNL1 recruits PP1 only in bipolar spindles following 

biorientation, the most physiologically relevant condition to study this function are bipolar 

spindles. Nevertheless, I compared monopolar and bipolar scenarios to gain information 

on the feedback loop between B56 and PP1 at outer-kinetochore. 

 

For this purpose, I used three LAP-tagged KNL1 constructs (Nijenhuis et al., 2014 - Figure 
3.1.11A) expressing respectively: 

 

• A full-length KNL1 wild type (hereafter called LAP-KNL1 WT). 

• A full-length KNL1 where the SSILK and RVSF motifs where mutated to ASILK and 

RVAF, respectively, mimicking the dephosphorylated state and therefore increasing the 

binding of the phosphatase (LAP-KNL1 2A). 

• A full-length KNL1 where the RVSF motif was mutated to AAAA (LAP-KNL1 4A), 

therefore abolishing PP1 interaction. 

 

First, I asked whether I could reproduce the binding affinity results of the LAP-tagged 

KNL1 mutants reported so far by previous studies (Liu et al., 2010; Nijenhuis et al., 2014). 

Fort this purpose, I treated HeLa T-REx cells with KNL1 siRNA before co-transfection of 

LAP-KNL1 (wild type or 2A or 4A) and with mCherry-PP1γ plasmids. Cells were arrested 

with MG132 before fixation (Figure 3.1.11.B). PP1γ was selected over other variants of the 

phosphatase as it is the most abundant isoform localising at kinetochore (Trinkle-Mulcahy 

et al., 2003). Analysis of mCherry intensities at kinetochore showed average PP1γ levels to 

be increased in KNL1 2A expressing cells in comparison to wild type expressing cells 

(Figure 3.1.11.C-E). On the contrary, when KNL1 4A was expressed, PP1γ levels were 

significantly decreased as opposed to wild type (Figure 3.1.11.C-E). Assessing the 

kinetochore intensities of mCherry-PP1γ was considerably difficult compared to B56  
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Figure 3.1.11. Expression of LAP-KNL1 4A mutants subtly alters mCherry-PP1γ recruitment at 

kinetochores. 

(A) Diagram of KNL1 mutants used in this study (Liu et al., 2010; Nijenhuis at al., 2014). Aminoacid 

sequences (green box) show PP1 docking site at KNL1 N-terminus and coloured letters highlight aminoacid 

residues. MELT repeats (where Bub1/Bub3/BubR1 module binding happens) are showed as red circles in 

the unstructured region of N-terminus. Diagram adapted from Musacchio and Desai (2017), Nijenhuis at al. 

(2014) and Zhang et al. (2016). (B) Experimental regime: HeLa cells were treated with KNL1 siRNA, co-

transfected with plasmid vectors encoding LAP-KNL1 (wild type or 2A or 4A) and mCherry-PP1γ and 

exposed to MG132 for 45 minutes prior to immunostaining. Nijenhuis et al. (2014) sub-panel is shown for 
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PP1γ staining quality comparison. (C) Representative images show mCherry-PP1γ localisation at kinetochore 

in cells treated as in B and immunostained with antibodies against GFP and mCherry. Scale bars: 5 µm. (D) 

Graphs showing intensity ratios of KT bound PP1 relative to cytoplasmic intensities in cells treated as in B. 

Each vertical bar represents a kinetochore intensity value normalised against the average intensity value in 

wild type control cells. Horizontal bars and numerical values (in red) refer to median values across 

kinetochores from two independent experimental repeats. (E) Images of kinetochores show circled areas 

used to measure intensities of mCherry-PP1γ (pseudo-coloured in green). Scale bars: 1 µm. Average 

background noise from 6 random points outside the cell was measured and subtracted from individual 

kinetochore and cytoplasmic intensities. For cytoplasmic value, an average of 6 random points within the 

same cell was used. 

 

intensities in the BubR1 study (Figure 3.1.1.).Nevertheless, the results are consistent with 

previous reports (Nijenhuis et al., 2014). 

 

I conclude expression of KNL1 2A increases the PP1γ intensity at kinetochore whereas 

KNL1 4A  causes a decrease, when compared to wild type. 

 

 

3.1.8. KNL1 4A presents end-on conversion and Astrin kinetochore localisation 

defects in comparison to wild type and 2A mutant expressing cells in monopolar 

cells. 

 

I then asked if abolishing PP1 interaction on KNL1 would obstruct the formation of stable 

end-on attachment in monopolar conditions, when normally the SAC will be active and 

KNL1-bound PP1 is not recruited. I studied kinetochore attachments status in 

immunostained HeLa cells transiently expressing LAP-KNL1 (wild type or 2A or 4A) in 

monopolar conditions (Figure 3.1.12.A). I observed an average of ~55% lateral 

attachments in KNL1 4A expressing cells as opposed to ~35% and ~23% displayed by 

KNL1 wild type and 2A mutant expressing cells, respectively (Figure 3.1.12.B-C). 

Furthermore, KNL1 4A mutant expressing cells presented a reduction in Astrin enrichment 

at kinetochore in comparison to KNL1 wild type and 2A mutant expressing cells, 

respectively (Figure 3.1.12.B,D). My interpretation of this data is that KNL1 4A causes 

defects in the establishment of mature end-on attachments. 

 

I conclude KNL1 4A expression increases lateral attachments and lowers Astrin 

kinetochore enrichment in monopolar cells. These findings show that even though PP1 is 

not recruited onto KNL1 until biorientation is achieved, KNL14A mutant, which abrogates 
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PP1 recruitment, increases the proportion of lateral kinetochore-microtubule attachments. 

This might suggest that the feedback module is primed and ready even on monopolar 

spindles. 

Figure 3.1.12. KNL1 4A mutant expression induces kinetochore-microtubule attachment and Astrin 

localisation defects in monopolar spindles.  

(A) Experimental regime: HeLa cells were transfected with plasmid vectors encoding LAP-KNL1 (wild type or 

2A or 4A) and exposed to Monastrol for 1 hour prior to immunostaining. (B) Representative images show 

kinetochore-microtubule attachment status in cells immunostained with antibodies against GFP (Venus 

epitope) and Tubulin and CREST anti-serum. Cropped images highlight kinetochore-microtubule attachment 

status and Astrin kinetochore localisation. Scale bars: 5 µm in uncropped images, 1 µm in cropped images. 

(C) Graph shows percentage of lateral, end-on and detached kinetochores from cells treated as in B. Each 

circle represents values from one cell. Black bar marks average values from four independent experiments. 

(D) Graph of Astrin intensities on congressed or uncongressed kinetochores in cells as in B. Each circle 

represents values from one kinetochore. Horizontal lines show averages across KTs from three independent 

experiments. “*” and “ns” indicate statistically significant and insignificant differences, respectively, assessed 

using a non-parametric Kruskal-Wallis H test combined with Dunn’s multiple comparisons test.  
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Figure 3.1.13. KNL1 4A mutant expression induces mild congression and kinetochore-microtubule 

attachment defects in bipolar spindles. 

(A) Experimental regime: HeLa cells were treated with KNL1 siRNA and transfected with plasmid vectors 

encoding LAP-KNL1 (wild type or 2A or 4A). Cells were induced with Doxycycline for 29 hours and exposed 

to MG132 for 45 minutes prior to immunostaining. (B) Representative images show chromosome 

congression and kinetochore-microtubule attachment status in cells immunostained with antibodies against 

GFP and Tubulin and stained with DAPI for DNA. Scale bars: 5 µm for uncropped images, 1 µm for cropped 

images. (C) Graph shows chromosome congression status from cells as in B. (D) Graph shows percentage 

of lateral and end-on kinetochores from cells treated as in B. Each circle represents values from one cell. 

Black bar marks average values from three independent experiments. “*” and “ns” indicate statistically 

significant and insignificant differences, respectively, assessed using a non-parametric Kruskal-Wallis H test 

combined with Dunn’s multiple comparisons test. 

 

 

3.1.9. KNL1 4A expressing cells present mild congression and kinetochore-

microtubule attachment defects in bipolar conditions. 

 

Evidence from previous studies showed KNL1-bound PP1 to enrich at kinetochore after 

PP2A-B56 counteraction of Aurora B phosphorylation on KNL1 RVSF motif (Nijenhuis et 

al., 2014 - Figure 3.1.11.A). I, therefore, investigated whether mutations on KNL1 RVSF 
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motif would impair end-on attachment formation in bipolar spindles, a more physiological 

condition for PP1 recruitment onto KNL1. For this purpose, I studied kinetochore-

microtubule attachment defects in HeLa cells expressing LAP-KNL1 (wild type or 2A or 

4A) following MG132 treatment before fixation (Figure 3.1.13.A). KNL1 4A expression 

leads to an increase in mild defective congressed cells as opposed to wild type and 2A 

expressing cells (15% in 4A versus 10% in 2A versus 5% in wild type, respectively - 

Figure 3.1.13.B-C). These results are consistent with what Liu et al. (2010) reported. I 

observed mild kinetochore-microtubule attachment defects in KNL1 4A expressing cells 

compared to wild type and 2A expressing cells (average of lateral attachments: ~7% in 4A 

versus ~3% in wild type and 2A - Figure 3.1.13.B,D). 

 

I conclude disruption of KNL1-PP1 interaction leads to very mild chromosome congression 

and kinetochore-microtubule attachment defects in bipolar spindles. 

 

 

3.1.10. KNL1 4A expression reduces Astrin enrichment at kinetochore in 

comparison to wild type in bipolar cells. 

 

Since LAP-KNL1 4A mutant expressing cells present an increase in laterally attached 

kinetochores, I sought to confirm this result using a biochemical marker. To do so, I 

measured Astrin enrichment at kinetochore in LAP-KNL1 (wild type or 2A or 4A) cells 

treated with MG132 (Figure 3.1.14.A). I observed that, on average, Astrin crescents were 

enriched only on ~40% of kinetochores as opposed to ~95% and ~96% kinetochores in 

wild type and 2A, respectively (Figure 3.1.14.B-C). Importantly, I measured a decrease in 

Astrin intensity at kinetochores of KNL1 4A expressing cells, compared to wild type and 2A 

expressing cells (Figure 3.1.14.B-D). These results are consistent with results from 3.1.9. 

No difference in total enrichment or average intensity at kinetochore was detected 

between KNL1 2A and wild type expressing cells. Because I co-stained Astrin with 

microtubules, I could also see that end-on attachments showed reduced or no Astrin at 

kinetochores (Figure 3.1.14. B-D). These findings indicate that Astrin recruitment at 

kinetochore is exquisitely sensitive to phosphatase levels. 

 

I conclude KNL1 4A expressing cells display a reduction of Astrin enrichment at 

kinetochore compared to wild type and 2A expression. 
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Figure 3.1.14. KNL1 4A mutant expression induces a reduction in Astrin kinetochore enrichment. 

(A) Experimental regime: HeLa cells were treated with KNL1 siRNA and transfected with plasmid vectors 

encoding LAP-KNL1 (wild type or 2A or 4A). Cells were induced with Doxycycline for 29 hours and exposed 

to MG132 for 45 minutes prior to immunostaining. (B) Representative images show Astrin localisation at 

kinetochore in cells treated as in A and immunostained with antibodies against GFP, Tubulin and Astrin and 

stained with DAPI for DNA. Scale bars: 5 µm for uncropped images, 1 µm for cropped images. (C) Graph 

shows Astrin enrichment at kinetochores from single cells as in B. Each bar represents values from one cell. 

Red dotted line marks average values across cells from three independent experiments. (C) Graph of Astrin 

intensities at kinetochore in cells as in B. Each circle represents values from one kinetochore. Horizontal 

lines show average values (in red) across KTs from two independent experiments. “*” and “ns” indicate 

statistically significant and insignificant differences, respectively, assessed using a non-parametric Kruskal-

Wallis H test combined with Dunn’s multiple comparisons test. 
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Figure 3.1.15. HEC1 constitutive de-phosphorylation does not rescue Mis12-INCENP induced Astrin 

kinetochore enrichment defects. 

(A) Experimental regime: HeLa cells were treated with HEC1 siRNA and transfected with plasmid vectors 

encoding HEC1-GFP (wild type or 9A) and exposed to Monastrol and MG132 prior to immunostaining. (B) 

Representative images show Astrin enrichment in cells treated as in A and immunostained with antibodies 

against Astrin and mCherry or CREST anti-serum (Controls) or antibodies against GFP and Astrin. Cropped 

images highlight Astrin kinetochore localisation. Scale bars: 5 µm in uncropped images, 1 µm in cropped 

images. (C) Graph shows Astrin enrichment at kinetochore from cells treated as in B. Each circle represents 

values from one cell. Red bar and whiskers mark average values and SD, respectively, from six independent 
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experiments. “*” indicates statistically significant and insignificant differences, respectively, assessed using a 

non-parametric Mann-Whitney test. 

 

 

3.1.11. Is HEC1 an important downstream target of the Aurora B pathway in the end-

on conversion process? 

 

Introduction: Recent evidence suggests that stabilisation of kinetochore-microtubule 

interactions, rather than intra-kinetochore stretching is necessary and sufficient to silence 

the SAC (Etemad et al., 2015; Tuchman et al., 2015). Moreover, Kuhn and Dumont (2017) 

have demonstrated that end-on attachments are needed to displace MAD1 from 

kinetochores. The HEC1/Ndc80 subunit of the four-member Ndc80 complex is important 

for establishing kinetochore-microtubule attachments in an Aurora B-dependent manner in 

human and yeast cells (Cheeseman et al., 2001; DeLuca et al., 2006; DeLuca et al., 

2011). Our lab has also shown that the HEC1 loop domain is essential for the 

maintenance of end-on attachments (Shrestha and Draviam, 2013). For these reasons, I 

investigated whether HEC1/Ndc80 is an important substrate of Aurora B in the pathway 

maturation of end-on attachments. Indeed, if the hypothesis is correct, I should expect 

HEC1 9A (mutant with N-tail constitutive dephosphorylation - DeLuca et al., 2011) to be 

insensitive to constitutive Aurora B activity at the outer-kinetochore for the establishment of 

mature end-on attachments. 

 

To test this hypothesis, I expressed in HeLa cells HEC1-GFP (wild type or 9A - DeLuca et 

al., 2011) alone or co-transfected with Mis12-INCENP-mCherry wild type (i.e. a molecular 

tool for constitutively recruiting Aurora B to the outer-kinetochore - Liu et al., 2009) and 

arrested with Monastrol and MG132 before fixation (Figure 3.1.15.A). First, I studied 

Astrin enrichment at kinetochore as a proxy for kinetochore-microtubule attachment 

maturation status. Results showed Astrin kinetochore localisation to be higher in HEC1-

GFP 9A mutant expressing cells than to wild type expressing cells (Figure 3.1.15.B-C). 

This result is consistent with HEC1 9A mutant expressing cells displaying a higher number 

of syntelic end-on attachments (Etemad et al., 2015). Co-transfection of HEC1 wild type 

with Mis12-INCENP wild type drastically reduced Astrin enrichment at kinetochore (Figure 

3.1.15.B-C), in agreement with stabilisation of lateral attachments in human cells upon 

constitutive recruitment of Aurora B at outer-kinetochores (Shrestha et al., 2017). 

Interestingly, I observed a reduction of Astrin levels at kinetochore also in cells co-
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expressing HEC1 9A and Mis12-INCENP wild type (Figure 3.1.15.B-C). I conclude that 

Astrin localisation at kinetochore is sensitive to Aurora B activity even in the absence of 

the nine HEC1 phosphorylation sites. 

 

Second, I studied kinetochore-microtubule attachment status in cells treated as in Figure 

3.1.15.A. Immunostaining of HEC1 wild type and 9A mutant cells with antibodies against 

GFP, mCherry and Tubulin showed ~55% and ~60% end-on attachments, respectively 

(Figure 3.1.16.A-B). However, in Mis12-INCENP wild type co-expression conditions, I 

observed an increase in lateral attachments from ~45% to ~60% in wild type and from 

~35% to ~60% in 9A expressing cells, respectively (Figure 3.1.16.A-B). I interpret this 

increase in lateral attachments as a failure in generating mature attachments, and it is 

consistent with Astrin kinetochore enrichment data. I also observed no significant increase 

in the numbers of detached kinetochores across conditions (Figure 3.1.16.A-B). HEC1 9A 

results agree with Etemad et al. (2015), which found an average ~5% unattached 

kinetochores. 

 

Based on my results, I conclude that HEC1 9A mutant expression is not able to fully 

rescue kinetochore-microtubule attachment and Astrin enrichment defects due to Mis12-

INCENP expression in monopolar spindles. 

 

 

3.1.12. Discussion. 

 

During mitosis, faithful chromosome segregation is ensured mechanically by 

depolymerisation of microtubule plus tips stably bound to kinetochores (Cassimeris and 

Salmon, 1991; McIntosh et al., 2008). The end-on conversion process resolves immature 

lateral attachments into mature end-on attachments, the only  attachment geometry 

allowing microtubule depolymerisation to be harnessed and translated into pulling forces 

(Magidson et al., 2011; Shrestha et al., 2013; Tanaka et al., 2005). The end-on conversion 

process is highly dynamic, yet kinase/phosphatase counteraction regulations are still 

poorly understood. Recently, our group showed that Aurora B phosphorylation stabilises 

immature lateral attachments in human cells (Shrestha et al., 2017). However, which is the 

counteracting phosphatase or phosphatases for this pathway remains unclear. In this 

chapter, I investigated the net contribution of BubR1-recruited PP2A-B56 and KNL1-

recruited PP1 in the dynamic regulation of the end-on conversion process. 
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Figure 3.1.16. HEC1 constitutive de-phosphorylation does not rescue Mis12-INCENP induced 

kinetochore-microtubule attachment defects. 
(A) Representative images show kinetochore-microtubule attachment status in cells immunostained with 

antibodies against GFP, Tubulin and mCherry. Cropped images highlight kinetochore-microtubule 

attachment status. Scale bars: 5 µm in uncropped images, 1 µm in cropped images. (B) Graph shows 

percentage of lateral, end-on and detached kinetochores from cells treated as in A. Each circle represents 

values from one cell. Black bar marks average values from five independent experiments. “*” and “ns” 

indicate statistically significant and insignificant differences, respectively, assessed using a non-para- metric 

Kruskal-Wallis H test combined with Dunn’s multiple comparisons test. 

 

First, I focused on PP2A-B56 recruited by the BubR1 KARD domain (Kruse et al., 2013; 

Suijkerbuijk et al., 2012; Xu et al., 2013), as it localises at kinetochore before KNL1-

recruited PP1 and regulates PP1 enrichment onto KNL1 (Nijenhuis et al., 2014). Yeast 

two-hybrid and co-immunoprecipitation studies performed in human cells expressing 

BubR1 with a mutated KARD domain show a drastic decrease in BubR1/PP2A-B56 

interaction (Kruse et al., 2013; Suijkerbuijk et al., 2012; Xu et al., 2013). In agreement with 

this, I observed a decrease in PP2A-B56 intensity at kinetochores in BubR1 ∆660-685 

expressing cells (Kruse et al., 2013) in comparison to wild type.  

 

In live-cell imaging experiments, I observe that BubR1 ∆660-685 expressing cells exhibit a 

longer delay in anaphase onset and a higher number of cells arresting in mitosis in 
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comparison to wild type cells. This agrees with previous reports (Kruse et al., 2013). 

Furthermore, these findings correlate with high mitotic index displayed by cell lines from 

MVA patients (Suijkerbuijk et al., 2010). Nijenhuis et al. (2014) reported the same results 

in BubR1 ∆KARD expressing cells. Although the experimental regime is different from my 

settings - the authors used Nocodazole arrest followed by treatment with Reversine, a 

Mps1 inhibitor, to force mitotic exit - my results agree with the increase of mitotic timing 

and mitotic arrest I observed in BubR1 ∆660-685 expressing cells. Interestingly, in my 

experiments, I report a dominant negative phenotype exhibited by BubR1 ∆660-685 

expressing cells transfected with control siRNA. These results are in agreement with Xu et 

al. (2013) where the authors reported a dominant negative phenotype in cell transiently 

expressing Lap-BubR1 1-730 I/F mutant protein, a mutation found in MVA patients. 

 

Human cells expressing a KARD mutant version of BubR1 exhibit severe impairments in 

chromosome congression (Kruse et al., 2013; Suijkerbuijk et al., 2012; Xu et al., 2013). 

Chromosome alignment defects have also been shown in cell lines from MVA patients 

(Suijkerbuijk et al., 2010, Xu et al., 2013). I observed the same behaviour in BubR1 ∆660-

685 expressing cells.  

 

Are the chromosome congression defects exhibited by BubR1 ∆660-685 expressing cells 

due to defects in the end-on conversion process?  

Cells treated with BubR1 or B56 siRNA, respectively, display high numbers of cold-

unstable attachments (Lampson and Kapoor, 2004; Foley et al., 2011), suggesting that 

BubR1/PP2A-B56 module is important for the generation of cold-stable end-on 

attachments. I showed that BubR1 ∆660-685 expressing cells present high levels of lateral 

attachments in both monopolar and bipolar spindles. These findings agree with high 

kinetochore levels of MAD2, a marker of lateral attachments (Shrestha and Draviam, 

2013), exhibited by BubR1 depleted cells (Lampson and Kapoor, 2004). I also observed 

low kinetochore enrichment of Astrin in BubR1 ∆660-685 expressing cells, which 

correlates with a high incidence of lateral attachments and agrees with low Astrin levels at 

kinetochore upon B56 siRNA treatment (Xu et al., 2014). Aurora B inhibition was sufficient 

to rescue both chromosome congression and kinetochore-microtubule attachment defects. 

This is in agreement with previous findings (Foley et al., 2011; Lampson and Kapoor, 

2004) and confirms PP2A-B56 to counteract Aurora B actively for the establishment of 

end-on attachments. I reported persistence of some mild chromosome congression 

defects upon ZM447439 treatment, which is in agreement with the low percentage of 
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uncongressed chromosomes observed upon Aurora B inhibition due to premature 

attachment stabilisation (Hauf et al., 2003; Lampson and Kapoor, 2004).  

 

Interestingly, biorientation per se does not rescue defects in kinetochore-attachments in 

BubR1 ∆660-585 expressing cells (compare Figure 3.1.5.C to Figure 3.1.6.C). This differs 

from the drastic reduction of lateral attachments when Mis12-INCENP expressing cells are 

arrested in bipolar spindles (Shrestha et al., 2017). Since chromosome congression 

defects are more severe in BubR1 ∆660-685 expressing cells than in Mis12-INCENP 

expressing cells, it indicates that lack of PP2A-B56 at the outer-kinetochore might possess 

a stronger phenotype than constitutive recruitment of Aurora B at the outer-kinetochore. 

Xu et al. (2014) have shown that chromosome congression defects in human cells treated 

with B56 siRNA can be rescued by HSET siRNA treatment. The authors also show high 

levels of Astrin crescents at kinetochore (Xu et al., 2014), inferring that kinetochore-

microtubule attachment defects are also rescued. This could indicate BubR1-recruited 

PP2A-B56 has a role in controlling chromosome congression and attachments through de-

phosphorylation of spindle architecture regulators. However, HSET is a microtubule cross-

linker involved in spindle assembly and the observed rescue might happen due to 

relaxation of spindle architecture upon HSET depletion (Cai et al., 2009; Manning and 

Compton, 2007; Mountain et al., 1999). Furthermore, there is no evidence so far of HSET 

regulation by Aurora B in human cells, excluding HSET from Aurora B/PP2A-B56 

counteraction in the end-on conversion process. One possible player to be involved in the 

process could be CENP-E motor protein, which localises at kinetochore with the NUF2 

subunit of the Ndc80 (Liu et al., 2007). CENPE activity during chromosome congression is 

negatively regulated by Aurora B phosphorylation (Kim et al., 2010; Maia et al., 2010). As 

CENP-E depletion or inhibition increases the incidence of lateral attachments in human 

cells (Shrestha and Draviam, 2013), BubR1-recruited PP2A-B56 could act in synergy with 

CENPE-bound PP1 to prevent Aurora B from stabilising lateral attachments during the 

initial phases of the end-on conversion process. Finally, chromosome congression defects 

in CENP-E depleted cell is milder than in BubR1 ∆660-685 expressing mutants, 

suggesting other players to be involved in the process. 

 

Is KNL1-recruited PP1 important for end-on conversion process regulation? 

I then investigated the contribution of KNL1-bound PP1 in the end-on conversion process. 

Previous reports show mutation of KNL1 RVSF motif into to four Alanines (i.e. 4A mutant) 

to reduce PP1 affinity whereas mutating the SSILK/RVSF motifs into ASILK/RVAF 
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enhances PP1 binding affinity (Liu et al., 2010; Nijenhueis et al., 2014). My results are in 

agreement with these findings. 

 

I observed a high number of end-on, Astrin enriched, kinetochores in KNL1 2A expressing 

cells in monopolar spindles. Conversely, my results show a different outcome for KNL1 4A 

mutant cells in monopolar and bipolar spindles. Indeed, I observed a high number of 

lateral attachments of KNL1 4A expressing cells in monopolar spindles, whereas these 

defects are almost completely rescued in bipolar cells. These results correlate with the 

mild uncongression phenotype displayed by KNL1 4A mutant cells, which agrees with 

previous reports (Liu et al., 2010). Interestingly, Astrin enrichment at kinetochores in KNL1 

4A mutant expressing cells is reduced in both monopolar and bipolar spindles, compared 

to wild type expressing cells. This would suggest kinetochore-microtubule of KNL1 4A 

mutant cells are unstable even in bipolar spindles. Temporally, PP1 is not expected to 

enrich onto KNL1 in monopolar conditions, so it is unlikely to participate in the end-on 

conversion process. Therefore, the different phenotypes displayed by KNL1 4A in 

monopolar and bipolar spindles are physiologically irrelevant. Nevertheless, these 

changes in kinetochore-attachment status and Astrin levels indicate the readiness of the 

feedback loop to change phosphorylation states at outer-kinetochore. 

 

What is the net contribution in the end-on conversion process by BubR1-recruited PP2A-

B56 and KNL1-recruited PP1, respectively?  

My studies suggest BubR1-recruited PP2A-B56 exhibits a more significant role in end-on 

conversion regulation in comparison to KNL1-recruited PP1 (compare Figure 3.1.6.C to 

Figure 3.1.13.D). The difference in contributions could be correlated to distinct PP1 and 

PP2A-B56 localisation timings at the kinetochore. Indeed, in prometaphase, BubR1 

enriches highly on unattached and laterally attached kinetochores (Lampson and Kapoor, 

2004). Phosphorylation of BubR1 KARD domain is high at this stage, thus enriching PP2A-

B56 (Nijenhuis et al., 2014). On the other hand, KNL1 SSILF/RVSF motifs are heavily 

phosphorylated by Aurora B, obstructing PP1 enrichment (Liu et al., 2010; Nijenhuis et al., 

2014). PP1 localisation is allowed at a later stage of chromosome congression, when the 

gradual counteraction of PP2A-B56 on Aurora B dephosphorylates docking site onto KNL1 

(Nijenhuis et a., 2014). PP1 activity onto KNL1 increases when the kinetochore is already 

end-tethered, suggesting its activity to be downstream the end-on conversion process. 

Indeed, from my results in bipolar spindles, I observe the majority of kinetochores in KNL1 

4A expressing cells to be end-on attached. 
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Are other recruitment loci for PP2A involved in the initial stages of the end-on conversion 

process? 

Foley et al. (2011) showed that PP2A scaffold localises at the inner kinetochore during 

chromosome congression. It has been reported that Sgo1-recruited PP2A is active at 

inner-kinetochores and actively counteracts Aurora B (Tang et al., 2006). Meppelink et al. 

(2015) also reported that excessive recruitment of PP2A-B56 at inner-kinetochore by Sgo2 

fused to CENPB results into defects in chromosome congression. This finding is 

interesting as it shows that altering phosphatase levels can phenocopy excessive 

recruitment of Aurora B kinase at kinetochore (see Shrestha et al., 2017). As expected, 

ectopic enrichment of PP2A-B56 at inner-kinetochore results in stabilisation of end-on 

kinetochores even in uncongressed chromosomes. Constitutive recruitment of Aurora B to 

either inner- or outer-kinetochore results in milder or more severe stabilisation of lateral 

attachments, respectively (Shrestha et al., 2017). Since Aurora B has been found to 

localise both at inner and outer kinetochore in physiological conditions in human cells (De 

Luca et al., 2011;  Knowlton et al., 2006; Wang et al., 2010; Wang et al., 2011), this would 

hint that two distinct pools of Aurora B/PP2A-B56 switches exist. Furthermore, these 

findings altogether demonstrate that ectopic enrichment of either Aurora B or PP2A-B56 in 

early stages of mitosis results in stabilisation of opposite states of attachment geometry 

(i.e. either immature lateral or mature end-on attachments). For this reason, imbalance of 

phosphorylation forces is essential to allow dynamic end-on conversion process and error 

correction in prometaphase. Finally, Nijenhuis et al. (2014) show that depletion of Sgo1-

targeted PP2A-B55 did not alter the feedback loop on KNL1. This could suggest that only 

BubR1-recruited PP2A-B56 is responsible for sensing the kinetochore-microtubule 

attachment. In agreement with this, Foley et al. (2011) show that depletion of B56 does not 

lead to a loss of chromatid cohesion and does not alter Sgo1 recruitment to inner-

kinetochore, suggesting that PP2A-B56 role at outer-kinetochore might be different from 

PP2A-B55 at inner-kinetochore. 

 

Is HEC1 an important downstream target of the Aurora B pathway in the end-on 

conversion process? 

In the final part of the chapter, I ask whether HEC1 is the final substrate of Aurora B in the 

end-on conversion process. Indeed, chromosome-microtubule attachment ultimately 

happens through physical binding between the outer face of kinetochores and 

microtubules. HEC1 has been shown to be important for establishing kinetochore-

microtubule interactions, and that microtubule affinity is decreased by Aurora B 
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phosphorylation (Cheeseman et al., 2001; DeLuca et al., 2005; DeLuca et al., 2006; 

DeLuca et al., 2011). Moreover, the HEC1 loop is important for maintenance of end-on 

attachments (Shrestha and Draviam, 2013). In my experiment, I asked whether 

constitutive de-phosphorylation of HEC1 (condition given by HEC1 9A mutant) is 

insensitive to constitutive Aurora B activity at outer-kinetochore given by co-expression 

with Mis12-INCENP construct (Liu et al., 2009). My results in monopolar spindles show 

cells expressing HEC1 9A alone to present high percentage of mature end-tethered and 

Astrin enriched kinetochores. These results are consistent with previous reports (Etemad 

et al., 2015), although I here show for the first time Astrin enrichment status at 

kinetochores. Unexpectedly, when KNL1 2A is co-expressed with Mis12-INCENP, I 

observed no significant difference in the proportion of lateral attachments when compared 

to KNL1 wild type and Mis12-INCENP co-expressing cells. In agreement with this, I found 

a very modest increase in Astrin enrichment at kinetochore in HEC1 9A mutant expressing 

cells in comparison to HEC1 wild type expressing cells, when co-transfected with Mis12-

INCENP. These results suggest HEC1 9A mutation does not make the kinetochore 

attachment status insensitive to an excess of Aurora B phosphorylation. Therefore, HEC1 

might not be the only structural substrate involved in the end-on conversion process.  

 

Two possible structural players involved in the establishment of the end-on geometry could 

be CENP-E and CENP-F as they both localise in proximity to HEC1 N-terminus and are 

capable of interacting with microtubules (Musinipally et al., 2013; Volkov et al., 2015; Wan 

et al. 2009). CENP-E kinesin interacts in vivo with the NUF2 subunit of the Ndc80 complex 

at kinetochore (Liu et al., 2007) and, independently, it has been shown to be recruited to 

the kinetochore through the CENP-O complex and to bind to BubR1 (Bancroft et al., 2015; 

Mao et al., 2003). CENP-E is essential for kinetochore plus-end directed movement during 

the end-on conversion process (Shrestha et al., 2013), and its activity is negatively 

regulated by Aurora B phosphorylation (Kim et al., 2010; Maia et al., 2010), suggesting 

ectopic Aurora B activity in Mis12-INCENP expressing cells is still able to affect CENP-E 

even when HEC1 9A mutant is expressed. Furthermore, Cai et al. (2009) showed that 

CENP-E can sustain lateral attachments and allow chromosome congression in the 

absence of the Ndc80 complex. This would hint that initial and immature lateral 

attachments are dependent more on CENP-E rather than HEC1. Cai et al. (2009) also 

show that cells depleted of NUF2 and HSET are unable to maintain chromosome 

congression, suggesting that HEC1 is indeed needed to maintain end-on attachments 

once the conversion happens. This hypothesis is supported by i) Ndc80∆loop mutant 
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expressing cells to display lateral attachments with long lifetime of the attachment 

geometry in comparison to control cells, ii) cells to be unable to sustain attachment upon 

Mis12 siRNA treatment (i.e. the platform where the Ndc80 complex assembles - Shrestha 

et al., 2013) and iii) my results showing Mis12-INCENP activity stabilises lateral 

attachments independently from HEC1 phosphorylation. Moreover, HEC1 affinity to 

microtubules decreases upon phosphorylation (Ciferri et al., 2008; DeLuca et al., 2011), 

implying it is unlikely the protein will to bind to microtubules at the early stages of 

attachment. Indeed, the microtubule occupancy onto HEC1 N-tail is in direct competition 

with Mps1 binding (Hiruma et al., 2015; Ji et al., 2015). This information would suggest 

HEC1’s role to be mechanically linked to SAC silencing upon establishment of the end-on 

conversion geometry and to be the kinetochore load-bearing unit at a later stage. 

 

On the other hand, CENP-F is a component of the outer-kinetochore which is important for 

chromosome-microtubule attachment (Bomont et al., 2005; Feng et al., 2006; Holt et al., 

2005; Liao et al., 1995; Rattner et al., 1993). CENP-F’s localisation at kinetochore is 

regulated through CENP-I assembly pathway, hinting to an interaction with any of the 

downstream proteins (i.e. the KMN complex - Liu et al., 2003). Moreover, CENP-E and 

CENP-F were found to interact in a yeast two-hybrid screen (Chan et al., 1998), although 

depletion of CENP-F does not seem to perturb CENP-E localisation in human cells (Feng 

et al., 2006). CENP-F is important for initial kinetochore-capture, as human cells treated 

with CENP-F siRNA exhibit defects in chromosome alignment (Holt et al., 2005). CENP-F 

depleted cells are still able to generate end-on attachments (Bomont et al., 2005; Holt et 

al., 2005), however, these attachments are not cold-stable (Bomont et al., 2005;  Feng et  

al., 2006). These results are in agreement with aligned chromosomes in CENP-F depleted 

cells still retaining intermittent levels of MAD1 at kinetochore (Bomont et al., 2005; Feng et 

al., 2006). CENP-F has recently been shown to be capable of tracking microtubules and 

possessing load-bearing features, as it is responsible for movement of mitochondria in 

interphase (Kanfer et al., 2017). This would suggest that CENP-F is able to sustain the 

kinetochore cargo-load once the kinetochore-microtubule attachment is established. There 

is no evidence so far of Aurora B being capable of direct phosphorylation of CENP-F. 

However, CENP-F is part of the expandable outer-kinetochore module that allows initial 

attachment interaction which is sensitive to phosphorylation/de-phosphorylation levels 

(Magidson et al., 2015; Wynne and Funabiki, 2015). For this reason, it is premature to 

exclude that CENP-F would not be regulated by mitotic kinases. Further studies should 

address this question. 
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In summary, BubR1-recruited PP2A-B56 and KNL1-recruited PP1 seem to perform two 

distinct contributions to the regulation of the end-on conversion process in human cells. In 

particular, BubR1-recruited PP2A-B56 is highly active at early stages of chromosome 

congression, whereas KNL1-recruited PP1 is likely to contribute at a later stage, once the 

end-on geometry is established. Aurora B kinase is the master regulator of the end-on 

attachment process, although the pathway does not seem to rely solely on the HEC1 N-tail 

structurally. This suggests other outer-kinetochore proteins, such as CENP-E and CENP-

F, to share the load with HEC1 during the process.  
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3.2. Results Part II: Astrin contains a conserved putative PP1 docking motif 

important for kinetochore-microtubule attachment stabilisation. 

 

3.2.1. Introduction. 

 

In yeast and human cells, the end-on conversion process ensures the establishment and 

stabilisation of mature kinetochore-microtubule attachments (Magidson et al., 2011; 

Shrestha et al., 2013; Tanaka et al., 2005). This end-on geometry of kinetochore-

microtubule attachment is essential to allow faithful chromosome segregation in anaphase 

(Cassimeris and Salmon, 1991; McIntosh et al., 2008; Skibbens et al., 1993). During the 

process, the composition of the outer face of a kinetochore undergoes a dynamic change 

from the initial engagement with microtubules to the final end-tethering (Magidson et al., 

2015;  Shrestha et al., 2013; Wynne and Funabiki, 2016). 

 

The end-on conversion process is tightly regulated by two counteracting pathways: i) 

Aurora B kinase, the main regulator of kinetochore-microtubule attachments and ii) 

opposing PP2A-B56 phosphatase (Shrestha et al., 2017). Below I describe multiple 

players that recruit two key phosphatases PP2A-B56 and PP1 to different loci at the 

kinetochore. 

 

PP2A-B56 is recruited to the centromeric region by Sgo1 (Tang et al., 2006; Xu et al., 

2009) and to the outer kinetochore by interaction with BubR1 and Sgo2, respectively 

(Suijkerbuijk et al., 2012; Kruse et al., 2013; Tanno et al., 2010; Xu et al., 2013; Wang et 

al., 2016). On the other hand, PP1 localises at inner kinetochore through interaction with 

Repo-Man (Qian et al., 2011; Trinkle-Mulchahy et al., 2006) and is targeted to outer-

kinetochore by Sds22, CENP-E, KNL1 and Ska1 (Kim et al., 2010; Liu et al., 2010; Posch 

et al., 2010; Rosenberg et al., 2011; Sivakumar et al., 2016).  

 

Outer-kinetochore PP2A-B56 localising onto KNL1/Bub1/Bub3/BubR1 module is 

fundamental for the initial phases of the process (i.e. conversion of immature lateral 

attachments into end-on attachments - Shrestha et al., 2017), although how end-on 

attachments are stabilised is still poorly understood. Answering this question is 

fundamental, as recent studies have shown that end-on geometry rather than intra-

kinetochore tension is sufficient to silence the SAC (Etemad et al., 2015; Kuhn and 
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Dumont, 2017; Tauchman et al., 2015; Magidson et al., 2016). Furthermore, SAC proteins 

have been measured to be spatially close to kinetochore-microtubule attachment site 

(Varma et al., 2013). This suggests that proteins important to stabilise attachments might 

be essential to allow anaphase onset.  

 

Two protein complexes have been shown to associate with microtubules of the spindle at 

initial stages of mitosis and then to also localise at kinetochore in metaphase, in an 

attachment-dependent manner: the Ska complex (Hanisch et al., 2006; Jeyaprakash et al., 

2012; Schmidt et al., 2012; Welburn et al., 2009) and the Astrin/SKAP complex (Dunsch et 

al., 2011; Fang et al., 2009; Gruber et al., 2002; Mack and Compton, 2001; Sauer et al., 

2005). Depletion of both complexes results in mitotic delay (Hanisch et al., 2006; Thein et 

al., 2007; Welburn et al., 2006), implying that their presence at kinetochore is needed to 

allow mitotic exit. Moreover, both Ska and Astrin/SKAP complexes localise at kinetochore 

in an Aurora B dependent manner (Chan et al., 2012; Schmidt et al., 2010). Ska1 has 

been recently shown to be able to bind with PP1 (Sivakumar et al., 2016), hinting that 

microtubule associated proteins might be actively recruiting phosphatases to the outer-

kinetochore at a later stage of mitosis. Although the Ska complex is currently thought to 

stabilise kinetochore-microtubule interactions (Auckland et al., 2017; Chan et al., 2012; 

Maciejowski et al., 2017), early studies showed that human cells depleted of either Ska1 or 

Ska2 are still able to form cold-stable attachments (Hanisch et al., 2006). On the contrary, 

Astrin siRNA generates severe impairments in cold-stable attachments formation in HeLa 

cells (Thein et al., 2007). These findings suggest the Astrin/SKAP complex might have a 

more prominent role than the Ska complex in the stabilisation of kinetochore-microtubule 

attachments in mammalian cells. The following evidence agrees with this hypothesis: 

 

i) Monopolar HeLa cells treated with Aurora B inhibitor ZM447439 and depleted of Ska1 

and Ska3 display high levels of end-tethered kinetochores bearing high Astrin 

enrichment (i.e. mature attachments; Roshan Shrestha - unpublished data). 

ii) Monopolar HeLa cells depleted of Ska1 and Ska3 display only a modest decrease of 

Astrin enrichment at kinetochore (Madeleine Hart - unpublished data). 

iii) Monopolar HeLa cells treated with Astrin or SKAP siRNA and exposed to ZM447439 

present ~40% of kinetochores laterally attached (Shrestha et al., 2017).  

iv) The Ska complex can localise at kinetochores in a microtubule-independent manner, in 

Nocodazole treated cells (Maciejowski et al., 2017). 
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The mechanism through which the Astrin/SKAP complex acts to ensure stable 

kinetochore-microtubule attachments is still not clear. Our lab has recently shown that 

Astrin/SKAP enriches at kinetochores only when the end-on geometry has been 

established (Shrestha and Draviam, 2013). Depletion of SKAP shortens end-on 

kinetochores lifetime, resolving them to either detachment or lateral attachments (Shrestha 

et al., 2017). Furthermore, in PtK2 cells, MAD1 signal from kinetochore decreases in a 

proportionally inverse manner to SKAP enrichment once end-on is achieved (Kuhn and 

Dumont, 2017). This evidence strengthens the hypothesis that Astrin/SKAP complex 

rather than Ska complex is a suitable candidate for stabilising the end-on plane of 

attachment. 

 

Structural and immunofluorescence data is pointing out that SKAP is responsible for the 

localisation of the complex on spindles rather than at kinetochore (Dunsch et al., 2011; 

Friese et al., 2016; Kern et al., 2017), therefore Astrin and not SKAP could be responsible 

for the complex function at kinetochore. A bioinformatic analysis performed by a previous 

PhD student in our group onto Astrin protein sequence highlighted the presence of a highly 

conserved RVMF motif (Naoka Tamura - unpublished data), which is a putative docking 

site for PP1 (i.e. RVxF - Egloff et al., 1997; Wakula et al., 2003). Furthermore, recent 

findings from a previous Masters student in our laboratory suggests Astrin-PP1 interaction 

in vitro (Dominique Braun, 2015 - MPhil Thesis). In this chapter, I investigate Astrin RVMF 

motif conservation across the Metazoan kingdom and its biological role in kinetochore-

microtubule attachments in human cells. 

 

 

3.2.2. Astrin possesses a putative PP1 docking site highly conserved in mammalian 

species. 

 

As a former PhD student in our group identified a conserved putative PP1 binding site on 

Astrin C-terminus (i.e. RVMF motif, position 1123-1126 a.a. - Naoka Tamura, unpublished 

data), I first studied the conservation of PP1 site across the Metazoan kingdom. To do so, I 

aligned all the 237 Astrin amino acid sequences available from NCBI database using 

Clustal Omega tool (EBI/EMBL - Goujon et al., 2010; Sievers et al., 2011) (Figure 3.2.1.). 

The sequences selected for this study are all complete and high-quality, including 

sequenced or predicted transcription variants. All predicted Astrin sequences have been 

obtained from whole genome sequencing data. Poor quality or incomplete sequences  
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Figure 3.2.1. The Astrin RVMF motif is highly conserved in mammals. 
See legend on the next page. 
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Figure 3.2.1. The Astrin RVMF motif is highly conserved in mammals. 
See legend on the next page. 
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Figure 3.2.1. The Astrin RVMF motif is highly conserved in mammals. 
Sequence alignment of all complete and high-quality Astrin/SPAG5 sequences available from NCBI (237) 
showing conservation of RVMF motif across mammalian but not Reptilian, Fish and Bird species . All 
sequences derive from whole genome sequencing and transcription variants (real and predicted) are shown. 
Coloured text indicates class where each species belongs to. NCBI reference sequences is displayed next to 
each species name. Aminoacids in green show conservation of RVMF motif across species. Key groups of 
species are highlighted on the left. The only sequence from plants available (G arboreum) is shown in black. 
Alignment performed using Clustal Omega (Goujon et al., 2010; Sievers et al., 2011). 

 

were excluded. One SPAG5-like sequence from Gossypium arboreum (the cotton tree) 

was also found in the database. The alignment showed that the RVMF motif is highly 

conserved across almost all mammalian species (excluding marsupials), but it is lost in 

birds, reptiles, amphibians and fish (Figure 3.2.1.). Among mammalian species, rodents 

are the only order where some variability it is observed across the RVMF motif, specifically 

related to the second aminoacid of the motif (e.g. mutation of RVMF to RAMF is most 

common in mouse and gerbil species - Figure 3.2.1.). Interestingly, the first Arginine of the 

motif seems to be highly conserved across reptile and bird species (Figure 3.2.1.). In 

these classes the most common variant of RMVF motif is RLLL, where the three amino 

acids are substituted with Leucines (Figure 3.2.1.). This substitution is conserved across 

marsupials too (Figure 3.2.1.). This suggests the overall charge of the motif to shift 

towards non-polarity. In Reptiles there is a conserved substitution of Methionine with 

Glutamic Acid, which suggests a charge shift from non-polar to highly a acidic motif. In the 

Actinopterygii class (i.e. modern fish), the most common substitution of the Arginine in the 

RVMF motif is to Lysine (Figure 3.2.1.). I interpret this as a not radical change of steric 

charge, as Arginine and Leucine structure is very similar. Interestingly, the few sequences 

available of Chondrichthyes and Sarcopterygii (i.e. more ancient fish) show low similarity  
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3.2.2. Phylogenetic tree of Astrin protein across Metazoan species.  
Unweighted phylogenetic tree profile for Astrin/SPAG5 protein in 236 Metazoan species. Colour code of the 
text and branches refers to class (Aves = green; Mammalia = red; Reptilia = orange; Amphibia = blue; Fish = 
purple). Primates branch is highlighted to locate H sapiens sequence (bigger font) in the tree. Inset shows 
details of primates branch. Tree generated from Astrin/SPAG5 alignment data from Figure 3.2.1. using 
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Simple Phylogenesis programme (EBI/EMBL - Goujon et al., 2010; Sievers et al., 2011) and plotted using 
iTor programme (Letunic and Bork, 2016). Parameters used: Distance correction = false ; Excludes Gaps = 
false; Clustering Methods = Neighbour-joining; Percent Identity Matrix = false).  

 

to the rest of the Actinopterygii class (Figure 3.2.1.). I interpret this as early divergence in 

Astrin sequence of Chondrichthyes and Sarcopterygii with Actinopterygii classes. 

 

I also generated a phylogenetic tree by processing the alignment data with Simple 

Phylogenesis tool (EBI/EMBL - Goujon et al., 2010; Sievers et al.e, 2011) and visualised 

using iTOR tool (EBI/EMBL - Letunic and Bork, 2016) to assess Astrin evolution similarity 

across Metazoans (Figure 3.2.2.). Results showed all the mammalian RVMF-bearing 

proteins to be grouped closely and well separated from the other non RVMF-bearing class 

(Figure 3.2.2.). Interestingly, non RVMF-bearing sequences belonging to marsupials intra-

class members show to be phylogenetically closer to reptile and bird classes than to 

primates (i.e. the branch is well separated from other mammalian branches and 

interconnected with reptiles and birds - Figure 3.2.2.). As expected, human Astrin is 

phylogenetically closest to chimpanzee and gorilla orthologues (Figure 3.2.2.). I interpret 

the phylogenesis data early divergence of mammalian Astrin sequence from early 

ancestors of other classes. 

 

Based on this analysis, I conclude human Astrin possesses a putative PP1 site which is 

highly conserved across mammalian species but it is not conserved in birds, reptiles, 

amphibians and fish. 

 

 

3.2.3. Generation of Astrin mutants for studying the role the RVMF motif in mitosis. 

 

When I started my PhD project, two mutant variants of Astrin were available our group: i) a 

point mutant where the RVMF was mutated to AAAA (henceforth referred to as Astrin 4A), 

and ii) a deletion mutant where the last 70 amino acids were truncated (henceforth 

referred to as Astrin ∆1123-1193). 

 

In addition, to study the role of Astrin RVMF motif in mitosis, I also generated the following 

constructs: 
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i) A C-terminus fragment of Astrin wild type (956-1193 a.a. - Coiled-coil 2; Gruber et al., 

2002). 

ii)  A C-terminus fragment of Astrin RVMF/AAAA (956-1193 a.a.). 

iii)  A C-terminus fragment of Astrin from 956 to 1122 a.a. (i.e. deleted of the last 70 a.a.). 

 

Finally, I generated several versions of the Astrin proteins (full-length and fragments) with 

different fluorescent tags (Table 3.2.1.), for cell biology and biochemistry studies. 

 

Table 3.2.1. List of tagged versions of Astrin generated for my studies. 

Name and Tag Lenght Plasmid backbone Variants generated 

YFP-Astrin 1-1193 pEYFP C1 wild type, 4A, ∆1123-1193 

YFP-Astrin 1-1193 pCDNA5 FRT/TO wild type, 4A, ∆1123-1193 

GFP-Astrin 1-1193 pEGFP C1 wild type, 4A, ∆1123-1193 

Astrin-GFP 1-1193 pEGFP N1 wild type, 4A, ∆1123-1193 

Astrin-CFP 1-1193 pECFP N1 wild type, 4A, ∆1123-1193 

YFP-Astrin 956-1193 pCDNA5 FRT/TO wild type, 4A, ∆1123-1193 

YFP-Astrin 956-1122 pCDNA5 FRT/TO n.a. 

 

 

3.2.4. A putative PP1 docking motif in Astrin controls its localisation and 

kinetochore-microtubule attachment. 

 

To study the role of the putative PP1 docking motif in controlling Astrin localisation and 

function, I first expressed YFP-tagged Astrin wild type or mutants lacking the putative PP1 

docking motif in HeLa cells and assessed their localisation using immunostaining. Cells 

were exposed to Monastrol or STLC (Skoufias et al., 2006) to generate monopolar 

spindles (Figure 3.2.3.A). Short treatment with MG132 (a proteasome inhibitor), in 

combination with the aforementioned drugs, was used to avoid anaphase onset. Cells 

were immunostained with antibodies against GFP (for YFP-Astrin), Tubulin (for 

microtubules) and CREST antiserum (as a centromeric marker). Assessment of YFP-

Astrin localisation showed normal enrichment of both Astrin wild type and PP1 docking site 

mutants on the mitotic spindle (Figure 3.2.3.B). However, Astrin 4A and ∆1123-1193 

expressing cells displayed severe defects in kinetochore enrichment, in comparison to 

Astrin wild type expressing cells (Figure 3.2.3.B-D). These data suggest a role for the PP1 

docking domain in controlling Astrin kinetochore localisation.  
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Figure 3.2.3: The RVMF motif controls Astrin localisation and kinetochore-microtubule attachments 
in monopolar spindles.  
(A) Experimental regime: HeLa cells were treated with Astrin siRNA before transfection with plasmid vectors 
encoding YFP-Astrin (wild type, 4A or ∆ 1123-1193). Cells were exposed to either Monastrol or STLC for 2h 
and then included MG132 for 15’ prior to immunostaining. (B) Representative images show Astrin 
localisation and KT-MT attachment status in cells immunostained with antibodies against GFP and Tubulin, 
CREST anti-serum and stained with DAPI for DNA. Cropped images highlight Astrin localisation and KT-MT 
attachment status. Scale bars: 5 µm in uncropped images, 1 µm in insets. (C-D) Graphs show percentage of 
Astrin enriched kinetochores (C) and normalised Astrin KT/cytoplasm intensity ratio at kinetochore (D) from 
cells as in B. Each circle represents values from one cell (C) or one kinetochore (D). Horizontal lines and 
whiskers mark mean and SD across data from three independent experiments. (E) Graph shows percentage 
of lateral, end-on and detached kinetochores from cells treated as in B. Each circle represents values from 
one cell. Black bar marks average values from at least three independent experiments. “*” and “ns” indicate 
statistically significant and insignificant differences, respectively, assessed using a non-parametric Kruskal-
Wallis H test combined with Dunn’s multiple comparisons test. 
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Figure 3.2.4.: The RVMF motif controls Astrin localisation in bipolar spindles.  
(A) Experimental regime: HeLa cells were treated with Astrin siRNA before transfection with plasmid vectors 
encoding GFP-Astrin (wild type, 4A or ∆ 1123-1193). Cells were exposed to MG132 for 1h prior to 
immunostaining. (B) Representative images show Astrin enrichment at kinetochore in cells depleted of 
endogenous Astrin, expressing GFP-Astrin (wild type, 4A or ∆) and arrested with MG132 prior fixation. Cells 
were immunostained with antibodies against GFP and CREST anti-serum and stained with DAPI for DNA. 
Cropped images highlight Astrin kinetochore enrichment status. Scale bars: 5 µm in uncropped images, 1 
µm in insets. (C) Graph shows percentage of cells presenting high, low or negative Astrin crescent levels at 
kinetochore in cells treated as in B. (D) Representative images show endogenous SKAP levels in cells 
treated with Astrin siRNA, expressing GFP-Astrin (wild type, 4A or ∆) and arrest- ed with MG132 for 1h prior 
to fixation. Cells were immunostained with antibodies against GFP and SKAP, CREST anti-serum and 
stained with DAPI for DNA. Cropped images highlight co-localisation of endogenous SKAP with GFP-tagged 
Astrin. Scale bars: 5 µm in uncropped images, 1 µm in insets. 
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Because Astrin localisation is important for mature kinetochore-microtubule attachments in 

monopolar spindles (Shrestha and Draviam, 2017; Thein et al., 2017), I analysed the state 

of kinetochore-microtubule attachment in cells expressing Astrin 4A and ∆1123-1193 

mutants in monopolar conditions. As expected, Astrin wild type expressing cells displayed 

on average 30% of lateral kinetochores, whereas cells expressing the mutants lacking the 

PP1 docking motif showed a striking increase in the proportion of laterally-attached 

kinetochores (~60% in both Astrin 4A and ∆1123-1193 mutants - Figure 3.2.3.B,E). These 

data on impaired end-on attachments in Astrin mutant expressing cells is fully consistent 

with the localisation failure seen in these mutants. Thus, I conclude that Astrin C-terminal 

domain and, in particular, the RVMF motif is important for normal localisation of Astrin and 

maintenance of mature end-on attachments in monopolar spindles. 

 

I then asked whether localisation defects of Astrin 4A and ∆1123-1193 mutants are 

rescued by chromosome congression. Indeed, Astrin enrichment at kinetochore is maximal 

from metaphase onwards and it is visible under the microscope as comets and crescents 

close to the kinetochore region (Mack and Compton, 2001; Thein et al., 2007). For this 

purpose, I scored Astrin localisation as a kinetochore crescent in cells expressing GFP-

Astrin (wild type or 4A or ∆1123-1193) arrested in metaphase with MG132, which were 

fixed and immunostained for GFP (for GFP-Astrin) and CREST (for the centromeric 

region) (Figure 3.2.4.A). Quantitative analysis showed Astrin wild type expressing cells 

displayed high levels and high incidence of kinetochore crescents compared to Astrin 4A 

mutant expressing cells (Figure 3.2.4.B-C). I also observed that Astrin ∆1123-1193 mutant 

expressing cells displayed almost no kinetochore enrichment as crescents (Figure 
3.2.4.B-C). This suggests that chromosome congression is unable to rescue Astrin 4A and 

∆1123-1193 localisation defects. I conclude Astrin C-terminal domain and, in particular, the 

RVMF motif controls Astrin localisation in bipolar spindles. 

 

Finally, I asked whether the kinetochore localisation failure seen in Astrin mutants would 

also impair SKAP localisation, as Astrin and SKAP form a complex during mitosis (Dunsch 

et al. 2011). To test this, I arrested cells expressing GFP-Astrin (wild type or 4A or ∆1123-

1193) in metaphase using MG132 and immunostained with antibodies against GFP (for 

GFP-Astrin), SKAP (for endogenous SKAP), CREST antiserum (for the centromeric 

region) and DAPI (for DNA). I observed that SKAP co-localised normally with Astrin on 

spindles of both Astrin wild type and mutants expressing cells (Figure 3.2.4.D). As 

expected, SKAP and Astrin co-localised at the outer-kinetochore in Astrin wild type 
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expressing cells (Figure 3.2.4.D). However, SKAP localisation at kinetochores was 

severely impaired in Astrin mutant expressing cells (Figure 3.2.4.D). In particular, in Astrin 

mutant expressing cells, I observed no kinetochores where single localisation of Astrin or 

SKAP was present. These data agrees with previous reports of Astrin C-terminus to be 

important for the localisation of the Astrin/SKAP complex at kinetochore (Dunsch et al., 

2011). 

 

Based on these observations, I conclude that putative Astrin PP1-docking site is essential 

for normal localisation of Astrin at the kinetochore and it is important for the maintenance 

of mature end-on attachments. 

Figure 3.2.5. HeLa T-REx cell lines stably expressing full-length YFP-Astrin used in my studies. 
(A) Representative live-cell images show full-length YFP-Astrin (wild type or 4A or ∆1123-1193) expressing 
cells in metaphase upon Doxycycline induction. Differential Interference Contrast (DIC) and YFP channel are 
shown. Scale bars: 5 µm. (B) Immunoblots of lysates of cells from A harvested 24 hours after Doxycycline 
induction. Antibodies against Astrin and γ-Tubulin (loading control) were used. Blot shows both endogenous 
Astrin ands exogenous Astrin bands.  

 

 

3.2.5. The RVMF motif is important for mitotic progression but not for chromosome 

congression. 

 

Since Astrin putative PP1 docking domain mutants of Astrin displayed defects in 

kinetochore-microtubule attachments, I investigated whether this would generate problems 

during mitotic progression. For this purpose, I followed the mitotic progression of HeLa T-

REx stably expressing YFP-Astrin (wild type or 4A) (Figure 3.2.5). The parental cell line  
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Figure 3.2.6. The putative PP1 binding motif of Astrin is important for normal mitotic progression.  

(A) Experimental regime: HeLa T-REx (parental cell line) and HeLa T-REx YFP-Astrin (wild type and 4A) 
cells where arrested in G2 using Aphidicolin, released, induced with Doxycycline and imaged overnight. (B) 
Graph shows percentage of cells completing NEBD (Nuclear Envelope Break-Down) to AO (Anaphase 
Onset) transition over time from cells as in A. (C) Graph shows mitotic timing of cells completing NEBD-to-
AO from cells as in A. Each circle represents one cell. Horizontal lines and whiskers mark mean and SD 
across data from four experimental repeats. “*” and “ns” indicate statistically significant and insignificant 
differences, respectively, assessed using a non-parametric Kruskal-Wallis H test combined with Dunn’s 
multiple comparisons test. (D) Graph shows expression levels of cells from B-C across four independent 
repeats. Bars and whiskers represent average and standard deviation of normalise values from one 
independent experiment. “*” and “ns” indicate statistically significant and insignificant differences, 
respectively, assessed using a non-parametric Mann-Whitney test.  

 

(HeLa T-REx) was used as control for normal mitotic timing. To increase the population of 

mitotic cells at the time of imaging, cells were synchronised using Aphidicoline. As 

expected, results showed Astrin wild type to display a similar efficiency to the parental cell 

line in NEBD-to-AO (nuclear envelope breakdown to anaphase onset), whereas Astrin 4A 



3.2. Results Part II                                                                

   118 

mutant expressing cells displayed a higher percentage of cell arrest (Figure 3.2.6.A-B). 

Furthermore, the average mitotic timing of Astrin 4A mutant expressing cells completing 

NEBD-to-AO was higher in comparison to wild type expressing cells and the parental cell 

line (Figure 3.2.6.C). Expression levels of Astrin wild type and 4A was similar across 

repeats, therefore I exclude the mitotic time phenotype of Astrin 4A mutant expressing 

cells to be due to overexpression (Figure 3.2.6.D). I conclude the RVMF motif is important 

for normal mitotic progression. 

 

Figure 3.2.7. Astrin 4A and ∆1123-1193 do not present defects in chromosome congression.  
(A) Experimental regime: HeLa cells were transfected with plasmids encoding GFP-Astrin (wild type, 4A, 
∆1123-1193) and arrested with STLC before washing and release in MG132 enriched media. (B-D) Graphs 
show chromosome congression status of cells treated as in A and fixed at different time points upon 
exposure to MG132 enriched media, as assessed by immunofluorescence. 

 

I then asked whether the observed mitotic delay of Astrin 4A mutant expressing cells was 

due to problems in chromosome alignment efficiency. Indeed, studies showed that cells 

treated with Astrin siRNA display an increase in chromosome misalignment, although the 

main phenotype recorded is the generation of tripolar spindles (Thein et al., 2007). For this 

purpose I arrested HeLa cells expressing GFP-Astrin (wild type or 4A or ∆1123-1193) with 

STLC, then released in MG132 and fixed them after 30, 45 or 60 minutes, respectively 

(Figure 3.2.7.A). Cells were immunostained with antibodies against GFP (for GFP-Astrin), 

CREST (for the centromeric region) and DAPI (for DNA), to identify chromosome 

congression stages. Counting the percentage of cells presenting congressed 

chromosomes showed no significant difference between cells expressing GFP-fused 
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Astrin wild type and Astrin 4A or ∆1123-1193 compared to non-green control cells (Figure 

3.2.7.B-D). I conclude Astrin 4A and ∆1123-1193 mutant expressing cells do not present 

defects in chromosome congression. 

 

Based on these observations, I conclude that Astrin RVMF motif is important for normal 

mitotic progression but not for chromosome congression. 

Figure 3.2.8. Astrin 4A and ∆1123-1193 display high levels of MAD2 at kinetochore. 

(A) Experimental regime: HeLa cells were treated with Astrin siRNA before transfection with plasmid vectors 

encoding GFP-Astrin (wild type, 4A or ∆ 1123-1193). Cells were exposed to MG132 for 1h prior to 

immunostaining. (B) Representative images show MAD2 levels at kinetochore in cells immunostained with 

antibodies against GFP and MAD2, CREST anti-serum and stained with DAPI for DNA. Cropped images 

show MAD2 enrichment at kinetochores and arrowheads highlight representative kinetochores. Scale bars: 5 

µm in uncropped images, 1 µm in insets. (C) Graph shows percentage of cells presenting high, low or 

negative MAD2 levels at kinetochore in cells treated as in B. 

 

 

3.2.6. Loss of putative PP1 docking site in Astrin increases kinetochore-bound Mad2 

levels. 

 

As the expression of Astrin 4A and ∆1123-1193 mutants increased the incidence of lateral 

attachments, I asked if the SAC was triggered. I also asked whether B56 levels are normal 

as my work showed that PP2A-B56 is required for establishing proper end-on attachments 

(see Chapter 3.1. - Shrestha and Draviam, 2013; Shrestha et al., 2017). I, therefore, 

investigated changes in kinetochore levels of Bub1, BubR1, MAD2, B56 and Sgo2. In  
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Figure 3.2.9. Bub1 and BubR1 levels are not different in Astrin 4A and ∆1123-1193 mutant expressing 
cells in comparison to wild type. 
(A-B) Representative images show Bub1 (A) or BubR1 (B) enrichment at kinetochore, respectively, in cells 
treated as in Figure 3.2.7.A and immunostained with antibodies against GFP and Bub1 or BubR1, CREST 
anti-serum and stained with DAPI for DNA. Cropped images highlight kinetochore enrichment of the studied 
protein. Scale bars: 5 µm in uncropped images, 1 µm in insets. 

 

addition, I studied Sgo2 levels at kinetochore Sgo2 as it is a binding partner of Astrin and a 

known recruiter of PP2A-B56 at outer-kinetochore (Dunsch et al., 2011; Katajima et al., 

2004; Tanno et al., 2010; Xu et al., 2009). For this purpose, I treated HeLa with Astrin 

siRNA and transiently expressed GFP-Astrin (wild type or 4A or ∆1123-1193). Cells were 

arrested in metaphase with MG132 before fixation and immunostained with Antibodies 

against Bub1/BubR1/MAD2/B56/Sgo2 (for the investigated protein), GFP (for GFP-Astrin), 

CREST antiserum (for the centromeric region) and DAPI (for DNA) (Figure 3.2.8.A). To 

quantify carefully, I examined the number of kinetochores that had recruited MAD2 in ~120 

cells across repeats. This quantitative analysis showed that Astrin 4A and ∆1123-1193 

expressing cells presented higher kinetochore levels of endogenous MAD2 in comparison 

to wild type expressing cells (Figure 3.2.8.B-C). These findings correlate with kinetochore-

microtubule attachment defects seen in Astrin putative PP1 docking domain mutants and 
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are consistent with high MAD2 enrichment on laterally attached kinetochores (Shrestha 

and Draviam, 2013; Kuhn and Dumont, 2017). Unexpectedly, I did not observe any 

significant change in Bub1 or BubR1 levels at kinetochore across conditions (Figure 

3.3.9.A-B). Moreover, I detected no significant difference in Sgo2 or B56 levels at outer-

kinetochore in Astrin 4A and ∆1123-1193 in comparison to wild type (Figure 3.3.10. A-B). 

 

Figure 3.2.10. B56 and Sgo2 levels are not different in Astrin 4A and ∆1123-1193 mutant expressing 

cells in comparison to wild type. 

(A-B) Representative images show Sgo2 (A) or B56 (B) enrichment at kinetochore, respectively, in cells 

treated as in 3.2.7.A and immunostained with antibodies against GFP and Sgo2 or B56, CREST anti-serum 

and stained with DAPI for DNA. Cropped images highlight kinetochore enrichment of the studied protein. 

Scale bars: 5 µm in uncropped images, 1 µm in insets. 

 

Based on these findings in bipolar spindles, I conclude that: 

 

i) MAD2 levels are increased and the SAC is active in Astrin 4A and ∆1123-1193 mutant 

expressing cells. 
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ii) Bub1, BubR1, Sgo2 and PP2A-B56 levels at outer kinetochore are not affected by 

deletion of Astrin putative PP1 docking domain. 

 

 

3.2.7. Co-inhibition of Cdk1 and Aurora B activities rescues kinetochore-microtubule 

attachment defects in Astrin C-terminal mutant expressing cells. 

 

As the localisation of the Astrin/SKAP complex at kinetochore is negatively regulated by 

Aurora B kinase (Schmidt et al., 2010; Shrestha et al., 2017), I tested whether the 

localisation and attachment defects observed in Astrin 4A and ∆1123-1193 mutants could 

be rescued by Aurora B inhibition in monopolar spindles. I therefore treated HeLa cells 

with Astrin siRNA, transiently expressed YFP-Astrin (wild type or 4A or ∆1123-1193) and 

exposed them to Monastrol, MG132 and Aurora B inhibitor ZM447439 (Ditchfield et at., 

2003) prior to fixation (Figure 3.2.11.A). Cells were immunostained with antibodies against 

GFP (for YFP-Astrin), Tubulin (for microtubules) and CREST antiserum (for centromeric 

region). Consistent with previous reports (Schmidt et al., 2003; Shrestha et al., 2017), 

Aurora B inhibitor treatment resulted in an average number of ~95% end-on attachments 

with high Astrin levels in Astrin wild type expressing cells (Figure 3.2.11.B-D). Strikingly, 

Astrin 4A and ∆1123-1193 still failed to localise to kinetochores in these conditions (Figure 

3.2.11.B-D). Moreover, I observed an average of ~35% and ~40% lateral attachments in 

Astrin 4A and ∆1123-1193 expressing mutants, respectively (Figure 3.2.11.B,E). Hence I 

conclude that Aurora B inhibition cannot fully rescue both the loss of kinetochore 

localisation and end-on attachment defects seen in Astrin 4A and ∆1123-1193 mutant 

expressing cells. 

 

Inhibiting of Aurora B alone was not sufficient to rescue stabilisation of end-on attachments 

in Astrin PP1-site mutants. One possibility could be that putative PP1 docking motif is 

involved in counteracting the role of other mitotic kinases beyond Aurora B. To test this 

hypothesis, an inhibitor screen was performed by a former Masters student in our group to 

identify mitotic kinases important for Astrin localisation. This study revealed that Cdk1 

inhibition together with Aurora B inhibition can rescue Astrin 4A localisation at kinetochore 

(Dominique Braun, 2015 - MPhil Thesis). Moreover, a recent study has shown Cdk1 

phosphorylation of Astrin N-terminus may be involved in Astrin localisation, although the 

results are not entirely clear (Chung et al., 2016). On the basis of this information, I asked 

whether inhibition of Aurora B and Cdk1 would be able to rescue kinetochore-microtubule  
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Figure 3.2.11.: Aurora B inhibition does not fully rescue localisation and kinetochore-microtubule 
attachment defects of Astrin 4A and ∆ 1123-1193 mutants. 
(A) Experimental regime: HeLa cells were treated with Astrin siRNA before transfection with plasmid vectors 
encoding YFP-Astrin (wild type, 4A or ∆ 1123-1193). Cells were exposed to Monastrol or STLC for 2h and 
then included MG132 + ZM447439 for 15’ prior to immunostaining. (B) Representative images show Astrin 
localisation and KT-MT attachment status in cells immunostained with antibodies against GFP and Tubulin, 
CREST anti-serum and stained with DAPI for DNA. Cropped images show Astrin localisation and KT-MT 
attachment status. White arrowheads highlight laterally attached kinetochores. Scale bars: 5 µm in 
uncropped images, 1 µm in insets. (C-D) Graphs show percentage of Astrin enriched kinetochores (C) and 
normalised Astrin KT/cytoplasm intensity ratio at kinetochore (D) from cells as in B. Each circle represents 
values from one cell (C) or one kinetochore (D). Horizontal lines and whiskers mark mean and SD across 
data from three independent experiments. (E) Graph shows percentage of lateral, end-on and detached 
kinetochores from cells treated as in B. Each circle represents values from one cell. Black bar marks average 
values from at least three independent experiments. In C, D and E, “*” indicates statistically significant 
difference, assessed using a non-parametric Kruskal-Wallis H test combined with Dunn’s multiple 
comparisons test. 
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Figure 3.2.12. Inhibition of Cdk1 and Aurora B kinases rescues kinetochore-microtubule attachment 
defects in putative Astrin PP1-site mutants.  
(A) Experimental regime: HeLa cells were treated with Astrin siRNA before transfection with plasmid vectors 
encoding GFP-Astrin (wild type, 4A or ∆ 1123-1193). Cells were exposed to STLC for 2h and then included 
MG132 + either DMSO or ZM447439 + Roscovitine for 15’ prior to immunostaining. (B) Representative 
images show Astrin localisation and KT-MT attachment status in cells immunostained with antibodies against 
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GFP and Tubulin, CREST anti-serum and stained with DAPI for DNA. Cropped images show Astrin 
localisation and KT-MT attachment status. Scale bars: 5 µm in uncropped images, 1 µm in insets. (C) Graph 
shows percentage of lateral, end-on and detached kinetochores from cells treated as in B. Each circle 
represents values from one cell. Black bar marks average values from at least three independent 
experiments. “*” and “ns” indicate statistically significant and insignificant differences, respectively, assessed 
using a non-parametric Kruskal-Wallis H test combined with Dunn’s multiple comparisons test. 

 

attachment defects. For this purpose, I studied kinetochore-microtubule attachment status 

in monopolar cells expressing GFP-Astrin (wild type or 4A or ∆1123-1193) following 

Aurora B and Cdk1 inhibition treatment (Figure 3.3.12.A). Immunostaining for GFP (for 

GFP-Astrin), microtubules (Tubulin antibody) and centromeres (CREST antiserum) 

showed that Aurora B and Cdk1 inhibition increased the average number of end-on 

attachments in Astrin 4A and ∆1123-1193 (~90% and ~85%, respectively) in comparison 

to solvent control conditions (~35% and ~30%, respectively - Figure 3.3.12.B-C). 

Interestingly, co-inhibition of Cdk1 and Aurora B did not rescue kinetochore localisation 

defects in Astrin ∆1123-1193 mutant expressing cells (Figure 3.3.12.B-C).   

I conclude that Aurora B and Cdk1 inhibition: 

 

i) Rescues the attachment defects seen in Astrin 4A and ∆1123-1193 mutant expressing 

cells. 

ii) Rescues localisation defects of Astrin 4A mutant expressing cells but not in Astrin 

∆1123-1193 mutant expressing cells. 

 

 

3.2.8. Discussion. 

 

During mitosis, the end-on conversion process ensures the stabilisation of kinetochores 

binding to the plus tip of microtubules (Magidson et al., 2011; Shrestha et al., 2013; 

Tanaka et al., 2005). The lack of this geometry of attachment prevents SAC silencing and 

anaphase onset (Etemad et al., 2015; Kuhn and Dumont, 2017; Tauchman et al., 2015). A 

considerable amount of research has focused on how the establishment of the correct 

plane of attachment is regulated, yet how kinetochore-microtubule attachment are 

stabilised is still unclear. In this chapter, I explore the biological impact of a putative PP1 

binding motif (i.e. RVMF) located in Astrin C-terminus. Indeed, Astrin (and its partner 

SKAP - Dunsch et al., 2011) localises on the mitotic spindle in early stages of mitosis and 

enriches fully at outer-kinetochore in metaphase, shortly before anaphase onset (Gruber et 

al., 2001). The Astrin/SKAP complex localises only on end-tethered kinetochores 
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(Shrestha and Draviam, 2013; Thein et al., 2007), and its depletion severely impairs the 

stability of the end-on geometry of attachment (Shrestha et al., 2017). Thus, Astrin is a 

good candidate to probe how end-on attachments are stabilised. Indeed, how Astrin helps 

to sustain end-on attachments is still not known.  

 

Study of Astrin RVMF conservation in Metazoan kingdom. 

A previous PhD student in the Draviam laboratory performed a bioinformatic search on 

Astrin amino acid sequence and found a highly conserved RVMF at Astrin C-terminus 

(Naoka Tamura - unpublished data). The RVxF consensus motif is highly shared within the 

vast majority of PP1-interacting proteins (Wakula et al., 2003). Hence, I first studied the 

conservation of the RVMF motif across the Metazoan kingdom. High conservation of the 

motif would point out a putative function conserved across evolution. Alignment of 237 

Astrin sequences showed the RVMF motif to be highly conserved across mammalian 

species but not in birds, reptiles, and amphibians. Interestingly, within mammalian species, 

the RVMF motif is lost in marsupials and the whole amino acid sequences clusters closer 

to reptiles than other mammalian species. This correlates with the early divergence of 

marsupials from the last common ancestor of modern mammals (i.e. eutherians-

metatherian clades divergence - Bininda-Emonds et al., 2007; reviewed in Luo, 2007). I 

also recorded some degree of divergence among rodents, where the second letter of the 

motif (a Valine) is changed to Alanine in the majority of the cases. This mutation does not 

change the overall charge of the residue, as both Alanine and Valine are non-polar, 

however, the steric occupancy of the residue is drastically reduced from the branched 

Valine to the very small Alanine. Investigations on PP1 consensus motif showed that 

mutations in the third but not the second residue of RVxF are less prone to interfere with 

binding to the interactor (Wakula et al., 2003), suggesting the RVMF to RAMF change to 

cause problems to Astrin-PP1 putative interaction. However, a study performed by Llanos 

et al. (2011) demonstrated the interaction between AspI protein and PP1 via a non-

canonical RVxF motif (i.e. RNYF). Therefore, it is not excludable that a RAMF motif would 

loose completely its putative PP1 binding activity. No SSILK/KGILK motifs, other highly 

shared PP1 binding consensus motifs, were identified on human Astrin sequence. The 

protein alignment shows RVMF motif is lost in reptile and birds for a highly conserved 

RLLL motif. This is consistent with Aves and Reptilia classes to share a close phylogeny 

(Levin and Mishmar, 2017). It is difficult to predict whether an RLLL motif would be able to 

present PP1-binding affinity, although it is very likely any affinity would be lost. In the 

Actinopterygii class (i.e. modern fish) the RMVF motif changes to a sequence where the 
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first amino acid is a Lysine (highly conserved), the second letter is highly variable and  

there is conservation of Serine and Leucine in position three and four, respectively (i.e. 

KxSL). Again, it is difficult to predict whether this motif could hypothetically be able to 

interact with PP1. However, the sequence divergence from the other Metazoan classes 

and the high conservation of the aminoacid residues correlates with the early evolutionary 

divergence of fish, including Chondrichthyes (cartilaginous fish - e.g. sharks) and 

Actinopterygii (ray-finned fish), from other Metazoan classes. All this evidence could 

suggest that putative Astrin-PP1 interaction appeared at a later stage of Metazoan 

evolution when first mammals arose but after eutherians-metatherian diversion. 

 

Analysis of full Astrin sequence alignment showed variation in both sequence composition 

and length across Metazoan species. This is consistent with a recent study performed on 

70 proteins from inner and outer-kinetochores of 90 different eukaryotic lineages, which 

showed that kinetochore proteins evolved very rapidly and modern kinetochores present a 

high degree of structural (i.e. the numbers of protein components) and sequence variation 

across eukaryotes (Van Hoof et al., 2017b). Indeed, the same kinetochore protein can 

cover different roles in different species. Such an example is HEC1 subunit of the ndc80 

complex, which N-tail is fundamental in mammalians cells to establish and maintain 

kinetochore microtubule attachments (De Luca et al., 2006) whereas is dispensable for 

this function in nematodes as the attachment is structurally  maintained by the Ska 

complex (Cheerambathur et al., 2017). Interestingly, from an evolutionary point of view, 

both Astrin and SKAP are present in Metazoans but not in the rest of the Opisthokonta 

group (i.e. the eukaryotic group containing fungi, Metazoans, and their protist relatives 

Chytridomycota and Choanoflagellates, respectively - Van Hoof et al., 2017b). This would 

point out Astrin/SKAP complex to be a more recent addition to the eukaryotic machinery, 

and it contrasts with the high conservation displayed by other microtubule associated 

proteins localising to the outer-kinetochore such as the Ska complex. Current opinion is 

that the Ska complex is an analogue of the yeast Dam1 complex (Van Hoof et al., 2017a), 

as both conserve a peculiar ring-like structure assembling around the microtubules lattice 

allowing to harness the pulling forces of depolymerising microtubules (Jeyaprakash et al., 

2012; Ramey et al., 2011; Schmidt et al., 2012; Westermann et al., 2006). However, Astrin 

depletion from mammalian cells induces defects in kinetochore-microtubule attachment 

(Thein et al., 2007; Shrestha et al., 2017), implying that the complex has gained an 

important role in evolution. Analysis of Astrin amino acid sequence and EM images 

showed Astrin to be similar to a motor protein (i.e. displaying a lollypop-like structure), 
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despite the absence of a canonical motor domain (Gruber et al., 2002). For these reasons, 

it could be possible that Astrin arose as paralogue gene from some ancestral motor-like 

protein and then differentiated its function over time. A thorough structure homology 

search on Astrin domains would shed light on its possible evolutionary origins. 

 

As a final point of discussion on the variation of kinetochore proteins, recent studies have 

shown that analogs of kinetochore structures are present in eukaryotic organisms 

presenting non-canonical kinetochore proteins. One such example is kinetoplastids 

species, a group of flagellated protozoa including Trypanosome species, which have been 

shown to orchestrate chromosome segregation through unknown protein structures with 

the same function of kinetochores (Akiyoshi and Gull, 2014; Ogbadoyi et al., 2000). 

Recent studies discovered a set of Trypanosome proteins of similar structure and function 

of mammalian Ndc80 and NUF2 proteins (D’Archivio and Wickstead, 2016). Kinetoplastids 

species have diverged very early from yeast-like and animal eukaryotes ancestors (He et 

al., 2014), therefore the specialisation of structures with kinetochore-analogue functions 

from unconventional proteins show how nature tends to select the same protein function 

through different routes. On a smaller temporal scale, the importance Astrin in the 

mammalian kinetochore toolkit could have arisen in parallel to Ska complex function at 

outer-kinetochore. 

 

In my sequence search, I identified one Astrin sequence from Gossypium arboreum (the 

cotton tree) which is not included in Van Hoof et al. (2017) database. In the authors’ 

protein database no Astrin sequence was found from plants kingdom. However, in Van 

Hoof et al. (2017), the authors point out that orthologues of some species may have 

diverged to such a degree to no be recognised by their search. The cotton tree could be 

one of these cases. 

 
Is the RVMF motif important for Astrin role in mitosis?  

As Astrin is important to establish stable kinetochore-microtubule attachments (Thein et 

al., 2007; Shrestha et al., 2017), I first asked whether mutation of the motif or deletion of 

Astrin C-terminus would interfere with Astrin localisation during mitosis and the 

establishment of end-on attachments. Experiments performed in monopolar and bipolar 

spindles showed Astrin 4A and ∆1123-1193 mutants presented normal localisation on the 

spindle but were unable to localise efficiently at kinetochores. This correlates with Astrin 

fragments lacking C-terminal regions to not localise at the kinetochore (Dunsch et al., 
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2011; Kern et al., 2017), and suggests a role for C-terminus to control Astrin localisation. 

Interestingly, Astrin fragments lacking the N-terminus (482-1193 and 694-1193 a.a., 

respectively) are still able to localise at kinetochore, although an 851-1193 a.a. fragment is 

not (Dunsch et al., 2011; Kern et al., 2017). Altogether, these findings suggest that Astrin 

C-terminal domain controls its localisation to kinetochores but structural support from its 

coil-coiled regions is important allowing the interaction. This hypothesis is consistent with 

Astrin-HEC1 interaction (discussed in Chapter 3.3.).  
 

At kinetochore, Astrin can be found to form comets (sleeve-like structures) or crescents 

close to the junction between microtubules and outer-kinetochore. Crescents are usually 

found in metaphase, whereas comets are common in prometaphase and can be easily 

seen in monopolar spindles. These observations suggest Astrin enrichment at kinetochore 

happens progressively and are supported by live-cell evidence from Kuhn and Dumont 

(2017). 

 

I also observed that endogenous SKAP follows the same localisation of Astrin 4A and 

∆1123-1193 mutants. This indicates the Astrin/SKAP complex formation is not disrupted 

when the RVMF motif is mutated or Astrin C-terminus is deleted, and it is consistent with 

Astrin 482-850 fragment (coil-coiled 1 region) to interact with SKAP in co-

immunoprecipitation and co-sedimentation assays (Dunsch et al., 2011; Friese et al., 

2016). To confirm this hypothesis, co-immunoprecipitation of Astrin 4A and ∆1123-1193 

should be performed. Finally, when I studied Astrin 4A and ∆1123-1193 localisation in 

bipolar spindles, I did not detect any significant increase in tripolar spindles in my 

experiments. Astrin or SKAP depletion has been shown to generate impairments in bipolar 

spindle formation (Dunsch et al., 2011; Thein et al., 2007). However, as Astrin 4A and 

∆1123-1193 are able to localise normally on spindles and, possibly also to bind 

endogenous SKAP, this would explain why no increase in tripolar spindles was observed. 

 
Expression of Astrin 4A and ∆1193 severely increased the number of lateral attachments 

in monopolar spindles. This would indicate a role for Astrin C-terminal domain and RVMF 

motif in the stabilisation of kinetochore-microtubule attachments. These observations 

correlate with Astrin kinetochore localisation impairment displayed by Astrin putative PP1 

binding motif mutants. 
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Analysis of mitotic progression showed Astrin 4A mutant expressing cells to display a 

higher percentage of arrested cells and a longer NEBD-to-AO in comparison to wild type 

expressing cells. These results are consistent with the kinetochore-microtubule defects 

observed in Astrin putative PP1 binding site mutant expressing cells. Furthermore, my 

observation agrees with Astrin being important for regular mitotic progression as depletion 

of the protein in human cells increases the percentage of arrested cells (Thein et al., 

2007). Interestingly, the experiment points out that Astrin 4A mutant expressing cells 

present a dominant negative phenotype. This could be due to Astrin ability to form dimers 

and oligomers (Gruber et al., 2002). Since this evidence come from in vitro studies, 

studying Astrin potential to self-assemble into dimeric structures in physiological conditions 

will be important to understand the stoichiometry of the Astrin/SKAP complex. Indeed, co-

immunoprecipitation studies have shown that Astrin/SKAP might interact with an array of 

potential binding partners (e.g. LC8, Plk1, MYCPB and, potentially, PP1 -  Dusch et al., 

2011; Kern et al., 2016; Kern et al., 2017). Understanding the physiological composition of 

the complex will be essential for determining its role during mitosis. 

 
When chromosome congression was analysed, I did not observe any significant difference 

in chromosome congression in Astrin 4A and ∆1123-1193 mutant expressing cells in 

comparison to Astrin wild type expressing cells. Furthermore, no difference between 

putative PP1 docking site mutants and non-expressing cells was also scored. These 

findings suggest that Astrin C-terminus and the RVMF motif are not important for 

chromosome congression. Thein et al. (2007) showed that Astrin siRNA treatment 

increases chromosome congression time in comparison to control conditions, thus the 

authors concluded that Astrin is important for chromosome congression. However, despite 

the recorded mitotic delay, Astrin depletion does not impair actual metaphase formation as 

severely as depletion of proteins such as BubR1 or CENP-E (Bancroft et al., 2015; 

Lampson and Kapoor, 2004). Furthermore, SKAP siRNA treatment of HeLa cells causes 

delays in anaphase onset but does not obstruct the formation of a normal metaphase plate 

(Fang et al., 2009). Since Astrin localises at kinetochore after end-on geometry is 

established (Kuhn and Dumont, 2017; Shrestha et al., 2013), the observation that Astrin 

∆1123-1193 can still congress chromosome efficiently even though it fails to enrich at 

kinetochores implies that Astrin C-terminal domain is not structurally important for 

chromosome congression. These observations correlate with Astrin full localisation at 

kinetochore happening in metaphase (Gruber et al., 2001), when chromosome 

congression is almost completed. In agreement with this hypothesis, Cai et al. (2009) 
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demonstrated that chromosome congression can happen without the establishment of 

end-on attachments in human cells depleted of HEC1, a behaviour that has been also 

observed in physiological conditions (Magidson et al., 2015). 

 

Are kinetochore-microtubule attachment defects seen in Astrin putative PP1 docking 

mutants perturbing localisation of proteins dynamically localising at outer-kinetochore? 

The high percentage of lateral attachments scored in Astrin 4A and ∆1123-1193 mutant 

expressing cells and their longer mitotic timing suggested that there could imbalances 

outer-kinetochore proteins that shuttle dynamically during attachment stabilisation. I 

indeed observed high kinetochore levels of MAD2 in Astrin 4A and ∆1123-1193 mutants in 

comparison to wild type control. MAD2 is one of the checkpoint proteins responsible for 

delaying the anaphase onset of the cell until all chromosomes are stably attached to the 

spindle in an amphitelic fashion (i.e. biorientation - De Antoni et al., 2005; Hoyt et al., 

1991; Li and Benezra et al., 1999; Waters et al., 1999). These results agree with 

MAD1/MAD1 complex presence on lateral and not end-on kinetochores (Shrestha et al., 

2013; Waters et al., 1998). Moreover, Astrin/SKAP localisation enriches dynamically at 

kinetochores while MAD1/MAD2 enrichment decreases (Kuhn and Dumont, 2017), 

correlating to Astrin negative kinetochores bearing high MAD2 levels in Astrin 4A and 

∆1123-1193 expressing cells. I did not record a significant difference in MAD2 enrichment 

defects between Astrin 4A and ∆1123-1193, suggesting that the role of Astrin C-terminus 

might be enzymatic (e.g. recruitment of PP1 phosphatase through the RVMF motif) rather 

than structural. This hypothesis is supported by the failure of kinetochore localisation 

displayed by Astrin C-terminus fragments shorter than 852-1193 a.a. (Dunsch et al., 

2011). The increase in MAD2 enrichment could also explain the mitotic delay displayed by 

Astrin 4A and ∆1123-1193 to be due to persistent checkpoint activation. 

 

Unexpectedly, I observed no evident difference in Bub1 or BubR1 levels in Astrin 4A and 

∆1193 mutant expressing cells in comparison to wild type condition. Both proteins appear 

to enrich in the same manner at kinetochore in Astrin mutant expressing cells. In human 

and yeast cells, Bub1 and BubR1 are SAC proteins assembling in a complex including 

Bub3 onto KNL1 MELT phosphorylated repeats and constituting the physical platform of 

regulation of checkpoint signalling at kinetochore (Brady and Hardwick, 2000; Chan et al., 

1999; Hoyt et al., 1991; Jablonski et al., 1998; Krenn et al., 2012; Primorac et al., 2013; 

Roberts et al., 1994; Shepperd et al., 2012; Taylor and McKeon, 1997; Taylor et al., 1998; 

Vleugel et al., 2015; Zhang et al., 2014; Zhang et al., 2015). Bub1 has been shown to 
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allow MAD1/MAD2 complex localisation at kinetochore by i) direct interaction with MAD1 

(del Mar Mora-Santos et al., 2016; Moyle et al., 2014; Zhang et al., 2017) or ii) recruitment 

of RZZ (another platform for MAD1 recruitment - Siliò et al., 2015; Yamamoto et al., 2008) 

onto KNL1 (Caldas et al., 2015; Zhang et al., 2015). The difference in MAD2 and 

Bub1/BubR1 localisation phenotype seen in Astrin 4A and ∆1123-1193 expressing 

mutants in comparison to wild type condition could be explained by the following evidence: 

 

i) MAD1 and MAD2 enrichment at kinetochore disappear in metaphase (Howell et al., 

2004; Kuhn and Dumont, 2017; Waters et al., 1998). 

ii) Bub1 and BubR1 enrichment at kinetochore decrease from prometaphase to 

metaphase, but their signal is still visible during anaphase (Howell et al., 2004; 

Jablonski et al., 1998). 

iii) Bub1 and BubR1 kinetochore levels do not change significantly in Astrin or SKAP 

depleted cells in comparison to levels in metaphase kinetochores of control depleted 

cells (Dunsch et al., 2011; Thein et al., 2007).  

iv) Astrin enrichment at end-on kinetochores correlates to MAD1 gradual displacement 

(Kuhn and Dumont, 2017). 

v) My results in monopolar spindles show kinetochore enrichment of BubR1 is still present 

on end-on attachments (see Chapter 3.1.5). 

 

A model of SAC silencing dynamics upon Astrin kinetochore localisation is presented 

below. 

 

I also observed that PP2A-B56 levels at outer-kinetochore are comparable in Astrin 4A 

and ∆1123-1193 mutant expressing cells in comparison to wild type control cells. These 

findings agree with PP2A-B56 levels to not change in cells treated with Astrin siRNA in 

comparison to control siRNA treated cells (Kerstin Thein, 2007 - PhD thesis). Together 

with my observations on BubR1 recruited PP2A-B56 (see Chapter 3.1), these results 

agree with PP2A-B56 to be more important for early stages of the end-on conversion 

process when Astrin is not enriched at kinetochore yet. 

 

I did not detect any significant difference of Sgo2 levels at outer-kinetochore between 

Astrin 4A and ∆1123-1193 expressing cells and wild type expressing cells. Initial co-IP 

studies showed SKAP complex to be a binding partner with Sgo2 (Dunsch et at., 2011). 

However, two consecutive co-IP studies of the Astrin/SKAP complex have failed to 
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replicate the results (Kern et al., 2016; Kern et al., 2017). Furthermore, the fact that LC8 

(dynein light chain subunit) has been consistently found as interactor partner of the 

Astrin/SKAP complex suggests the possible binding of Sgo2 with Astrin/SKAP complex to 

be a minor interaction. My results are consistent with this hypothesis as Sgo2 kinetochore 

levels do not change upon dependently on Astrin enrichment at the kinetochore. 

Altogether, this evidence suggests that Astrin putative PP1 binding domain may not be 

involved in Sgo2/PP2A-B56/MCAK pathway (Tanno et al., 2010). 

 

Finally, immunostaining of human metaphase cells showed Sgo2 is positioned in the inner-

face of anti-centromere antibodies (Tanno et al., 2010), whereas my results show Astrin 

and Sgo2 to be both on the outer-face of CREST signal. Further studies on exact Sgo2 

localisation during mitosis will help understanding its positioning at outer-kinetochore. 

 

Kinase inhibitor study indicates Astrin putative PP1 binding site may counteract Cdk1 

phosphorylation at outer-kinetochore. 

Aurora B inhibition stabilises end-on attachments in both monopolar and bipolar cells 

(Hauf et al.. 2003; Shrestha et al., 2017). However, localisation and kinetochore-

microtubule attachments of Astrin 4A and ∆1123-1193 expressing cells is still impaired 

upon Aurora B inhibition. These results correlate with kinetochore-microtubule attachment 

defects reported in monopolar HeLa cells exposed to ZM447439 and depleted either of 

Astrin or SKAP (Shrestha et al., 2013). Previously, Schmidt et al. (2012) showed that 

Aurora B negatively regulates Astrin/SKAP complex enrichment to outer-kinetochore. 

Shrestha et al. (2013) and Kuhn and Dumont (2017) demonstrated that Astrin/SKAP 

enrichment at kinetochore happens only when the end-on geometry has been already 

established. My results suggest that Aurora B inhibition is not enough to stabilise the end-

on geometry as Astrin putative PP1 docking-site mutants still display lateral attachments, 

and that implies a second mitotic kinase could be involved in the process. This phenotype 

correlates with a decrease in the life-time of end-on attachments displayed by HeLa cells 

treated with SKAP siRNA (Shrestha et al., 2017). Together with the timing of SKAP 

kinetochore enrichment reported by Kuhn and Dumont (2017), my observations indicate 

actual Astrin role in kinetochore-microtubule geometry stabilisation may be after Aurora B 

has been fully counteracted in the end-on conversion process.  

 

An inhibitor screen performed by a former Master student in our group discovered that 

Cdk1 inhibition coupled to Aurora B inhibition was able to rescue Astrin 4A kinetochore 
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localisation (Dominique Braun, 2015 - MPhil thesis). My results agree with these findings 

as the percentage of laterally attached kinetochores is drastically reduced in Astrin 4A 

expressing cells upon double inhibitor treatment, and Astrin enrichment at kinetochore is 

increased. Interestingly, I observed a high number of end-tethered kinetochores with no 

Astrin enrichment in Astrin ∆1123-1193 expressing cells, correlating with the failure in the 

rescue of kinetochore localisation recorded previously by Dominque Braun. This 

phenotype indicates that Astrin localisation at kinetochore may be indeed needed to 

counteract Cdk1 to stabilise end-on attachments. These experiments do not agree with 

recent finding suggesting that Astrin N-terminus phosphorylation by Cdk1 or Plk1 (rather 

than de-phosphorylation) allows kinetochore localisation (Chung et al., 2016).  

 

Recent experiments have shown that Cdk1 and Mps1 phosphorylate Bub1 S459 and 

T461, respectively, to allow the interaction with MAD1 (Ji et al., 2017; Zhang et al., 2017). 

Since Mps1 is displaced from HEC1 binding upon end-on geometry generation (Hiruma et 

al., 2015), therefore interrupting T461 phosphorylation, Astrin putative interaction with PP1 

may be involved in completing the dephosphorylation of Bub1 for MAD1 release. This 

hypothesis correlates with results of checkpoint proteins immunostaining on Astrin 4A and 

∆1123-1193 mutant expressing cells (i.e. MAD2 levels high but no difference with wild type 

in Bub1/BubR1 kinetochore enrichment). Thus, it would be interesting to investigate 

whether Bub1 S459 is still phosphorylated in metaphase cells expressing Astrin 4A or 

∆1123-1193 mutants. 

 

Proposed model for Astrin stabilisation of kinetochore-microtubule attachments at the 

kinetochore and SAC silencing. 

During the end-on conversion process, kinetochores engage with the lateral surface of 

microtubule lattice upon capture. In this geometry, phosphorylation on HEC1 N-tail is high, 

decreasing the affinity to microtubules and allowing Mps1 residency onto HEC1 N-tail. 

From this locus, Mps1 phosphorylates KNL1 MELT repeats and, in conjunction with Cdk1, 

Bub1 S459 and T461, therefore sustaining a robust SAC signal. During lateral attachment, 

the Astrin/SKAP complex associates to microtubules but it is unable to localise at 

kinetochore (Figure 3.2.13. sub-panel A). Once the end-on conversion process is 

completed, the new geometry of attachment allows Astrin enrichment at outer-kinetochore 

through direct interaction with HEC1. At this stage, phosphorylation on HEC1 N-tail is low, 

thus increasing affinity to the microtubule lattice and displacing Mps1 from outer-

kinetochore (Figure 3.2.13. sub-panel B). As Mps1 levels decrease, phosphorylation onto 
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KNL1 MELT repeats and Bub1 T461 is low, reducing levels of Bub1/Bub3/BubR1 modules 

at kinetochore. Astrin-bound PP1 counteracts Cdk1 phosphorylation of Bub1 S459, 

therefore displacing MAD1/MAD2 from Bub1 and silencing the SAC.  
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Figure 3.2.13. Proposed model of Astrin localisation at kinetochore and SAC silencing. 
Diagram illustrating the proposed model for Astrin-bound PP1 function at outer-kinetochore. Explanation in 
section 3.2.8.  
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3.3. Results Part III: Does Astrin bind to PP1 during mitosis? 

 

3.3.1. Introduction. 

 

Astrin is a ~135 KDa protein, which forms a complex with its partner SKAP during mitosis 

(Dunsch et al., 2011; Fang et al., 2009; Mack and Compton, 2001; Schmidt et. al., 2010). 

The Astrin/SKAP complex localises at high levels on the spindle in prometaphase, and 

then gradually enriches at kinetochore as cells progress into metaphase, once the end-on 

geometry of attachment has been established (Gruber et al., 2002; Kuhn and Dumont, 

2017; Shrestha and Draviam, 2013). How precisely and dynamically the Astrin/SKAP 

complex localises at kinetochore during mitosis has started to be elucidated only recently. 

Biochemistry data and immunofluorescence evidence is pointing out that SKAP might play 

a more prominent role in spindle rather than kinetochore binding of the Astrin/SKAP 

complex (Friese et al., 2016; Kern et al., 2017), although its complete depletion in human 

cells interfere with Astrin localisation at kinetochore (Schmidt et al., 2010). At the same 

time, evidence from our group and other laboratories shows that Astrin interacts with 

HEC1 at outer-kinetochore (Kern et al., 2017; Naoka Tamura, 2013 - PhD thesis). 

Understanding how Astrin binds to the kinetochore, including its orientation, could be 

crucial to understanding dynamic changes in kinetochore stability. Indeed, depletion of 

Astrin or SKAP in human cells results in longer mitotic time and defects in kinetochore-

microtubule attachments (Fang et al., 2009; Shrestha et al., 2017; Thein et al., 2007). 

 

In the previous chapter, I have shown that the Astrin RVMF motif, a highly conserved 

putative PP1 binding motif (Naoka Tamura, 2013 - PhD thesis; Wakula et al., 2003), plays 

an important role in controlling Astrin localisation at kinetochore, kinetochore-microtubule 

attachment establishment and mitotic progression. Evidence from our laboratory has 

shown that a C-terminal fragment of Astrin can bind to PP1 in vitro (Dominique Braun, 

2015 - MPhil thesis). Whether Astrin is a novel PP1 recruiter in vivo is still not clear. For 

this reason, in this chapter, I use biochemistry, cell biology and fluorescence microscopy 

techniques to explore how Astrin and PP1 interaction might occur in living cells. 
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3.3.2. Generation of reagents for Astrin localisation rescue experiments. 

 

Introduction: Since mutation or deletion of the putative PP1-docking site impairs Astrin 

kinetochore localisation, I tested whether Astrin localisation phenotype could be rescued 

by artificially targeting PP1γ to Astrin C-terminus (i.e. where the RVMF motif is located) 

using GBP-fusion system (GFP-Binding-Protein; Rothbauer et al., 2008). 

 

Since there is no evidence from the literature of experiments performed with a C-terminal 

tagged Astrin so far, I first asked whether a C-terminal GFP-tagged version of Astrin wild 

type would enrich normally at kinetochore. For this purpose, I transfected HeLa cells with a 

plasmid encoding an Astrin-GFP wild type cDNA and arrested them with MG132 before 

fixation (Figure 3.3.1.B). Immunostaining with antibodies against GFP (for Astrin-GFP) 

and CREST antiserum (for the centromeric region) showed an average decrease of Astrin 

localisation at kinetochores but not on the spindle in Astrin-GFP expressing cells in 

comparison to GFP-Astrin control (controls sub-panel in Figure 3.3.1.C). I interpret this 

observation as the C-terminal tag disrupts Astrin kinetochore localisation. 

 

To overcome this technical problem, I sought to increase the distance between Astrin C-

terminus and GFP using linkers. To achieve this, I designed a series of linker sequences 

of different length and flexibility selected from the literature (reviewed in Chen et al., 2013 - 

Figure 3.3.1.A): 

 

i) A short Gly-Gly-Gly-Gly-Ser (X2) flexible, unstructured linker (abbreviated as Astrin-SF-

GFP). 

ii) A medium Gly (X14) based flexible, unstructured linker (Astrin-MF-GFP). 

iii) A long Gly-Gly-Gly-Gly-Ser (X5) flexible, unstructured linker (Astrin-LF-GFP). 

iv) A medium Glu-Ala-Ala-Lys (X3) rigid, coiled linker (Astrin-MR-GFP). 

v) A long Glu-Ala-Ala-Lys (X6) rigid, coiled linker (Astrin-LR-GFP). 

  

Then, I asked whether the different linkers would increase Astrin-GFP wild type 

kinetochore enrichment in bipolar cells. HeLa cells were transfected with plasmids 

encoding Astrin-GFP cDNA with different linkers cDNAs, exposed to MG132 and then 

fixed and immunostained with antibodies against GFP (for Astrin-GFP) and CREST 

antiserum (for the centromeric region - Figure 3.3.1.B). Results showed that, on average, 

Astrin-GFP proteins bearing rigid linkers were unable to localise normally at kinetochores 
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(Figure 3.3.1.C). On the contrary, insertion of a short, medium or long flexible linker 

between Astrin C-terminus and GFP resulted in an improved kinetochore enrichment of 

Astrin (Figure 3.3.1.C). I conclude that the insertion of a flexible linker between Astrin C-

terminus and GFP restores Astrin localisation at kinetochore in bipolar spindles whereas 

insertion of a rigid linker does not. 

Figure 3.3.1. Generation of Astrin-GFP constructs with different linkers length and flexibility.  
(A) Diagram shows the different linkers used to separate Astrin C-terminus and GFP. Amino acid sequence 
of each linker is displayed on the right. Astrin and linkers length are not in scale. (B) Experimental regime: 
HeLa cells were transfected with plasmid encoding GFP-Astrin or Astrin-GFP (with various linkers added) 
and exposed to MG132 prior to fixation. (C) Representative images show percentages (in white) of cells 
presenting the displayed phenotype of Astrin enrichment at kinetochore in cells treated as in B and 
immunostained with antibodies against GFP and CREST anti-serum. Scale bars: 5 µm. Astrin-GFP (No 
Linker) control image taken from an unmatched experiment. 
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Overall, both medium and long flexible linkers showed to present higher efficiency in 

restoring Astrin localisation at the kinetochore compared to the short flexible linker (Figure 

3.3.1.C). However, for my rescue experiments, I chose to use Astrin-SF-GFP to insert a 

minimal useful distance between Astrin and the tag and avoiding PP1γ to be recruited too 

far from the RVMF motif. I, therefore, generated a short flexible version of Astrin 4A and 

∆1123-1193 mutant proteins. 

 

Finally, I fused PP1γ to GBP and to mCherry to allow constitutive PP1 binding onto Astrin-

SF-GFP mutant proteins. PP1γ was selected over other variants of the phosphatase as it is 

the most abundant isoform localising at kinetochore (Trinkle-Mulcahy et al., 2003). 

mCherry-tagged GBP alone and GBP-PP1γD64N (catalytically dead phosphatase; Zhang et 

al., 1996) proteins were generated alongside to the experimental controls (Figure 3.3.2.A). 

 

 

3.3.3. Targeting catalytically active mCherry-GBP-PP1γ to Astrin C-terminus but not 

to Astrin N-terminus rescues the localisation of Astrin PP1-interaction mutants. 

 

Having created all constructs, I asked whether I could rescue Astrin 4A and ∆1123-1193 

mutants localisation at kinetochore by artificially targeting PP1γ to Astrin C-terminus. For 

this purpose, I depleted HeLa cells of endogenous Astrin and co-expressed Astrin-SF-GFP 

(wild type or 4A or ∆1123-1193) with mCherry-GBP or mCherry-GBP-PP1γ (wild type or 

D64N). Cells were exposed to MG132 before fixation and were immunostained with 

antibodies against GFP (for Astrin-SF-GFP), mCherry (for mCherry-GBP-PP1γ), CREST 

antiserum (for the centromeric region) and DAPI (for DNA -Figure 3.3.2.B). Results 

showed Astrin 4A and ∆1123-1193 mutants enrichment at kinetochore to be fully rescued 

when co-expressed with catalytically active mCherry-GBP-PP1γWT
 but not with mCherry-

GBP alone (Figure 3.3.2.C-D). Unexpectedly, Astrin wild type enrichment at kinetochore 

decreased significantly when co-expressed with mCherry-GBP (Figure 3.3.2.C-D). I 

interpret this as mCherry-GBP prevents Astrin wild type C-terminus function. Intriguingly, 

the catalytically dead version of PP1γ  was also able to rescue Astrin 4A and ∆1123-1193 

localisation at kinetochore (Figure 3.3.2.C-D). I conclude both mCherry-GBP-PP1γWT and 

mCherry-GBP-PP1γD64N can rescue Astrin 4A and ∆1123-1193 localisation defects. 
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Figure 3.3.2. Targeting mCherry-GBP-PP1γ
WT but not mCherry-GBP to Astrin C-terminus rescues 

localisation of Astrin PP1-interaction mutants.  
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(A) Experimental regime: HeLa cells were treated with Astrin siRNA before transfection with plasmid vectors 

encoding Astrin-SF-GFP (wild type, 4A or ∆1123-1193) alone or co-transfected with mCherry-GBP or 

mCher- ry-GBP-PP1γ (wild type or D64N). Cells were exposed to MG132 for 1h prior to Immunostaining. (B) 

Diagram showing the structure of mCherry-tagged constructs used in Astrin PP1-site rescue studies. Light 

blue triangle inside PP1 represents RID domain. (C) Representative images show Astrin enrichment at 

kinetochore in cells immunostained with antibodies against GFP and mCherry, CREST anti-serum and 

stained with DAPI for DNA. Cropped images show Astrin-GFP enrichment at kinetochores. Diagrams of 

combinations of Astrin-GFP and the various mCherry-tagged constructs are shown on the right hand-side of 

each condition. Scale bars: 5 µm in uncropped images, 1 µm in insets. (D) Graph shows percentage of cells 

present- ing high, low or negative Astrin crescent levels at kinetochore in cells treated as in C. 

 

Since it has been recently reported that PP1γ binds to PP2A-B56 in yeast and human cells 

during the cell cycle (Grallert et al., 2015), I investigated whether the observed rescue of 

the Astrin mutants’ localisation with a catalytically dead phosphatase was due to an 

ectopic enrichment of B56-PP2A onto Astrin-GFP through direct interaction with PP1γ. 

Indeed, in the rescue experiment, PP1γ is recruited onto Astrin through binding to GBP 

rather than in an RVMF-mediated interaction. I, therefore, generated a PP1γ mutant 

version where Phe286 was mutated to Ala in order to disrupt the binding with any RVxF-

motif bearing protein (henceforth referred to as RVxF Interaction Domain mutant or ∆RID - 

Terrak et al., 2004). This mutation disrupts a Φ-Φ interaction (i.e. an interaction between 

Phe aromatic rings) between PP1 Phe286 and any RVxF-motif bearing interactors (Terrak 

et al., 2004). To test my hypothesis, I studied B56 levels at kinetochore when Astrin-SF-

GFP wild type was expressed alone or co-expressed with mCherry-GBP-PP1γ (wild type 

or ∆RID). For this purpose, I depleted Astrin from HeLa cells and transiently expressed 

Astrin-SF-GFP wild type alone or co-expressed with mCherry-GBP-PP1γ (wild type or 

∆RID). Cells were arrested with MG132 before fixation and immunostained with antibodies 

against GFP (for Astrin-SF-GFP), mCherry (for mCherry) and B56 (for endogenous B56 - 

Figure 3.3.3.A). Quantitative analysis showed mCherry-GBP-PP1γWT co-expression 

presented a two-fold increase in B56 intensity at kinetochore in comparison to single 

expression conditions (Figure 3.3.3.B-C). Moreover, an increase of B56 spindle intensity 

was observed in mCherry-GBP-PP1γWT co-expressing cells (Figure 3.3.3.B-C). In 

contrast, co-expression of mCherry-GBP-PP1γ∆RID with Astrin-GFP wild type did not yield 

to a significant increase in B56 intensity at the kinetochore in comparison Astrin-SF-GFP 

alone expressing cells (Figure 3.3.3.B-C). I conclude that mCherry-GBP-PP1γWT increases 

the enrichment of B56-PP2A at kinetochore but mCherry-GBP-PP1γ∆RID does not.  
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Figure 3.3.3. mCherry-GBP-PP1γ
WT enhances B56 levels at kinetochore when co-expressed with 

Astrin-GFP wild type. 

(A) Experimental regime: HeLa cells were treated with Astrin siRNA before transfection with plasmid vectors 

encoding Astrin-SF-GFP wild type alone or co-transfected with mCherry-GBP-PP1 (wild type or ∆RID). Cells 

were exposed to MG132 for 1h prior to immunostaining. (B) Representative images show B56 levels at 

kinetochore in HeLa cells treated with Astrin siRNA and transiently expressing Astrin-GFP wild type alone or 

co-transfected with mCherry-GBP-PP1γ (wild type or ∆RID). Cells were arrested with MG132 for 1h prior to 

fixation and immunostained with antibodies against GFP, mCherry and B56 and stained with DAPI for DNA. 

Cropped images highlight kinetochore enrichment of B56. Scale bars: 5 µm in uncropped images, 1 µm in 

insets. (C) Graphs show normalised B56 KT/cytoplasm intensity ratio at kinetochore from cells as in B. Each 

circle represents values from one kinetochore. Horizontal lines and whiskers mark mean and SD across data 

from three independent experiments. “*” indicates statistically significant differences assessed using a non-

parametric Kruskal-Wallis H test combined with Dunn’s multiple comparisons test. 

 

Based on my previous results (Figure 3.3.2.), I hypothesised that rescue of Astrin PP1-site 

mutants localisation at kinetochore in mCherry-GBP-PP1γD64N co-expressing cells could 

have been due to an ectopic enrichment of B56-PP2A onto Astrin through direct binding 

with PP1γ itself. If this is true, co-expression of Astrin-SF-GFP with mCherry-GBP-PP1γ∆RID 

should rescue Astrin mutants localisation defects whereas mCherry-GBP-PP1γ∆RID+D64N 

should not. For this purpose, I performed the rescue experiment again using PP1γ∆RID wild 

type or D64N proteins. HeLa cells were depleted of endogenous Astrin and then 

transfected with plasmids encoding Astrin-SF-GFP (wild type or 4A or ∆1123-1193) alone 

or together with mCherry-GBP-PP1γ∆RID (wild type or D64N). Cells were exposed to  
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Figure 3.3.4. Targeting mCherry-GBP-PP1γ
∆RID but not mCherry-GBP-PP1PP1γ

∆RID+D64N to Astrin C-
terminus rescues localisation of Astrin PP1-interaction mutants. 
(A) Experimental regime: HeLa cells were treated with Astrin siRNA before transfection with plasmid vectors 
encoding Astrin-GFP (wild type, 4A or ∆ 1123-1193) alone or co-transfected with mCherry-GBP-PP1γ∆RID 
(wild type or D64N). Cells were exposed to MG132 for 1h prior to Immunostaining. (B) Representative 
images show Astrin enrichment at kinetochore in cells immunostained with antibodies against GFP and 
mCherry, CREST anti-serum and stained with DAPI for DNA. Cropped images show Astrin-GFP enrichment 
at kinetochores. Diagrams of combinations of Astrin-GFP and the various mCherry-tagged constructs are 
shown on the right hand-side of each condition. Scale bars: 5 µm in uncropped images, 1 µm in insets. (C) 
Graph shows percent- age of cells presenting high, low or negative Astrin crescent levels at kinetochore in 
cells treated as in B.  

 

MG132 prior to fixation and were immunostained with antibodies against GFP (for Astrin-

SF-GFP), mCherry (for mCherry-GBP-PP1γ∆RID), CREST antiserum (for the centromeric 

region) and DAPI (for DNA -Figure 3.3.4.A). I observed that Astrin 4A and ∆1123-1193 

mutants were efficiently rescued by co-expression with mCherry-GBP-PP1γ∆RID but not with 

mCherry-GBP-PP1γ∆RID+D64N (Figure 3.3.4.B-C). Unexpectedly, co-expression with 

mCherry-GBP-PP1γ∆RID+D64N impaired Astrin-SF-GFP wild type localisation at kinetochore, 
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in a similar manner observed in mCherry-GBP co-expression (compare Figure 3.3.2.D to 

Figure 3.3.4.C). Moreover, I observed that rescue efficiency of Astrin mutants localisation 

was slightly lower in mCherry-GBP-PP1γ∆RID in comparison to mCherry-GBP-PP1γWT 

conditions (compare Figure 3.3.2.D to Figure 3.3.4.C). I conclude mCherry-GBP-PP1γ∆RID 

can rescue Astrin-SF-GFP 4A and ∆1123-1193 mutants’ kinetochore localisation defects, 

whereas mCherry-GBP-PP1γ∆RID+D64N cannot. 

 

Finally, I asked whether the observed rescue of Astrin mutant localisation in Figure 3.3.4 

was specific to PP1γ recruitment close to the mutated RVMF motif rather than having 

phosphatase activity adjacent to the kinetochore per se. For this purpose, I performed 

Astrin mutants localisation rescue experiment by targeting mCherry-GBP-PP1γ proteins to 

Astrin N-terminus. HeLa cells were depleted of endogenous Astrin and transfected with 

plasmid encoding GFP-Astrin (wild type or 4A or ∆1123-1193) alone or together with 

mCherry-GBP or mCherry-GBP-PP1γ (wild type or D64N). Cells were exposed to MG132 

before fixation and were immunostained with antibodies against GFP (for GFP-Astrin), 

mCherry (for mCherry-GBP-PP1γ), CREST antiserum (for the centromeric region) and 

DAPI (for DNA -Figure 3.3.5.A). Results showed that co-expression with mCherry-GBP 

and mCherry-GBP-PP1γD64N did not change significantly Astrin mutants localisation at 

kinetochore (Figure 3.3.5.B-C). Indeed, I observed only a slight increase in Astrin 

kinetochore enrichment when Astrin mutants were co-expressed with mCherry-GBP-

PP1γWT (Figure 3.3.5.B-C). I conclude that recruitment of PP1γ to the N-terminus of Astrin 

does not rescue GFP-Astrin 4A and ∆1123-1193 mutants localisation at kinetochore and 

that mCherry-GBP targeted to the N-terminus does not obstruct Astrin wild type 

kinetochore localisation, as opposed to C-terminus targeting. 

 

Based on all the evidence from rescue experiments, I conclude that: 

 

i) Localisation defects of Astrin 4A and ∆1123-1193 mutants can be rescued by artificially 

recruiting PP1γ to Astrin C-terminus (i.e. close to the RVMF motif) but not to Astrin N-

terminus. 

ii) Steric hindrance introduced by inactive proteins prevents Astrin C-terminus function to 

localise Astrin at  the kinetochore. 
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 Figure 3.3.5. Targeting mCherry- GBP-PP1γ
WT Astrin N-terminus does not efficiently rescue 

localisation of Astrin PP1-interaction mutants.  

(A) Experimental regime: HeLa cells were treated with Astrin siRNA before transfection with plasmid vectors 
encoding GFP-Astrin (wild type, 4A or ∆ 1123-1193) alone or co-transfected with mCherry-GBP or mCherry-
GBP-PP1γ (wild type or D64N). Cells were exposed to MG132 for 1h prior to immunostaining. (B) 
Representative images show Astrin enrichment at kinetochore in cells immunostained with antibodies 
against GFP and mCherry, CREST anti-serum and stained with DAPI for DNA. Cropped images show GFP-
Astrin enrichment at kinetochores. Diagrams of combinations of GFP-Astrin and the various mCherry-tagged 
constructs are shown on the right hand-side of each condition. Scale bars: 5 µm in uncropped images, 1 µm 
in insets. (C) Graph shows percentage of cells presenting high, low or negative Astrin crescent levels at 
kinetochore in cells treated as in B. Images (B) and data (C) from Astrin alone condition are the same of 
Figure 3.2.4.B-C. 
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3.3.4. Probing Astrin-PP1 interaction using biochemistry techniques. 

 

Findings from a previous Masters student in our group showed a direct interaction 

between PP1 and Astrin C-terminus wild type but not 4A mutant in an in vitro pull-down 

assay using proteins purified from bacteria (Dominique Braun, 2015 - MPhil thesis). 

 

Hence, I investigated whether Astrin/PP1 complex could be found in vivo performing co-

immunoprecipitation studies using both a full-length and a C-terminal version of Astrin. For 

this purpose, I generated HeLa T-REx cells stably expressing YFP-tagged Astrin full-

length (Figure 3.2.5.)  or C-terminal fragments (956-1123 a.a. Figure 3.3.6.).  

Figure 3.3.6. HeLa T-REx cell lines stably expressing YFP-Astrin C-terminal domain (956-1193) 
fragments used in my studies. 
(A) Representative live-cell images show YFP-Astrin C-terminus (wild type or 4A or 956-1122) expressing 
cells in metaphase upon Doxycycline induction. Differential Interference Contrast (DIC) and YFP channel are 
shown. Scale bars: 10 µm. (B) Immunoblot of lysates of cells from A harvested 6 hours after Doxycycline 
induction. Antibodies against GFP and γ-Tubulin (loading control) were used.  

 

First, I sought to study Astrin-PP1 interaction using HeLa T-REx stably expressing YFP-

Astrin (wild type or 4A or ∆). Cells were seeded in two 10 cm dishes and induced with 

Doxycycline for 24 hours before lysis (Figure 3.2.7.A). Co-immunoprecipitation was 

performed using GFP-trap™ beads (Chromotek) and HeLa T-REx parental cell line was 

used as negative control for the co-immunoprecipitation studies. Two independent repeats 

of the experiments were performed, and results were analysed via Western blot. In the first 

experimental repeat I did not detect expression of the exogenous YFP-Astrin (Figure 

3.2.7.B). On the other hand, the second experimental repeat showed that beads were able 

to purify YFP-Astrin but not endogenous Astrin from the parental cell line (Figure 3.2.7.B), 

as expected. PP1 was not detected in the beads-purified solution (Figure 3.2.7.B).  
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Figure 3.3.7. In vivo co-immunoprecipitation of Astrin full length with PP1 results. 
(A) Experimental regime: HeLa T-REx (parental cell line) or HeLa T-REx YFP-Astrin (wild type or 4A or 
∆1123-1193) cells were induced with Doxycycline (1 ng/µl) for 24 hours before lysis and co-
immunoprecipitation. (B) YFP-Astrin immunoprecipitates of lysates from cells treated as in A were analysed 
by Western Blot. “Parental” refers to lysates from HeLa T-REx cells. Blots show results of two experimental 
repeats. Blot probed with antibodies against Astrin, PP1 and SKAP.  

 

Moreover, I did not observe any binding of either endogenous Astrin or SKAP to the 

purified YFP-Astrin versions (Figure 3.2.7.B). I interpret this as too harsh washing 

conditions were used for immunoprecipitation. I conclude that the conditions for the co-

immunoprecipitation of PP1 with full-length Astrin protein has been established. 

 

Second, I performed the co-immunoprecipitation of PP1 with an Astrin C-terminus 956-

1193  a.a wild type fragment (Figure 3.2.8.A). To do so, I used a HeLa T-REx cell line 

stably expressing YFP-Astrin 956-1193 wild type and performed the co-

immunoprecipitation using GFP-trap™ beads (Chromotek). Cells were induced for 6 hours 

with Doxycycline before lysis (Figure 3.2.8.A). Three independent repeats of the 

experiments were performed and results were analysed via Western blot. Results showed 

beads were able to purify the YFP-tagged fragment (Figure 3.2.8.B). However, 

immunostaining with antibodies against PP1 showed no PP1 was co-purified with Astrin C-
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terminal fragment (Figure 3.2.8.B). Furthermore, no co-purification was detected with 

Astrin fragment and endogenous Astrin or SKAP (Figure 3.2.8.B). I conclude the co-

immunoprecipitation of Astrin and PP1 using an Astrin C-terminal fragment has not worked 

in these settings. 

 

I conclude the co-immunoprecipitation experiments have not worked and so, it is not 

possible to conclude about Astrin-PP1 physical interaction based on these results. 

Figure 3.3.8. Representative results In vivo co-immunoprecipitation of Astrin C-terminus with PP1. 
(A) Experimental regime: HeLa T-REx YFP-Astrin 956-1193 wild type cells were induced with Doxycycline 
(0.5 ng/µl) for 6 hours before lysis and co-immunoprecipitation. (B) YFP-Astrin 956-1193 immunoprecipitates 
of lysates from cells treated as in A were analysed by Western Blot. Representative blot shows results from 
one of three experimental repeats. Blot was immunostained with antibodies against GFP, Astrin, PP1 and 
SKAP.  

 

 

3.3.5. FRET measurements show Astrin and HEC1 binding orientation. 

 

Introduction: Astrin localises on end-tethered kinetochores in late stages of mitosis (Mack 

and Compton, 2001; Shrestha and Draviam, 2013). Where Astrin binds at kinetochore was 

unclear until very recently. Indeed, a Study from Kern et al. (2017) found HEC1 as binding 

a partner of Astrin in a cross-link IP assay. Furthermore, a yeast two-hybrid screen from a 

previous student in our group showed that Astrin and the HEC1/Ndc80 subunit of the 
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Ndc80 complex can interact (Naoka Tamura, 2013 - PhD thesis). How Astrin and HEC1 

orientate towards each other in vivo has not been shown yet. Therefore, I sought to 

investigate how the interaction happens in living cells by measuring FRET emission 

(reviewed in Piston and Kremers, 2007). Since Astrin-HEC1 binding has already been 

demonstrated, and no interactor of the Astrin C-terminus is known so far, I used these 

experiments as the control settings for performing subsequent FRET measurements for 

the Astrin-PP1 interaction studies. 

 

First, I investigated whether Astrin C-terminus and HEC1 C-terminus could be in proximity. 

For this purpose, I co-expressed Astrin-CFP (tag at C-terminus) and HEC1-YFP (tag at C-

terminus) in HeLa cells, and arrested the cells with MG132 before high-resolution live-cell 

imaging (Figure 3.3.9.A). Single CFP-tag expressing cells were used as controls for 

bleed-through of CFP emission into YFP emission spectrum and cross-excitation of YFP 

signal with CFP excitation, respectively. Results showed that Astrin-CFP single expressing 

cells presented moderate to high levels of CFP emission bleed-through into YFP emission 

spectrum (Figure 3.3.9.B). This is expected in CFP/YFP fluorophore pair, as CFP 

emission usually shows 75-85% signal bleed-through into the YFP emission spectrum 

(reviewed in Piston and Kremers, 2007). YFP-HEC1 signal at kinetochore did not show 

visible levels of cross-excitation in HEC1-YFP alone expressing cells (Figure 3.3.9.B). To 

understand whether kinetochore signal visualised in FRET channel 

(excitationCFP/emissionYFP) was indeed actual resonance energy transfer and not bleed-

through, I compared the ratio of kinetochore intensity with spindles intensities in CFP 

(excitationCFP/emissionCFP) and FRET channels, respectively. Indeed, as HEC1 localises at 

kinetochore but not on the spindle, I expected the intensity measured on spindles to be 

actual spectral bleed-through from Astrin-CFP emission.  On the other hand, any real 

resonance energy transfer happening will increase kinetochore FRET intensity value, as 

both proteins co-localise at the kinetochore. When kinetochore signal was measured in 

FRET channel, I observed that kinetochores from co-expressing cells were on average 

brighter than kinetochores from Astrin-CFP alone expressing cells (Figure 3.3.9.B-C). The 

following evidence strengthens the FRET observation: i) spindle signal from Astrin-CFP 

displayed a typical bleed-through behaviour in co-expressing cells (i.e. a decrease in 

intensity in the FRET channel comparison to the CFP channel); ii) Astrin-CFP intensity at 

kinetochores was lower in kinetochores exhibiting FRET compared to kinetochores from 

Astrin-CFP alone expressing cells (Figure 3.3.9.B-C). This behaviour is expected as part 

of CFP emission is lost due to the energy transfer to excite the acceptor fluorophore 
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(reviewed in Piston and Kremers, 2007). Based on this evidence, I conclude that the C-

termini of Astrin and HEC1 are less than 5 nm apart in kinetochores of living cells. 

 
Figure 3.3.9. Astrin-CFP/HEC1-YFP FRET measurement results. 
(A) Experimental regime: HeLa cells were transfected with plasmid vectors, alone or in combination, 
encoding Astrin-CFP and HEC1-YFP. Cells were exposed to MG132 for 1h prior to live-cell imaging. (B) 
Representative images show FRET emission (excitationCFP/emissionYFP) of cells treated as in A. Diagrams of 
constructs expressed in each condition are shown on the left. Scale bars: 10 µm. (C) Graph shows 
kinetochore/cytoplasm intensity ratio of cells from B. Each dot represents value from one kinetochore. Black 
bars and whiskers mark average value and standard deviation, respectively, from values across two 
experimental repeats. A 0.148 µm2 circle area was used for the intensity measurements.  
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Figure 3.3.10. NUF2-CFP/YFP-Astrin FRET measurement results.  
(A) Experimental regime: HeLa cells were transfected with plasmid vectors, alone or in combination, 
encoding NUF2-CFP and YFP-Astrin. Cells were exposed to MG132 for 1h prior to live-cell imaging. (B) 
Representative images show FRET emission (excitationCFP/emissionYFP) of cells treated as in A. Diagrams of 
constructs expressed in each condition are shown on the left. Scale bars: 10 µm. (C) Graph shows 
kinetochore/cytoplasm intensity ratio of cells from B. Each dot represents value from one kinetochore. Black 
bars and whiskers mark average value and standard deviation, respectively, from values across two 
experimental repeats. A 0.148 µm2 circle area was used for the intensity measurements. (D) Diagram shows 
possible orientations of Astrin-HEC1 interaction based on FRET measurements of Astrin-CFP/HEC1-YFP 
and NUF2-CFP/YFP-Astrin pairs. “N” and “C” indicates N- and C-terminus of each protein, respectively.  
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Since Astrin-CFP/HEC1-YFP co-expression suggested the proteins to interact with a 

precise orientation (i.e. Astrin N-terminus oriented towards HEC1 N-terminus), I asked 

whether the opposite orientation could also be observed in vivo. To do so, I co-expressed 

NUF2-CFP (tag at C-terminus) and YFP-Astrin (tag at N-terminus) in HeLa cells and 

measured FRET emission in live-cell imaging conditions (Figure 3.3.10.A).  NUF2 is a 

subunit of the ndc80 complex, tightly coiled together with HEC1 (Ciferri et al., 2005; Wei et 

al., 2005; reviewed in Musacchio and Desai, 2017). NUF2-CFP single expressing cells 

showed similar CFP bleed-through into YFP emission as recorded before (Figure 
3.3.10.B). To assess FRET emission in NUF2-CFP/YFP-Astrin co-expressing cells, I 

recorded the ratio between kinetochore and cytoplasmic signal, as any possible interaction 

of the Ndc80 complex with Astrin is unlikely to happen in the cytoplasm, and therefore 

constituting primarily bleed-through signal. Results showed kinetochore intensity of co-

expressing cells to decrease similarly in FRET channel in comparison to CFP channels 

(Figure 3.3.10.B). Kinetochore/cytoplasmic ratios showed no significant increase in FRET 

channel of co-expressing cells as compared to single expressing cells, although some 

kinetochore presented an increase of the signal (Figure 3.3.10.B-C). Moreover, I did not 

observe an average decrease in kinetochore CFP intensity in co-expressing cells as 

evident as in the previous experiment, strongly indicating that FRET was less likely to 

happen at N-terminus. I interpret this data as Astrin-HEC1 C-termini interaction to be the 

most favourable orientation (Figure 3.3.10.D). 

 

Finally, to confirm the findings about Astrin-HEC1 binding orientation I observed so far, I 

asked whether HEC1 Ser55 phosphorylation would be affected by Astrin-bound PP1. 

Indeed, if Astrin N-terminus is oriented toward HEC1 N-terminus, Astrin-recruited PP1 

would be too distant to interact with HEC1 Ser55. To test this hypothesis, I immunostained 

cells expressing GFP-Astrin (wild type or 4A or ∆1123-1193) with antibodies against 

phosphorylated HEC1 Ser55 (pHEC1 Ser55). Results showed that absence of PP1 

recruitment onto Astrin 4A and ∆1123-1193 expressing mutants did not change 

significantly pHEC1 Ser55 levels in comparison to wild type expressing cells (Figure 
3.3.11.). 
 
Based on FRET measurements and immunofluorescence findings, I conclude that Astrin 

and HEC1 are spatially close in living cells, and interact with their C-termini. 
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Figure 3.3.11. HEC1 Ser55 phosphorylation is not significantly different in Astrin wild type and PP1-
site mutant expressing cells. Representative images show phosphorylation of HEC1 Ser55 levels in cells 
depleted of endogenous Astrin, transiently expressing GFP-Astrin (wild type, 4A or ∆1123-1193) and 
arrested with MG132 for 45’ and then included DMSO for 15’ prior to fixation. As controls for pHEC1 Ser55 
epitope, HeLa cells were transfected with plasmid expressing Mis12-INCENP-GFP WT, arrested with MG132 
for 45’ and then included MG132 + either DMSO or ZM447439 prior to fixation. Cells were immunostained 
with antibodies against GFP and pHEC1 Ser55, CREST anti-serum and stained with DAPI for DNA. Cropped 
images highlight kinetochore levels of pHEC1 Ser55. Scale bars: 5 µm in uncropped images, 1 µm in insets. 

 

 

3.3.6. FRET measurements indicate Astrin and PP1 are in physical proximity in 

human living cells. 

 

While I was probing Astrin-PP1 putative interaction using biochemistry technique, I sought 

to explore whether PP1 is in physical proximity of Astrin C-terminus (i.e. where the RVMF 

motif is) in vivo by performing FRET measurements using fluorescent proteins (reviewed in 

Piston and Kremers, 2007). For this purpose, I transfected HeLa cells stably expressing 

YFP-PP1γ (Trinkle-Mulcahy et al., 2003) with a plasmid encoding Astrin-CFP wild type and 

arrested the cells with MG132 before imaging with high-resolution live-cell settings (Figure 

3.3.12.A). If my hypothesis is correct, and Astrin C-terminus (i.e. where the RVMF lies) 

and PP1 are in physical proximity in living cells (i.e. less than 5 nm) apart, Astrin-CFP 

excitation should be able to excite YFP-PP1 emission via FRET. Results showed Astrin-
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CFP single expressing cells to present high levels of bleed-through of CFP emission into 

the YFP detection channels (see ExCFP/EmYFP lane - Figure 3.3.12.B), as expected for a 

CFP-YFP FRET pair (reviewed in Piston and Kremers, 2007). Conversely, YFP-PP1 did 

not present significant levels of cross-excitation in single expressing cells (see 

ExCFP/EmYFP lane - Figure 3.3.12.B). For measuring FRET emission of co-expressing 

cells, a CFP (ExCFP/EmCFP) over FRET (ExCFP/EmYFP) intensity ratio was calculated. The 

majority of kinetochores of Astrin-CFP/YFP-PP1 presented a significantly lower FRET ratio 

in comparison to kinetochores from Astrin-CFP single expressing cells (Figure 3.3.12.B-

C). I conclude that PP1 and Astrin C-terminus display FRET emission at kinetochores of 

human cells. Interestingly, ratios of the majority of spindle areas measured in Astrin-

CFP/YFP-PP1 co-expressing cells was not significantly different from ratios of Astrin-CFP 

single expressing cells (Figure 3.3.12.B,D). I conclude that Astrin and PP1 may not 

interact on the spindle. 

 

Based on this evidence, I conclude that Astrin C-terminus and PP1 are in physical 

proximity at the kinetochore of living human cells but not preferentially on spindles. 

 

 

3.3.7. Discussion 

 

Astrin 4A and ∆1123-1193 kinetochore localisation defects rescue hints to a loss of 

phosphatase function rather than structural defects. 

In my previous experiments, I have shown that Astrin 4A and ∆1123-1193 present defects 

in kinetochore localisation (see Chapter 3.2). This could be due to either i) a loss of 

function due to disruption of Astrin/PP1 interaction or ii) structural misfolding (4A mutant) 

or deletion (∆1123-1193 mutant). My results showed that targeting a catalytically active 

(and not a phosphatase-dead) PP1γ to Astrin C-terminus but not onto Astrin N-terminus 

was able to rescue Astrin 4A and ∆1123-1193 localisation. This suggests that artificial 

targeting of PP1 onto Astrin C-terminus is sufficient to rescue localisation defects of Astrin 

C-terminus mutants. In particular, the rescue of Astrin ∆1123-1193 points out that the C-

terminal region is structurally dispensable for Astrin recruitment at the kinetochore. It could 

be argued that the rescue could be due to an artificial recruitment of PP1 phosphatase 

onto Astrin. However, when PP1γ was targeted to Astrin N-terminus, Astrin C-terminal 

mutants localisation defects was not improved. These observations strongly suggest that 

Astrin C-terminal domain is responsible for Astrin kinetochore localisation due to the  
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Figure 3.3.12. Astrin-CFP/YFP-PP1 FRET measurement results.  
(A) Experimental regime: HeLa cells were transfected with plasmid vectors, alone or in combination, 
encoding Astrin-CFP and YFP-YFP. Cells were exposed to MG132 for 1h prior to live-cell imaging. (B) 
Representative images show FRET emission (excitationCFP/emissionYFP) of cells treated as in A. Diagrams of 
constructs expressed in each condition are shown on the left. Scale bars: 10 µm. (C) Graph shows 
CFP/FRET intensity ratio at kinetochore of cells from B. Each dot represents value from one kinetochore. 
Black bars and whiskers mark average value and standard deviation, respectively, from values across two 
experimental repeats. Blue and orange fields mark the threshold of negative or positive FRET, respectively. 
(D) Graph shows CFP/FRET intensity ratio on the spindle of cells from B. Each dot represents value from 
one kinetochore. Black bars and whiskers mark average value and standard deviation, respectively, from 
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values across two experimental repeats. Blue and orange fields mark the threshold of negative or positive 
FRET, respectively. In C and D, a 0.066 µm2 circle area was used for the intensity measurements.  

 

enzymatic action of PP1 rather than structural defects. This correlates with the Astrin N-

terminus and coil-coiled region 1 interacting with HEC1 (Figure 3.3.9., 3.3.10. - Kern et al., 

2017; Naoka Tamura, 2013 - PhD thesis). 

 

Astrin has been shown to be phosphorylated in mitosis (Chung et al., 2016). Inhibition of 

Aurora B and Cdk1 phosphorylation can rescue Astrin 4A mutant expressing cells (see 

Figure 3.2.12; Schmidt et al., 2010). My GBP-phosphatase rescue experiments could 

suggest that PP1 binding to Astrin RVMF motif could be important to allow Astrin de-

phosphorylation at kinetochore.  

 

Astrin C-terminus function can be disrupted by steric hindrance. 

My results showed that adding a fluorescent tag on Astrin C-terminus disrupts Astrin wild 

type localisation at kinetochore. This phenotype can be rescued by inserting a flexible 

linker between Astrin and the tag. However, the rescue experiments showed that Astrin-

SF-GFP kinetochore localisation can be disrupted in the same manner by co-expressing 

the protein with either mCherry-GBP or mCherry-GBP-PP1γ∆RID+D64N. These results are 

suggesting that Astrin wild type localisation is disrupted by adding steric hindrance to 

Astrin C-terminus (Compare Astrin wild type localisation results in Figure 3.3.1. to Figure 
3.3.2. and Supplementary Figure 3.3.3.). One possibility for this phenotype could be due 

to a disruption of Astrin localisation onto HEC1 (Kern et al., 2017; Naoka Tamura, 2013 - 

PhD thesis). However, there is no evidence so far that the Astrin C-terminus is involved in 

the interaction. Indeed, i) Kern et al. (2017) experiments showed that Astrin N-terminus but 

not C-terminus is co-purified with HEC1 on microtubules in vitro and ii) Naoka Tamura 

(2013) discovered that only Astrin coil-coiled 1 domain (482-856 a.a.) associates with 

HEC1 in a yeast two-hybrid assay. Hence, the addition of steric hindrance onto Astrin C-

terminus may obstruct PP1 binding to the RVMF motif. This hypothesis is strengthened by 

the following observations: 

 

i) Astrin 4A and ∆1123-1193 localisation can be rescued with mCherry-GBP-PP1γD64N 

(catalytically dead) but not with mCherry-GBP-PP1γ∆RID+D64N (catalytically dead and not 

able to bind to PP2A-B56). 

ii) Targeting mCherry-GBP to Astrin N-terminus does not disrupt Astrin wild type 

localisation at the kinetochore. 



3.3. Results Part III             

   159 

Altogether, these findings strengthen the hypothesis that Astrin C-terminus might be 

important for an enzymatic role (i.e. PP1 recruitment) rather than a structural role. Indeed, 

deletion of Astrin C-terminus is dispensable for Astrin kinetochore localisation if a 

catalytically active phosphatase is recruited in that position. 

 
PP1 interaction with PP2A-B56 may explain Astrin C-terminal mutants rescue using 

mCherry-GBP-PP1D64N mutant. 

A catalytically dead phosphatase version of PP1γ was able to rescue both Astrin C-

terminus mutants. This mutation was shown to drastically decrease PP1 activity (Santos et 

al., 2016; Zhang et al., 1996), therefore, any residual activity of the PP1D64N mutant could 

not account for the observed rescue. Indeed, a number of reports successfully used a 

PP1D64N mutant as negative control for PP1 activity in a variety of live-cell assays, ranging 

from control of viral expression (Ammosova et al., 2005; Ammosova et al., 2011) to 

macrophages inflammatory response (Opaluch et al., 2014), to chromosome congression 

(Häfner et al., 2013). My immunofluorescence experiments show that this phenotype could 

be due to an ectopic recruitment of PP2A onto Astrin C-terminus at the kinetochore. 

Indeed, recent observations showed that PP1 and PP2A interact during cell cycle via B56 

conserved EVMF (Grallert et al., 2015). Expression of a PP1F286A, a residue responsible 

for PP1 binding to the RVxF motif (Terrak et al., 2004), resulted in a decrease of B56 

intensity at outer-kinetochore as compared to wild type levels. ∆RID mutant version of 

PP1γ catalytically dead was unable to rescue Astrin 4A and ∆1123-1193 mutants 

localisation. These observations would suggest rescue using PP1γ wild type is due to a 

combination of PP1 and PP2A-B56 catalytic activity at outer-kinetochore.  

 

PP2A-B56/PP1 interaction is cell cycle phase-dependent, and experiments in yeast cells 

show it happening predominantly in interphase (Grallert et al., 2015). However, in my 

experiments in human cells I am anchoring mCherry-GBP-PP1D64N onto Astrin at the 

outer-kinetochore, where PP2A-B56 is highly concentrated by kinetochore recruiters such 

as BubR1 and Sgo2 (Kruse et al., 2013; Suijkerbuijk et al., 2012; Tanno et al., 2010; Tang 

et al., 2006; Xu et al., 2014). Therefore, this concentration may allow mCherry-GBP-

PP1D64N interaction with PP1. 

 

Does Astrin bind to PP1 in vivo? 

In this chapter, I probed PP1 binding to the Astrin C-terminus using both biochemistry and 

fluorescence microscopy techniques. 
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First, I tested the interaction using cell lines stably expressing both either a full-length YFP-

Astrin (wild type or 4A or ∆) or a C-terminus YFP-Astrin fragment. All the repeats of the co-

immunoprecipitation experiments showed negative results so far. This outcome seems to 

be mainly due to washing buffer being too harsh, as Astrin full-length experiments were 

not able to co-purify with SKAP. Indeed, previous work performed by a Masters student in 

our group showed that the Astrin C-terminus can bind to PP1 in vitro (Dominique Braun, 

2015 - MPhil thesis). As PP1 has not been identified with the most abundant peptides in 

mass-spectrometry experiments (Dunsch et al., 2011; Kern et al., 2016; Schmidt et al., 

2010), this interaction might be weak and need a more gentle washing buffer to be 

preserved during co-precipitation. 

 

Second, FRET measurements at kinetochores of cells co-expressing Astrin-CFP and YFP-

PP1 indicate that Astrin C-terminus and PP1 are less than 5 nm apart at kinetochores of 

human living cells. It could be argued that Astrin and PP1 FRET emission is due to Astrin 

being close to other PP1 recruiters at outer-kinetochore. Indeed, it has been shown that 

both Ska1 and CENP-E can bind in vitro to PP1 (Kim et al., 2010; Sivakumar et al., 2016). 

However, all the immunoprecipitation assays from human living cells have identified no 

putative interaction between Astrin and the proteins above (Dunsch et al., 2011; Kern et 

al., 2016; Schmidt et al., 2010). Furthermore, a cross-linking experiment coupled with 

immunoprecipitation identified no putative proximity Astrin with Ska1 or CENP-E (Kern et 

al., 2017). Delta measurements performed by Wan et al. (2009) show CENP-E N-terminus 

(where RRVT docking domain lies - Kim et al., 2010) to be more than 20 nm apart from the 

middle part of the Ndc80 complex. As my experiments show, Astrin C-terminus is 

preferentially oriented towards the C-terminus of HEC1 (discussed below). Therefore, 

CENP-E bound PP1 is excluded from being involved in my FRET emission results. 

Furthermore, the Ska complex has been shown to interact with the Ndc80 complex in 

human and nematode cells (Cheerambathur et al., 2017; Janczyk et al., 2017). However, 

EM measurements show the Ska complex to be close to the HEC1 CH-domain (Janczyk 

et al., 2017). Therefore, Ska-recruited PP1 would be too far apart from Astrin C-terminal 

domain to allow FRET. In conclusion, this evidence is in agreement with my hypothesis 

that FRET emission between Astrin C-terminus domain and PP1 is due to the protein-

protein interaction, and excludes CENP-E and Ska1 recruited PP1 to interfere with FRET. 

This reliability of this methodology is strengthen by the FRET measurements performed for 

the Astrin-HEC1 interaction (discussed below). 
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Finally, the FRET measurements of interaction of Astrin C-terminus with PP1 seems to 

point out that the proteins form a more stable complex at the kinetochore compared to the 

spindle. This suggests that Astrin and PP1 interaction is kinetochore specific. Furthermore, 

spatially restricted interaction could explain why my co-immunoprecipitation experiments 

from whole cell lysates and previous reports failed to identify the interaction between Astrin 

and PP1 (Dunsch et al., 2011; Kern et al., 2016; Kern et al., 2017; Schmidt et al., 2010). 

Astrin is most abundantly found on the spindle (Gruber et al., 2001) throughout mitosis and 

at kinetochores only at later stages. This evidence suggests that the population of PP1-

bound Astrin at kinetochore could be significantly smaller than the unbound population on 

the spindle. 

 

Interaction between the C-termini of Astrin and HEC1 can be visualised using FRET. 

Yeast two-hybrid experiments performed in our group (Naoka Tamura, 2013 - PhD thesis) 

and IPs done in the Cheeseman laboratory (Kern et al., 2017) have identified Astrin to bind 

directly to HEC1/Ndc80. HEC1 and NUF2 are members of the Ndc80 complex where 

HEC1’s N-terminus interacts with NUF2’s N-terminus. My FRET measurements of Astrin-

CFP and HEC1-YFP co-expressing cells indicate that the Astrin C-terminus and HEC1 C-

terminus are less than 5 nm apart. This data is consistent with the Astrin N-terminus 

preferentially failing to display FRET with NUF2 C-terminus in YFP-Astrin and NUF2-CFP 

co-expressing cells. Thus, Astrin C-terminus and Ndc80 C-terminus are positioned in the 

same orientation towards the inner-kinetochore. This conclusion agrees with cross-linking 

immunoprecipitation results showing an interaction between the Astrin N-terminus and 

HEC1 CH-domain (Kern et al., 2017). A completed summary of Astrin/HEC1 interaction 

assays performed so far is presented in Figure 3.3.13. Finally, the FRET measurements 

performed for Astrin-HEC1 interaction show that this methodology can be used for 

assessing the binding of PP1 to the Astrin C-terminus in living-cells. 

 

My experiments also show that HEC1 Ser55 phosphorylation in bipolar spindles is not 

altered by disrupting Astrin/PP1 interaction. As pHEC1 Ser55 levels are low on 

congressed kinetochores of human cells (DeLuca et al., 2011), this would suggest that 

Astrin-recruited PP1 is involved in dephosphorylation of other pathways at the outer-

kinetochore. This is in agreement with previous measurements showing HEC1 CH-domain 

(where Ser55 is located) to be distant more than 20 nm from the tetramerisation domain of 

the Ndc80 complex (Wan et al., 2009). These findings could also indicate that Astrin-

recruited PP1’s arrival at kinetochores happens when de-phosphorylation of HEC1 N-tails 
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has already happened. Finally, the HEC1 CH-domain and Astrin N-terminus together are 

able to co-sediment with microtubules in vitro (Kern et al., 2017) - this could be via 

microtubules. In the Astrin/SKAP complex, the microtubule binding role is a more 

prominent function of SKAP (which localises on Astrin N-terminus - Dunsch et al., 2011; 

Friese et al., 2016). Altogether, these findings would indicate that the Astrin N-terminus 

and coil-coiled region 1 are critical to structurally sustain the interaction with the 

kinetochores and microtubules, whereas the Astrin C-terminus possess a more enzyme-

recruiting role. 

 
 
 
 

Figure 3.3.13. Diagram of Astrin-HEC1 interaction orientation.  
Diagram synthesises all the evidences available at the moment for Astrin-HEC1 direct binding. Results come 
from protein-interaction assays and FRET measurements. Colour code refers to different source of evidence. 
Solid lines highlight binding regions and dotted lines indicate protein orientation, respectively. 
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4. Conclusions 

 

During prometaphase, chromosomes are captured by the microtubules of the spindle. 

Initial engagement happens on the lateral wall of microtubules, then, the attachment is 

converted into end-tethering by a series of coordinated events, called the end-on 

conversion process. This process is highly dynamic and has to be regulated in a space-

temporal manner to ensure stable kinetochore-microtubule attachments at the onset of 

anaphase. Indeed, cells segregating chromosomes with attachment defects are prone to 

generate aneuploid daughter cells. A series of kinases are active at the outer-kinetochore, 

and their phosphorylation is associated with destabilisation of kinetochore-microtubule 

attachments and persistent SAC. How mitotic phosphatases recruited at different 

kinetochore loci participate in lateral attachments maturation is not know. With the work of 

this thesis, I first investigated the distinct contributions in the end-on conversion process of 

BubR1-recruited PP2A-B56 and KNL1-recruited PP1 (Chapter 3.1). I found that Bubr1 

recruited PP2A-B56 plays a critical role, whereas KNL1-recruited PP1 does not. This data 

is now part of a published article (Shrestha et al., 2017). I then studied the biological 

function of the Astrin RVMF motif, an evolutionarily conserved PP1 putative binding 

domain, in the stabilisation of mature end-on attachments (Chapter 3.2). I discovered that 

Astrin C-terminus and, in particular, the RVMF motif control Astrin localisation at the 

kinetochore and are important for generating stable end-on attachments. Finally, I used 

biochemistry and fluorescence microscopy techniques to probe putative Astrin-PP1 

interaction in vivo (Chapter 3.3). Although co-immunoprecipitation of Astrin and PP1 has 

not been successful so far, I have found evidence using FRET measurements that Astrin 

C-terminus and PP1 may be interacting in living cells. The final discussion of my work and 

possible future directions are presented in this chapter. 

 

 

4.1. Protein phosphatases at the kinetochore possess different roles in the end-on 

conversion process. 

 

In my experiments, I found that BubR1-recruited PP2A-B56 is more important in the 

counteraction of Aurora B than KNL1-recruited PP1. Despite being intuitive, these results 

show that unspecific phosphatases can be turned indeed into specific regulators of mitotic 

processes by recruiting them to specific platforms. Interestingly, the position of PP2A-B56 
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and PP1 is relatively close to the KNL1/Bub1/Bub3/BubR1 platform, as reported in delta 

measurements (Wan et al., 2009). This would suggest that both proteins could be involved 

in the process at the same extent. However, PP2A-B56 and PP1 exhibit distinct 

localisation timing in the metaphase to anaphase transition (Nijenhuis et al., 2014). Thus, 

temporal regulation of phosphatase localisation may be a first strategy for giving specificity 

to the phosphatases. The different contribution of PP1 and PP2A in the regulation of the 

end-on conversion process was not demonstrated before, as the majority of experiments 

have been performed in the absence of microtubules (Nijenhuis et al., 2014) or in only 

bipolar conditions (where the congression machinery is active - Liu et al., 2010; Suijkerbuik 

et al., 2012; Kruse et al., 2013; Xu et al., 2013). 

 

Moreover, in vitro studies demonstrated that PP2A and PP1 display different 

dephosphorylation efficiencies on the same substrate (Amosova et al., 2005; Liu et al., 

2005). For this reason, a screen of the different efficiencies of PP1 and PP2A on known 

mitotic substrates would give new insights into the net contribution of the two 

phosphatases during cell division. The screen should be performed on substrates that are 

close to the studied recruitment locus. For instance, delta measurements performed in 

human cells exposed to Taxol (a condition mimicking a late stage of attachment 

maturation) showed that Bub1, KNL1 and HEC1 N-terminus are less than 20 nm apart 

(Wan et al., 2009). Thus, BubR1 and KNL1 recruited phosphatases efficiencies of 

dephosphorylation of the KMN network known substrates could be a good start (i.e. KNL1 

MELT repeats and HEC1 N-tail phosphosites - Welburn et al., 2010). 

 

Also, there are many proteins known to recruit phosphatases at kinetochore (Table 1.1.). 
The individual contribution of each phosphatase-recruiting locus for the generation of 

mature end-on conversion process should be adequately dissected. For example, CENP-

E kinesin plays a pivotal role in the initial phases of the end-on conversion process 

(Shrestha and Draviam, 2013) and also binds to PP1 (Kim et al., 2010). Furthermore, 

CENP-E is recruited at the kinetochore-microtubule binding site (Wan et al., 2009). Thus, 

CENP-E-bound PP1 represents a good candidate for expanding our knowledge on the 

regulation of attachment maturation. In these studies, attachment status should be 

assessed both in monopolar and bipolar spindles, to assess different physiological stages 

of mitosis. Kinetochore-microtubule attachment status should be examined in combination 

with known markers for lateral and end-on kinetochores, such as Mad2 and Astrin/SKAP 

for lateral and end-on attachments, respectively - Shrestha and Draviam, 2013). The end-
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on conversion process regulation should also be investigated in phosphatases recruited at 

the inner centromeric region (e.g. Sgo1-recruited PP2A-B56 - Tang et al., 2006). Since EM 

measurements show that the tips of microtubule bundles are deeply embedded inside 

outer-kinetochore plates (Dong et al., 2007), the role of inner-kinetochore proteins in the 

establishment of mature attachments should not be excluded. 

 

Finally, PP4 has been recently shown to be a novel phosphatase recruited to kinetochores 

in D. melanogaster, through binding with CENP-C (Lipinskzi, 2015). It would be interesting 

to study whether this interaction can be found in human cells too. 

 

 

4.2. The HEC1/Ndc80 N-tail complex may not be the only structural effector of 

kinetochore-microtubule attachments. 

 

It is extensively demonstrated that the Ndc80 complex is an essential core component of 

the microtubule binding module of the outer-kinetochore (DeLuca et al., 2005; Cheeseman 

et al., 2006; DeLuca et al., 2006). It is also known that phosphorylation on HEC1/Ndc80 N-

tail is critical for microtubule binding affinity (DeLuca et al., 2006; DeLuca et al., 2006). 

Nine phosphorylation sites have been indicated so far to be important in this process (Wei 

et al., 2005; Ciferri et al., 2005; Cheeseman et al., 2006; DeLuca et al., 2006; DeLuca et 

al., 2011; Etemad et al., 2015). 

 

My results show that a phospho-dead mutant of HEC1 (HEC1 9A - DeLuca et al., 2011) is 

not able to rescue lateral caused by constitutive recruitment of Aurora B at the outer-

kinetochore (co-expression with Mis12-INCENP construct - Liu et al. 2009). These 

observations show that these phosphorylation sites of HEC1 are not sufficient for 

establishing mature end-on attachment and suggest the contribution of additional factors. 

For instance, the KNM network alone is extensively phosphorylated by Aurora B (Welburn 

et al., 2010). For this purpose, investigating the implication of other Aurora B 

phosphorylation sites in both the Ndc80 complex and in other components of the end-on 

conversion process will give a complete picture on how this mechanism is regulated. 

Indeed, studying this process using protein depletion has been important in previous years 

to identify the essential players involved. From now on, it would be very useful to start 

probing the biological meaning of the individual phosphorylation sites in kinetochore-

microtubule attachment maturation. 
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Moreover, these results open a new avenue of research in the investigation of other 

components of the outer-kinetochore that might share the load-bearing of end-on 

attachments with HEC1. 

 

On a final note, nature evolves to buffer possible caveats of the molecular processes. 

Thus, a level of redundancy is always observed in biological systems. A good example for 

kinetochore-microtubule attachments is the fact that HEC1/Ndc80 is not structurally 

essential in chromosome congression, as CENP-E can perform this function in cells 

depleted of the Ndc80 complex (Cai et al., 2009). Despite the common understanding of 

the field that the Ndc80 complex is the principal effector of kinetochore-microtubule 

attachments, there might other players equally sharing the burden. Redundancy promotes 

robustness. 

 

 

4.3. On the difficulty of assessing PP1 kinetochore-localisation at kinetochore in 

fixed cells. 

 

In my experiments, I have experienced difficulties in determining PP1 localisation at 

kinetochore using immunofluorescence. These issues agree with the poor quality of 

images of fixed cells previously published (Nijenhuis et al., 2010). Some improved quality 

of staining can be achieved if PP1 is tagged with a fluorescent epitope (e.g. Liu et al., 

2010), or custom made antibodies (Sivakumar et al., 2016). I made numerous attempts to 

visualise PP1 were performed using different fixation methods but, unfortunately, the 

overall quality of PP1 staining was not improved. 

 

However, observations of a YFP-tagged PP1γ (Trinkle-Mulcahy et al., 2003) in high-

resolution showed that, in these conditions, PP1 kinetochore localisation could be 

visualised with high quality (compare Figure 3.1.11. to Figure 3.3.9). This is in agreement 

with previous reports using live-cell imaging of either YFP-PP1γ expressing cells (Trinkle-

Mulcahy et al., 2003; Trinkle-Mulcahy et al., 2006) or GFP-PP1γ expressing cells (Liu et 

al., 2010). This should also explain why other reports of PP1 recruiters at kinetochore 

showed the interaction either focusing on biochemistry techniques (i.e. CENP-E - Kim et 

al., 2010) or visualising of a regulatory subunit of PP1 (i.e. Sds22 - Posch et al., 2010). 
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PP1 localisation at kinetochore is a dynamic process (Trinkle-Mulcahy et al., 2003). 

Therefore, Fixation may either disrupt the epitopes required for high quality visualisation 

or, in a worst case, extract PP1 from cells. There is a general unspoken confusion in the 

field with regards to correct visualisation of kinetochore-bound PP1 in mitotic cells. Thus, 

to dedicate an investigation on this subject would greatly help the field for avoiding 

artefacts in future studies. Developing better tools to visualise PP1 different roles in mitosis 

will be essential to dissect its dynamic action a kinetochore. 

 

 

4.4. Is Astrin a novel recruiter of PP1 phosphatase at the kinetochore? 

 

Our group identified a putative PP1 binding located at Astrin's C-terminus (i.e. RVMF - 

Naoka Tamura). In vitro investigations performed by a previous student in our laboratory 

showed that purified Astrin C-terminus and PP1 interact (Dominique Braun, 2015 - MPhil 

thesis). Unfortunately, so far, I was not able to prove the interaction in vivo of full-length 

Astrin or Astrin fragments  using biochemistry techniques. These experiments are 

essential to show that Astrin and PP1 are interacting in living cells. The biochemical 

interaction is currently under investigation by a new PhD student in our laboratory. 

 

However, my results from FRET measurements show that Astrin C-terminus and PP1 are 

found to be closely associated at kinetochores of living human cells. As a future 

experiment, these findings may be further strengthened by measuring the FRET emission 

of an Astrin-PP1 pair where Astrin is tagged at the N-terminus. Indeed, as the RVMF motif 

is located at Astrin C-terminus, the system should not exhibit FRET then the fluorescent 

tag is placed on Astrin N-terminus. 

 

Interestingly, I show that Astrin and PP1 interaction seems to be more stable at the 

kinetochore compared to spindles. This suggests that binding to the phosphatase could be 

necessary only to promote kinetochore localisation. The observation is supported by the 

evidence that Astrin C-terminal domain (and the RVMF motif) is dispensable for spindle 

localisation but essential for kinetochore localisation (see Figure 3.2.3. and Figure 3.2.4.). 

Furthermore, these findings point out that proving Astrin-PP1 interaction in vivo using 

biochemistry might not be trivial. Indeed, the proportion of spindle-bound Astrin is much 

bigger than the kinetochore-bound one. Thus, the latter may be undetectable using co-

immunoprecipitation techniques in living cells. A good example of this behaviour is Astrin-
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HEC/Ndc80 interaction. Initial co-immunoprecipitation studies were not able to detect the 

interaction (Schmidt et al., 2010; Dunsch et al., 2011; Kern et al., 2016) until cross-linking 

treatment was added to the purification method (Kern et al., 2017). Therefore, future 

studies of Astrin-PP1 interaction using biochemistry techniques should aim to enrich in 

vivo the population of kinetochore-bound Astrin before purification of the protein. One 

strategy could be the use of Aurora B inhibitors (e.g. ZM447439 or Hesperadin - Ditchfield 

et al., 2003; Hauf et al., 2003) to increase Astrin enrichment at kinetochore, as previously 

reported (Schmidt et al., 2010; Shrestha et al., 2017). 

 

Finally, my results reveal that Astrin localisation at kinetochore in 4A and ∆1123-1193 

mutants can be rescued if PP1γ is targeted to Astrin C-terminus and not at the N-terminus. 

This shows that phosphatase activity is needed for Astrin to localise at the kinetochore. 

Interestingly, my observations indicate that the C-terminal is structurally dispensable when 

the PP1γ is localised using a GBP-fusion construct. This is important because, currently, 

the C-terminus of Astrin has been suggested to be the kinetochore docking site of the 

complex. 

 

 

4.5. Astrin C-terminus is essential for kinetochore-microtubule attachment 

maturation and may be involved in the final steps of SAC silencing. 

 

This thesis work suggests that Astrin C-terminus and, particularly, the RVMF motif are 

important for the generation of mature end-on attachments. Notably, mutation or deletion 

of these domains results in longer mitotic time and persistent SAC activation. When SAC 

proteins levels were analysed, I found no discreet change of Bub1 and BubR1 kinetochore 

levels in Astrin 4A and ∆1123-1193 expressing cells as compared to wild type control. 

Conversely, Mad2 levels at kinetochore are persistently higher in Astrin mutant expressing 

cells when compared to Astrin wild type expressing cells.  

 

These observations suggest that Astrin-bound PP1 could be involved in SAC silencing in 

addition to controlling Astrin localisation at kinetochores. Indeed, the Astrin/SKAP complex 

enriches at kinetochore only when the end-on conversion process has been completed - 

first shown by Shrestha and Draviam (2013) and then recently confirmed by Kuhn and 

Dumont (2017). Recent reports showed that, at kinetochore, the Mad1/Mad2 complex 

binds to Bub1 and its localisation is controlled by phosphorylation (Ji et al., 2017; Zhang et 
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al., 2017). Namely, Bub1 Ser459 and Thr461 are under control of Cdk1 and Mps1, 

respectively (Ji et al., 2017; Zhang et al., 2017). Furthermore, on end-on attachments, 

competitive binding of microtubules with HEC1/Ndc80 N-tail displaces Mps1 from its outer-

kinetochore binding (Hiruma et al., 2015). At that stage, Cdk1 phosphorylation may be still 

active on outer-kinetochore substrates. Based on these observations and my results, one 

possibility is that Astrin-recruited PP1 is needed to complete dephosphorylation on Bub1 

to silence the SAC (model presented in Figure 3.2.13.). 

 

Supporting this hypothesis is the evidence that Astrin/SKAP complex localisation at 

kinetochore of mammalian cells is simultaneous with Mad1 de-localisation (Kuhn and 

Dumont, 2017). Moreover, I found that Astrin binds onto HEC1/Ndc80 preferentially with 

its N-terminus oriented towards the HEC1 N-terminus (see Figure 3.3.10. and Figure 

3.3.11). This orientation positions the RVMF motif close to the tetramerisation domain of 

the Ndc80 complex (Ciferri et al., 2005). Delta measurements of outer-kinetochore protein 

distances indicate that the Bubs/Mads modules are in proximity of the Ndc80 

tetramerisation domain (Varma et al., 2013). Furthermore, reconstruction spatial 

occupancy of the KMN network from structural evidence agrees with these results 

(Petrovic et al., 2014). Thus, to probe the hypothesis, future studies should address their 

questions on understanding how the phosphorylation status in the Bub1/Bub3/BubR1 and 

Mad1-Mad2 complexes changes in Astrin C-terminus mutant expressing cells. 

 

The current paradigm sees the establishment of mature end-on attachments dependent on 

a kinetochore-centric regulation (i.e. kinases and phosphatases binding to core outer-

kinetochore components dictate the regulation events). However, my results and other 

findings (Kim et al., 2010; Sivakumar et al., 2016) are showing that MAPs-recruited 

phosphatases are needed for faithful chromosome segregation. Thus, a new direction of 

research is now indicating that attachment stabilisation and SAC silencing events are 

coordinated by a cross-talk between kinetochores and microtubules. 

 

 

4.6. Implications of PP1 RID domain in phosphatase rescue assays. 

 

Unexpectedly, Astrin 4A and ∆1123-1193 mutants localisation is rescued when co-

expressed with a phosphatase-dead mCherry-GBP-PP1γ. Conversely, a phosphatase-
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dead mCherry-GBP-PP1γ bearing an additional point mutation in its RID domain (Terrak et 

al., 2004) has no effects on Astrin C-terminus mutants localisation.  

 

In yeast and human cells, PP2A regulatory subunits B55 and B56 bind in vivo with PP1 

(Grallert et al., 2015). My studies suggest that PP1 could bind with PP2A-B56 if PP1 RID 

domain is free from other interactions (i.e. when fused to GBP for targeted localisation), 

during the rescue assays. I wished to strengthen this hypothesis performing in vivo co-

immunoprecipitation of PP1 (either wild type or ∆RID mutant) with B55 and B56. Due to 

time constraints, I was unable to conduct the experiments. Future studies should address 

this question as phosphatase-fusion proteins are commonly used cell biology research 

(examples from mitosis papers: Liu et al., 2010; Rosenberg et al., 2011; Sivakumar et al., 

2016). Understanding how PP1/PP2A interact in human cells will avoid possible artefacts 

during in vivo assays. 

 

 

4.7. Use of super-resolution microscopy techniques to understand localisation of 

microtubule-associated proteins at the outer-kinetochore. 

 

This thesis presents the first visualisation of kinetochore-microtubule interactions in human 

cells using dual-colour STORM microscopy (reviewed in Yamanaka et al., 2014). Until 

now, previous reports on mitotic cells imaged D. melanogaster D-mel cells (Venkei et al., 

2012), G. gallus DT40 cells (Ribeiro et al., 2010), and X. laevis egg extracts and A6 kidney 

cells (Wynne and Funabiki, 2016), respectively. 

 

My results show that this technique can be used successfully for visualising kinetochore-

microtubule attachments, and opens new possibilities for gaining insights in the dynamic 

architecture the human kinetochore during attachment maturation. Further studies can be 

performed to elucidate how Astrin accumulates at kinetochores over time to stabilise the 

attachment. Some examples of possible research threads are presented below: 

 

i) Astrin localisation at end-on kinetochores seems to go through a two-step enrichment 

event: from “sleeve-like” to a “crescent-like” structures. STORM could be used to 

assess whether Astrin co-localises with outer-kinetochore proteins already in sleeve-

like structures. 
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ii) Both the Astrin/SKAP and Ska complexes bind to HEC1/Ndc80 (Janczyc et al., 2017; 

Kern et al., 2017). However, the Ndc80 is a ~55 nm long structure encompassing the 

kinetochore-microtubule attachment site (Wan et al., 2009). Evidence suggests that the 

Ska complex localises around the N-terminus of HEC1/Ndc80 (Janczyc et al., 2017), 

whereas the Astrin SKAP complex may bind HEC1/Ndc80 following its length 

(summarised in Figure 3.3.13). STORM microscopy could be used to map the physical 

distance between the complexes, and between other kinetochore structures at the 

attachment site. 

iii) As Astrin can also orientate with its C-terminal domain towards NUF2 (see Figure 
3.3.11), STORM nanoscopy can be used to gain insights of Astrin- HEC1 orientation in 

super-resolution. 

 

Finally, recent developments are allowing STORM microscopy to be performed as a live-

cell technique (Gustafsson et al., 2016). On a broader scope, future optimisations of this 

method for human mitotic cells will be relevant for investigating the dynamic composition 

of the kinetochore-attachment site in nanometer resolution. 
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5. Appendix 

 

5.1. Appendix to Chapter 3 - Results Part I. 

 

Optimisation of conditions to perform STORM for kinetochore-microtubule 

attachment imaging in human cells. 

 

Super-Resolution microscopy denotes an array of relatively new techniques (namely, SIM, 

STED and PALM/STORM) which can break the resolution limit of fluorescence microscope 

up to 20 nm (a detailed review can be found in Yamanaka et al., 2014). The power of 

super-resolution microscopy (with differences between different techniques) over EM is 

that samples are simple to be prepared for imaging, it allows multi-colour imaging (like a 

normal fluorescent microscope) and, as new technologies are being developed, it can be 

used to image in vivo processes. For my purposes, STORM was selected as it presents 

the highest localisation precision (reviewed in Yamanaka et al., 2014).  

 

For this purpose, a series of conditions where lateral or end-on attachments could be 

clearly visible were chosen as follows: 

 

i) RPE1 FRT/TO cells were treated with SKAP siRNA and arrested as monopolar 

spindles using Monastrol. Cells were subsequently treated with MG132 and 

DMSO/ZM447439 (results are summarised in Table 5.1.; representative images can be 

seen in Figure 5.1.). 

ii) HeLa cells were transfected with plasmids encoding Mis12-INCENP-GFP and arrested 

as monopolar spindles using Monastrol. Cells were subsequently treated with MG132 

and DMSO/ZM447439 (results are summarised in Table 5.2.; representative images 

can be seen in Figure 5.2.). 

iii) HeLa cells were transfected with plasmids encoding Venus-BubR1 and arrested as 

bipolar spindles using MG132 (results are summarised in Table 5.3.; representative 

images can be seen in Figure 5.3.). 

 

HeLa and RPE1 FRT/TO cells were selected to test imaging quality in cells that round-up 

with different heights on the coverslips when dividing. 
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Experiments were performed in our laboratory until fixation. Immunostaining and imaging 

were conducted in Dr Jonas Ries laboratory (EMBL, Heidelberg), where I was trained in 

nanoscopy methodologies and performed all the imaging sessions with the help of Dr Ulf 

Matti and Konstanty Cieslinski. The optimisation of the methodology for visualising 

kinetochore-microtubule showed good progress, and some of the collected data were used 

for scoring BubR1 ∆660-685 kinetochore-microtubule attachment defects in bipolar 

spindles (Chapter 3.1. - Shrestha et al., 2017). I wished to continue further the 

optimisation but, unfortunately, due to time constraints I was not able to continue. 

 

Table 5.1. Optimisation results for imaging kinetochore-microtubule attachment in 

monopolar spindles (i). 

RPE1 FRT/TO cells (monopolar spindles) 

Condition Primary Antibodies Secondary 
Antibodies Outcome 

Images 
Acquired? 

(n) 

1 Mou α-Tubulin (1:2000) 
Rab α-Hec1 (1:1500) ON 

α-Mou 647 (1:2000) 
α-Rab CF680 (1:500) 

Tubulin goes to the dark 
state too fast when 
searching. 
Tubulin signal too dim for 
imaging. 

Y (1) 

2 Mou α-Tubulin (1:1000) 
Rab α-Hec1 (1:1500) ON 

α-Mou 647 (1:2000) 
α-Rab CF680 (1:500) 

Easier to search around. 
Tubulin signal improved for 
imaging. 
Kinetochore signal stil dim. 

Y (2) 

3 Mou α-Tubulin (1:1000) 
Rab α-Hec1 (1:1500) ON 

α-Mou 647 (1:1000) 
α-Rab CF680 (1:500) 

Tubulin signal improved for 
imaging. 
Kinetochore signal stil dim. 

Y (2) 

4 Mou α-Tubulin (1:1000) 
Rab α-Hec1 (1:3000) ON 

α-Mou CF680 (1:1000) 
α-Rab CF680 (1:500) 

Tubulin signal good but still 
dim (pointy-looking when 
zooming in). KT signal dim, 
to be increased. 

Y (2) 

5 Mou α-Tubulin (1:500) 
Rab α-Hec1 (1:1500) 

α-Mou CF680 (1:1000) 
α-Rab CF680 (1:1000) 

Tubulin intensity very high, 
it make it difficult to make a 
call for good Z-plan. During 
imaging, MT still look 
spotty. 

N 

6 
Mou α-Tubulin (1:500) 
Mou β-Tubulin (1:50) 
Rab α-Hec1 (1:1500) 

α-Mou CF680 (1:1000) 
α-Rab CF680 (1:1000) KT signal not visible. N 

7 
Mou α-Tubulin (1:500) 
Mou β-Tubulin (1:500) 
Rab α-Hec1 (1:1000) 

α-Mou CF680 (1:1000) 
α-Rab CF680 (1:1000) 

Tubulin signal very bright 
(blinking heavily). KT 
signal not visible. 

Y (1) 

ON = onvernight 
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Figure 5.1. (See legend on next page). 

1 µm 1 µm 
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Figure 5.1. Examples of STORM images of RPE1 cells in monopolar conditions. 
Representative images RPE1 FRT/TO treated with SKAP siRNA and arrested with Monastrol for 1 hour. 
Cells were then treated with MG132 and either DMSO/ZM447439, to increase the percentages of lateral or 
end-on attachments, respectively. Outcome of each tested condition is described in Table 5.1. 
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Table 5.2. Optimisation results for imaging kinetochore-microtubule attachment in 
monopolar spindles (ii). 

HeLa (monopolar spindles) 

Condition Primary Antibodies Secondary Antibodies Outcome 
Images 

Acquired? 
(n) 

1 Mou α-Tubulin (1:300) 
Rab α-GFP (1:1000) ON 

α-Mou 647 (1:500) 
α-Rab CF680 (1:500) 

Tubulin does not bleach 
properly in 647. N 

2 Mou α-Tubulin (1:300) 
Rab α-GFP (1:1000) ON 

α-Mou 647 (1:500) 
α-Rab CF680 (1:500) 

Tubulin blinking too 
much.  
GFP stain working fine 
3D imaging failed. 

Y (2) 

3 Mou α-Tubulin (1:500) 
α-Mou 647 (1:2000) 
GFP nanobody CF680 
(1:500) 

Tubulin signal 
improved. 
GFP nanobody did not 
work. 

N 

4 Mou α-Tubulin (1:500) 
Rab α-GFP (1:3000) ON 

α-Mou 647 (1:2000) 
α-Rab CF680 (1:500) 

Tubulin signal improved 
but still a little dim 
(pointy-looking). KT 
quality very good. 

Y (3) 

5 Mou α-Tubulin (1:1000) 
Rab α-Hec1 (1: 3000) ON 

α-Mou 647 (1:2000) 
α-Rab CF680 (1:500) 

Not imaged due to 
Tubulin dilution too low. N 

6 
Mou α-Tubulin (1:500) 
Mou β-Tubulin (1:500) 
Rab α-GFP (1:3000) ON 

α-Mou 647 (1:1000) 
α-Rab CF680 (1:500) 

Tubulin very bright. 
More out of focus 
photons collected. 
Tubulin quality 
improved but still pointy. 
KT signal reduced 
because of washing. 

Y (2) 

7 Mou α-Tubulin (1:500) 
Rab α-GFP (1:1000) 

α-Mou 647 (1:1000 1h) 
α-Mou DNA paint (1X) 
α-Rab CF680 (1:500) 

500,000 frames taken. 
Labelling with anti-mou 
647 needed to select a 
good Z-plan. Tubulin 
signal greatly improved 
but still pointy. 

Y (1) 

8 Mou α-Tubulin (1:1000) 
Rab α-GFP (1:3000) ON 

α-Mou 647 (1:1000) 
α-Rab CF680 (1:500) 

PFA fixation. KT stain 
very good. Tubulin 
quality improved but 
signal is dim. 

Y (1) 

9 Mou α-Tubulin (1:1000) 
Rab α-GFP (1:3000) ON 

α-Mou 647 (1:500) 
α-Rab CF680 (1:500) 

PFA fixation. KT stain 
very good. Tubulin 
signal dim. 

Y (2) 

10 

Mou α-Tubulin (1:300) 
Rab α-GFP (1:3000) ON 
 
3bis: different Tub 
antibody 

α-Mou 647 (1:1000) 
α-Rab CF680 (1:500) 

PFA fixation. KT have 
some background. 3bis 
tubulin stain worked 
much better - quality of 
cell necessary to have 
good results. 

Y(3) 
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Condition Primary Antibodies Secondary Antibodies Outcome 
Images 

Acquired? 
(n) 

11 Mou α-Tubulin (1:1000) 
Rab α-GFP (1:2000) 

α-Mou 647 (1:1000) 
α-Rab CF680 (1:1000)  Y (1) 

12 Mou α-Tubulin (1:1000) 
Rab α-GFP (1:4000) ON 

α-Mou 647 (1:1000) 
α-Rab CF680 (1:1000) 

Tubulin staining failed. 
set not good. N 

ON = onvernight 

All fixations performed with ice-cold methanol, if not stated otherwise. 
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Figure 5.2. (See legend on next page). 
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Figure 5.2. Example of STORM images of HeLa cells in monopolar conditions. 
Representative images of HeLa cells transfected with plasmids encoding Mis12-INCENP-GFP and arrested 
with Monastrol for 1 hour. Cells were then treated with MG132 and either DMSO/ZM447439, to increase the 
percentages of lateral or end-on attachments, respectively. Outcome of each tested condition is described in 
Table 5.2.  
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Table 5.3. Optimisation results for imaging kinetochore-microtubule attachment in 
bipolar spindles (iii). 

HeLa cells (bipolar spindles) 

Condition Primary Antibodies Secondary Antibodies Outcome 
Images 

Acquired? 
(n) 

1 Mou α-Tubulin (1:300) 
Hu CREST (1:3000) ON 

α-Mou 647 (1:1000) 
α-Hu CF680 (1:1000) 

PFA fixation. Tubulin 
worked well. CREST 
signal very high - 
background coming up 
later during the imaging. 

Y (4) 

2 Mou α-Tubulin (1:300) 
Hu CREST (1:4000) 

α-Mou 647 (1:1000) 
α-Hu CF680 (1:1000) 

Tubulin stain did not 
work. Coverslip not good. N 

3 Mou α-Tubulin (1:300) 
Hu CREST (1:3000) 

α-Mou 647 (1:800) 
α-Hu CF680 (1:1000)  Y (1) 

ON = onvernight 

All fixations performed with ice-cold methanol, if not stated otherwise. 
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Figure 5.3. (See legend on next page). 
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Figure 5.3. Examples STORM images of HeLa cells in bipolar conditions. 
Representative images of HeLa cells transfected with plasmids encoding Venus-BubR1 ∆660-685 and 
arrested with MG132 for 1h. Outcome of each tested condition is described in Table 5.3. 
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5.2. List of experiments. 

 

Table 5.4. List of all the experiments performed for completing this work. 

3.1. Results Part I: Outer-kinetochore phosphatases counteract Aurora B in the end-on conversion process. 

Corresponding 
Results/Figure 

Section 

Experiment 
Name Experiment Details Repeats Analysed 

Figure 3.1.1. (B-E) expt2015 038 
Study of B56 recruitment at kinetochore in HeLa cells 
transiently expressing Venus-BubR1 WT or ∆660-685 in 
monopolar conditions. 

setV, setVI, setVII 

Figure 3.1.2. (A,B) expt2015 008 
HeLa cells were depleted with BubR1 siRNA and fixed at 
different time points. Cells were incubated with MG132 for 1h 
prior to fixation. 

setI, setII 

Figure 3.1.3. (B-D) expt2014 016 
HeLa FRT/TO Venus-BubR1 (WT, ∆660-685) stably 
expressing cells were depleted of endogenous BubR1 and 
imaged overnight with live-cell imaging settings. 

setI 

Figure 3.1.4. (B-D) expt2014 015 
HeLa FRT/TO Venus-BubR1 (WT, ∆660-685) stably 
expressing cells were depleted of endogenous BubR1 and 
arrested with MG132 prior to fixation. 

round1, round2, 
round3 

Figure 3.1.5. (B,C) expt2015 021 HeLa cells transiently expressing Venus-BubR1 (WT, ∆660-
685) were arrested with Monastrol before fixation. setI, setII, setIII 

Figure 3.1.6. (B-D) expt2014 044 
HeLa FRT/TO Venus-BubR1 (WT, ∆660-685) stably 
expressing cells were depleted of endogenous BubR1 and 
arrested with MG132 prior fixation. 

setII, setIII, setIV, 
setV 

Figure 3.1.7. (B) expt2016 079 
HeLa cells transiently expressing Venus-BubR1 ∆660-685 
were exposed to MG132 prior to fixation. Cells were fixed 
and immunostained for STORM imaging. 

setIII 

Figure 3.1.8. (A-C) expt2014 044 

HeLa FRT/TO Venus-BubR1 (WT, ∆660-685) stably 
expressing cells were depleted of endogenous BubR1 and 
arrested with MG132 prior to fixation. Cells were stained with 
antibodies against Astrin. 

setII, setIII 

Figure 3.1.9. (B-D) expt2014 056 
HeLa FRT/TO Venus-BubR1 (WT, ∆660-685) stably 
expressing cells were depleted of endogenous BubR1 and 
arrested with MG132 + ZM447439 prior to fixation. 

setIII, setIV 

Figure 3.1.10. (A,B) expt2014 056 

HeLa FRT/TO Venus-BubR1 (WT, ∆660-685) stably 
expressing cells were depleted of endogenous BubR1 and 
arrested with MG132 + ZM447439 prior to fixation. Cells 
were stained with antibodies against Astrin. 

setIII, setIV 

Figure 3.1.11. (C-E) expt2015 044 
HeLa FRT/TO cells transiently co-expressing LAP-KNL1 
(WT, 2A, 4A) and mCherry-PP1γ were depleted of 
endogenous KNL1 and arrested with MG132 prior to fixation. 

setIII, setV 

Figure 3.1.12. (B-D) expt2015 010 HeLa cells transiently expressing LAP-KNL1 (WT, 2A, 4A) 
were arrested with Monastrol before fixation. setIII, setIV, setV 

Figure 3.1.13. (B-D) expt2015 044 
HeLa FRT/TO cells transiently expressing LAP-KNL1 (WT, 
2A, 4A) were depleted of endogenous KNL1 and arrested 
with MG132 prior to fixation. 

setI, setII, setIII 

Figure 3.1.14. (A-C) expt2015 044 
HeLa FRT/TO cells transiently expressing LAP-KNL1 (WT, 
2A, 4A) were depleted of endogenous KNL1 and arrested 
with MG132 prior to fixation. 

setI, setII, setIII 

Figure 3.1.15. (B,C) expt2016 033 

HeLa cells transiently depleted of endogenous HEC1 were 
transfected with HEC1-GFP (WT, 9A) alone or together with 
Mis12-INCENP-GFP WT and treated with Monastrol and 
MG132 prior to fixation. Cells stained with antibodies against 
Astrin. 

setI, setII, setIV, 
setVR, setVII 
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Figure 3.1.16. (A,B) expt2016 033 

HeLa cells transiently depleted of endogenous HEC1 were 
transfected with HEC1-GFP (WT, 9A) alone or together with 
Mis12-INCENP-GFP WT and treated with Monastrol and 
MG132 prior to fixation. Cells stained with antibodies against 
Tubulin. 

setII, setVR, 
setVIRA, setVIRB, 

setVII 

 
 

3.2. Results Part II: Astrin contains a conserved putative PP1 docking motif important for kinetochore-
microtubule attachment stabilisation. 

Corresponding 
Results/Figure 

Section 

Experiment 
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Figure 3.2.1. expt2016 053 Alignment of 237 SPAG5 protein sequences available from 
NCBI. n/a 

Figure 3.2.2. expt2016 053 Phylogenetic tree of all SPAG5 aminoacid sequences 
available from NCBI. n/a 

Figure 3.2.3 (B-E) expt2016 038 
HeLa cells depleted of endogenous Astrin were transfected 
with plasmids encoding YFP-Astrin (WT, 4A, ∆) and 
exposed to Monastrol and MG132 prior to fixation. 

setI, setII, setIIIR, 
setI new, setII new 

Figure 3.2.4. (B-C) expt2017 019 

HeLa cells depleted of endogenous Astrin were transfected 
with plasmids encoding GFP-Astrin (WT, 4A, ∆) alone or 
together with mCherry-GBP or mCherry-GBP-PP1γ (WT, 
D64N) and exposed to Monastrol and MG132 prior to 
fixation. 

setI, setII 

Figure 3.2.4. (D) expt2017 051 

HeLa cells depleted of endogenous Astrin were transfected 
with plasmids encoding GFP-Astrin (WT, 4A, ∆) and 
exposed to Monastrol and MG132 prior to fixation. Cells 
stained with antibodies against SKAP. 

setII, setIV 

Figure 3.2.5. (A) expt2015 068 
HeLa T-REx cells stably expressing full-length YFP-Astrin 
(WT, 4A, ∆) were induced for 30’ with 0.5 ng/µl Doxycicline 
and release for 8h before live-cell imaging. 

setI, setII, setIII 

Figure 3.2.5. (B) expt2015 061 
Immunoblot of lysates from HeLa T-REx cells stably 
expressing full-length YFP-Astrin (WT, 4A, ∆) after 8h 
induction with 0.5 ng/µl Doxycicline. 

setI 

Figure 3.2.6. (B-D) expt2015 019 
HeLa T-REx and HeLa T-REx YFP-Astrin (WT, 4A) cells 
were synchronised with Aphidicoline, released, induced 
with Doxycycline and imaged overnight. 

setI, setII, setIII, 
setIV 

Figure 3.2.7. (B-D) expt2017 005 

HeLa cells transiently expressing GFP-Astrin (WT, 4A, ∆) 
were arrested with Monastrol, then washed and released in 
MG132/DMSO containing media. Cells fixed at different 
time points to assess chromosome congression over time.  

setII, setIII, setIV 

Figure 3.2.8. (B,C) expt2017 052 

HeLa cells depleted of endogenous Astrin were transfected 
with plasmids encoding GFP-Astrin (WT, 4A, ∆) and 
exposed to Monastrol and MG132 prior to fixation. Cells 
stained with antibodies against MAD2. 

setI, setII, setIII 

Figure 3.2.9. (A) expt2017 059 

HeLa cells depleted of endogenous Astrin were transfected 
with plasmids encoding GFP-Astrin (WT, 4A, ∆) and 
exposed to Monastrol and MG132 prior to fixation. Cells 
stained with antibodies against Bub1. 

setI, setII 

Figure 3.2.9. (B) expt2017 008 

HeLa cells depleted of endogenous Astrin were transfected 
with plasmids encoding GFP-Astrin (WT, 4A, ∆) and 
exposed to Monastrol and MG132 prior to fixation. Cells 
stained with antibodies against BubR1. 

setI, setII 
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Figure 3.2.10. (A) expt2017 015 

HeLa cells depleted of endogenous Astrin were transfected 
with plasmids encoding GFP-Astrin (WT, 4A, ∆) and 
exposed to Monastrol and MG132 prior to fixation. Cells 
stained with antibodies against B56. 

setII, setIV 

Figure 3.2.10. (B) expt2017 016 

HeLa cells depleted of endogenous Astrin were transfected 
with plasmids encoding GFP-Astrin (WT, 4A, ∆) and 
exposed to Monastrol and MG132 prior to fixation. Cells 
stained with antibodies against Sgo2. 

setI, setII 

Figure 3.2.11. (B-E) expt2015 049 

HeLa cells depleted of endogenous Astrin were transfected 
with plasmids encoding YFP-Astrin (WT, 4A, ∆) and 
exposed to Monastrol, MG132 and ZM447439 prior to 
fixation. 

setIII, setIV; setVI, 
setI new, setIII new 

Figure 3.2.12. (B,C) expt2017 061 

HeLa cells depleted of endogenous Astrin were transfected 
with plasmids encoding YFP-Astrin (WT, 4A, ∆) and 
exposed to Monastrol, MG132 and DMSO or ZM447439 + 
Roscovitine prior to fixation. 

setI, setII, setIV, 
setV 

 

 
3.3. Results Part III: Does Astrin bind to PP1 during mitosis? 

Corresponding 
Results/Figure 

Section 

Experiment 
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Figure 3.3.1. (C) expt2016 
063 

HeLa cells were transfected with plasmids encoding Astrin-
GFP (SF, MF, LF, SR, MR linkers) and arrested with MG132 
prior to fixation. 

setI 

Figure 3.3.2 (C,D) expt2017 
011 

HeLa cells depleted of endogenous Astrin were transfected 
with plasmids encoding Astrin-SF-GFP (WT, 4A, ∆) alone or 
together with mCherry-GBP or mCherry-GBP-PP1γ (WT, 
D64N) and exposed to Monastrol and MG132 prior to fixation. 

setII, setIII, setIV 

Figure 3.3.3. (B,C) expt2017 
062 

HeLa cells depleted of endogenous Astrin were transfected 
with plasmids encoding Astrin-SF-GFP WT alone or together 
with mCherry-GBP or mCherry-GBP-PP1γ (WT, ∆RID) and 
exposed to Monastrol and MG132 prior to fixation. 

setI, setIII, setIV 

Figure 3.3.4. (B,C) expt2017 
036 

HeLa cells depleted of endogenous Astrin were transfected 
with plasmids encoding Astrin-SF-GFP (WT, 4A, ∆) alone or 
together with mCherry-GBP or mCherry-GBP-PP1γ∆RID (WT, 
D64N) and exposed to Monastrol and MG132 prior to fixation. 

setI, setII, setIII, 
setIV 

Figure 3.3.5. (B,C) expt2017 
019 

HeLa cells depleted of endogenous Astrin were transfected 
with plasmids encoding GFP-Astrin (WT, 4A, ∆) alone or 
together with mCherry-GBP or mCherry-GBP-PP1γ (WT, 
D64N) and exposed to Monastrol and MG132 prior to fixation. 

setI, setII 

Figure 3.3.6. (A) expt2015 
056 

HeLa T-REx cells stably expressing YFP-Astrin (WT, 4A, ∆) 
C-terminus were imaged after 6h induction with 0.5 ng/µl 
Doxycicline. 

setI 

Figure 3.3.6. (B) expt2015 
056 

Immunoblot of lysates from HeLa T-REx cells stably 
expressing YFP-Astrin (WT, 4A, ∆) C-terminus after 6h 
induction with 0.5 ng/µl Doxycicline. 

setI 

Figure 3.2.7. (B) expt2015 
048 

In vivo Co-Immunoprecipitation of HeLa T-REx YFP-Astrin 
(WT, 4A, ∆) with PP1. HeLa T-REx used as parental cell line 
control. 

setI, setII 

Figure 3.3.8. (B) expt2015 
060 

In vivo Co-Immunoprecipitation of HeLa T-REx YFP-Astrin 
955-1192 WT with PP1. setI, setII, setIII 

Figure 3.3.9. (B-C) expt2017 
031 

HeLa cells were transfected with plasmid encoding Astrin-
CFP WT and HEC1-YFP WT (alone or co-transfected) and 
exposed to MG132 for 1h prior to FRET measurement in high-
resolution live-cell conditions. 

setIR, setII 
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Figure 3.3.10. (B-C) expt2917 
039 

HeLa cells were transfected with plasmid encoding NUF2-
CFP WT and YFP-Astrin WT (alone or co-transfected) and 
exposed to MG132 for 1h prior to FRET measurement in high-
resolution live-cell conditions. 

setI, setII 

Figure 3.3.11. expt2017 
061 

HeLa cells depleted of endogenous Astrin were transfected 
with plasmids encoding GFP-Astrin (WT, 4A, ∆) and exposed 
to Monastrol and MG132 prior to fixation. Control cells were 
transfected with plasmids encoding Mis12-INCENP-GFP WT 
and exposed to MG132 and DMSO/ZM447439 prior to 
fixation. Cells stained with antibodies against pHEC1 Ser55. 

setI 

Figure 3.3.12. (B-D) expt2017 
021 

HeLa YFP-PP1γ cells were transfected with plasmid encoding 
Astrin-CFP and exposed to MG132 for 1h prior to FRET 
measurement in high-resolution live-cell conditions. 

setIIR, setIIIR 
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Figure 5.1 expt2016 
065 

RPE1 FRT/TO cells were treated with SKAP siRNA and 
arrested with Monastrol + MG132 + DMSO/ZM447439 prior to 
fixation. Cells used for testing STORM imaging conditions. 

2 rounds 

Figure 5.2. expt2016 
064 

HeLa cells were transfected with Mis12-INCENP-GFP pDNA 
and arrested with Monastrol + MG132 + DMSO/ZM447439 
prior to fixation. Cells used for testing STORM imaging 
conditions. 

3 rounds 

Figure 5.3. expt2016 
079 

HeLa cells were transfected with Venus-BubR1 ∆660-685 
pDNA and arrested with MG132 prior to fixation. Cells used 
for testing STORM imaging conditions. 

1 round 
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Aurora-B kinase pathway controls the lateral to
end-on conversion of kinetochore-microtubule
attachments in human cells
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Human chromosomes are captured along microtubule walls (lateral attachment) and then

tethered to microtubule-ends (end-on attachment) through a multi-step end-on conversion

process. Upstream regulators that orchestrate this remarkable change in the plane of

kinetochore-microtubule attachment in human cells are not known. By tracking kinetochore

movements and using kinetochore markers specific to attachment status, we reveal a

spatially defined role for Aurora-B kinase in retarding the end-on conversion process.

To understand how Aurora-B activity is counteracted, we compare the roles of two outer-

kinetochore bound phosphatases and find that BubR1-associated PP2A, unlike KNL1-

associated PP1, plays a significant role in end-on conversion. Finally, we uncover a novel

role for Aurora-B regulated Astrin-SKAP complex in ensuring the correct plane of

kinetochore-microtubule attachment. Thus, we identify Aurora-B as a key upstream regulator

of end-on conversion in human cells and establish a late role for Astrin-SKAP complex in the

end-on conversion process.
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During cell division, accurate segregation of DNA requires
the proper attachment of chromosomes to microtubules.
Chromosome-microtubule attachment relies on a

macromolecular structure—the kinetochore—that assembles on
the centromeric region of chromosomes. We and others showed
that kinetochores are predominantly captured along the walls of
microtubules (termed lateral kinetochores) and then tethered
onto the ends of microtubules (termed end-on kinetochores)1–4.
This dramatic change in the geometry of kinetochore-
microtubule (KT-MT) interaction is achieved through a multi-
step end-on conversion process. End-on conversion is an
indispensable process for lateral kinetochores: only when the ends
of microtubules are tethered to the kinetochore, the growth and
shrinkage of microtubule-ends (K-fibres) can impart pushing or
pulling forces on the chromosome5–7. Lesions in the end-on
conversion process lead to defective chromosome segregation,
as seen in cells lacking the loop region of the kinetochore
protein HEC1/Ndc804, 8–13, highlighting the importance
of understanding how a lateral kinetochore is converted into an
end-on kinetochore.

Several evolutionarily conserved kinetochore proteins are
known to be important for forming mature attachments capable
of load-bearing and end-on pulling events2–4, 8, 14–16. Using
deconvolution microscopy, we recently reported two markers to
distinguish the plane of KT-MT attachment in human cells:
(i) Mature end-on kinetochores, but not lateral kinetochores,
recruit the Astrin-SKAP complex (ii) Mature end-on kine-
tochores, but not lateral kinetochores, are capable of converting
the changes in K-fibre length into kinetochore movements4.
However, upstream signaling pathways that control the end-
on conversion process have not been established so far in
human cells. In yeasts, Aurora-B (Ipl1) kinase was shown to
be an important upstream regulator of the end-on conversion
process17. Whether Aurora-B plays a similar role in regulating the
end-on conversion process in human cells is not known.

Distinct from the end-on conversion process that ensures the
correct plane of KT-MT attachment, the error correction process
ensures the correct orientation of attachment (referred as
biorientation; reviewed in ref. 9). Biorientation defects are
resolved by Aurora-B kinase enriched at centromeres through
feedback loops18–20; it phosphorylates outer-kinetochore
substrates causing the detachment of non-bioriented KT-MT
attachments (e.g., syntelic end-on attachments)16, 21–27. In
addition, active Aurora-B has been reported in human kine-
tochores during early mitosis28 and specifically on kinetochores
that are laterally attached29. Whether Aurora-B at the outer-
kinetochore would destabilise immature lateral attachments is
however not known.

Aurora-B and its counteracting phosphatases, PP1 and PP2A,
are important for regulating outer-kinetochore assembly, KT-MT
attachment stability, chromosome alignment and checkpoint
function29–38. Several Aurora-B counteracting phosphatases are
recruited to the centromere and kinetochore in a temporally and
spatially restricted manner (reviewed in refs 39, 40). Whether
Aurora-B counteracting phosphatases play a role in controlling
the plane of KT-MT attachment remains unclear.

Here, we examine the role of Aurora-B kinase and its coun-
teracting phosphatases in the end-on conversion process. We
report that Aurora-B kinase impacts the end-on conversion
process differently dependent on its sub-cellular localization—
outer kinetochore vs. centromere. While Aurora-B targeted to the
outer-kinetochore detaches lateral kinetochores prior to end-on
conversion, Aurora-B targeted to the centromere stabilizes lateral
kinetochores and retards end-on conversion. We find that lateral
KT-MT attachments are relatively ‘immune’ to Aurora-B. Next,
of the two Aurora-B-counteracting phosphatases, we find that

BubR1-associated PP2A, but not KNL1-associated PP1, is
the most potent regulator of the end-on conversion process.
Finally, we identify the Astrin-SKAP complex as a late player
in the end-on conversion process. Thus, we report a novel
spatially controlled role for Aurora-B in the end-on conversion
process, establish BubR1-associated PP2A as a key phosphatase
that counteracts Aurora-B activity during end-on conversion
and finally, demonstrate a late role for Aurora-B regulated Astrin-
SKAP complex in the end-on conversion process. This study
provides the first insight into how Aurora-B mediated signaling
controls the plane of kinetochore-microtubule attachments in
human cells.

Results
Aurora-B activity is high on immature lateral kinetochores. We
first quantified and confirmed the presence of active Aurora-B on
lateral kinetochores. For this purpose, HeLa cells were exposed
to Monastrol to generate monopolar spindles, which mimic
an early mitotic spindle configuration and allow clear distinction
between lateral kinetochores and end-on kinetochores4.
Immunostaining with antibodies against activating phosphor-
ylation of Aurora-B (pThr232) (Supplementary Fig. 1A)
showed that activated Aurora-B is abundant on lateral kine-
tochores (nKTs> 30; ncells= 10; Fig. 1a). Consistent with this
finding, immunostaining with phospho-specific antibodies
against Aurora-B substrate sites of the outer KT protein
HEC1, Ser44 and Ser5528, showed higher HEC1 phosphorylation
on lateral compared to end-on kinetochores (nKTs> 20; ncells=
10; Fig. 1a,b). Thus, Aurora-B activity is high on lateral
kinetochores.

Aurora-B at outer-kinetochore facilitate lateral kinetochores.
To determine the contribution of outer-kinetochore associated
Aurora-B activity in early mitosis, we locally increased Aurora-B
activity at the outer-kinetochore by expressing the Mis12-
INCENP-GFP fusion protein, wherein a fragment of INCENP
that lacks the centromere targeting domain but retains the
Aurora-B docking domain is fused to the outer-kinetochore
protein Mis1226. As expected, but not reported so far, Mis12-
INCENP-GFP expressing HeLa cells showed high levels of
HEC1pSer44 phosphorylation at all kinetochores (Supplementary
Fig. 1B), confirming the fusion protein’s ability to retain Aurora-
B activity at the outer kinetochore. Hence, this approach allowed
us to quantify the effect of a localised increase in Aurora-B
activity.

To study KT-MT attachment status (end-on vs. lateral) during
early mitosis when end-on conversion events occur, we
immunostained Monastrol-treated Mis12-INCENP-GFP expres-
sing cells with antibodies against GFP, Tubulin and SKAP, a
microtubule-end binding protein41, 42 specifically enriched on
end-on but not lateral kinetochores4 (Fig. 1c). In monopolar
spindles of control cells, less than 25% of kinetochores
were laterally attached and they lacked SKAP4. However, in
Mis12-INCENP-GFP expressing cells, more than 95% of
kinetochores were laterally attached (Fig. 1d,e) and they lacked
SKAP (ncells= 26/31) (Fig. 1d and Supplementary Fig. 1C). The
striking defect in the plane of KT-MT attachment observed in
Mis12-INCENP-GFP expressing cells was completely reversed
following Aurora-B inhibition using ZM447439, as almost all
kinetochores were attached to MT-ends and enriched for SKAP
(ncells= 20/20) (Fig. 1d,e and Supplementary Fig. 1C). Thus,
retaining Aurora-B activity at the outer-kinetochore promotes
the incidence of lateral kinetochores, suggesting a failure in
the end-on conversion process. The inhibitor studies confirm
that this failure is not due to non-specific interference by Mis12-
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INCENP-GFP fusion protein, but is caused by Aurora-B activity.
We conclude that outer-kinetochore associated Aurora-B activity
increases the incidence of lateral kinetochores in monopolar
spindles that mimic an early mitotic spindle configuration.

Congression resolves Aurora-B induced lateral attachments.
We tested if constitutive Aurora-B activity would increase the
incidence of lateral kinetochores in bipolar spindles that allow
biorientation and inter-kinetochore tension. To study bipolar
spindles, we treated cells with MG132, a proteasome inhibitor.
MG132 treated cells expressing Mis12-INCENP-GFP displayed a
mixture of both congressed and uncongressed kinetochores
(Supplementary Fig. 2A–C), as previously reported26. In cells
with congressed KTs, we observed KT-MT attachments that were

properly bioriented (Supplementary Fig. 2A, insets) and pre-
dominantly end-on attached, with a small but statistically sig-
nificant fraction displaying lateral attachments (Supplementary
Fig. 2D). Thus, bipolar spindles partially rescue the end-on
conversion defect induced by constitutive Aurora-B activity. We
confirmed this finding by quantifying Astrin-SKAP recruitment
at kinetochores: although the intensity of KT-associated SKAP
was reduced by ~2.5-fold in Mis12-INCENP-GFP expressing cells
compared to non-expressing cells, in agreement with previous
report43 (Supplementary Fig. 2E and F), SKAP was clearly enri-
ched on congressed and bioriented kinetochore pairs. Thus,
bipolar spindles, which allow chromosome congression and
biorientation of KT-MT attachments, are able to overcome the
end-on conversion defect induced by Aurora-B at the outer-
kinetochore.
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Fig. 1 High Aurora-B activity promotes KT attachment to MT-walls. a Representative images show high Aurora-B activity on lateral kinetochores.
Monastrol treated cells were immunostained with antibodies against Tubulin, Aurora-BpThr232 and total Aurora-B (AurB) (left panel) or CREST antisera
and antibodies against Tubulin and either HEC1pSer55 (middle panel) or HEC1pSer44 (right panel). Cropped images show lateral-kinetochores. Scale: 5 μm
in uncropped images; 1 μm in cropped images. b Graphs show higher average signal intensities of HEC1pSer55 (left) and HEC1pSer44 (right) in lateral
compared to end-on kinetochores as assessed from at least nine randomly chosen kinetochores from cells in a. CREST signal intensities are used as
internal controls. c Experimental regime: Cells transfected with plasmid vectors encoding Mis12-INCENP-GFP were exposed to Monastrol and MG132 with
either ZM447439 or DMSO (solvent control), prior to immunostaining. d Images of cells expressing Mis12-INCENP-GFP treated as in c and
immunostained with antibodies against Tubulin, SKAP and GFP. White arrowheads in cropped images show ‘Lateral’ kinetochore lacking SKAP (upper panel)
and ‘End-on’ kinetochore enriched with SKAP (lower panel). Scale: 5 μm in uncropped and 2 μm in cropped images. Boxed areas in a and d correspond to
cropped images. e Graph shows percentage of lateral, end-on and detached kinetochores in Mis12-INCENP-GFP expressing cells treated as in c. Each circle
represents value from one cell. Black horizontal bar marks average values from three independent experimental repeats. ‘*’ indicates statistically significant
difference on the basis of P-values obtained using unpaired Student’s t-test
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Fig. 2 Constitutive Aurora-B activity at the outer-kinetochore allows lateral attachments but disrupts end-on conversion. a Single-plane time-lapse images
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detaching lateral kinetochores prior to end-on conversion. Aurora-B at the outer-kinetochore does not interfere with the capture or maintenance of
kinetochores on microtubule walls. Reducing Aurora-B activity allows the formation of mature end-on attachments
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Aurora-B at outer-kinetochore abrogates end-on conversion.
To understand the precise reason for the accumulation of lateral
attachments in Mis12-INCENP-GFP expressing cells, we inves-
tigated three possibilities: (i) whether lateral kinetochores are due
to excessive error-correction (i.e., detachment of end-on kine-
tochores promoting their recapture onto microtubule walls), (ii)

abrogation of the process of converting lateral attachments into
end-on attachments or (iii) excessive stabilization of lateral KT-
MT interactions. To distinguish between all three mechanisms,
we performed time-lapse microscopy of monopolar spindles of
cells co-expressing mKate2-Tubulin and Mis12-INCENP-GFP.
We tracked the fate of lateral and end-on kinetochores and
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analysed changes in the plane of KT-MT interaction and
KT movements. A Mis12-INCENP(TAA)-GFP mutant with
compromised Aurora-B activity26, 44–46 was used as a negative
control. In control cells expressing Mis12-INCENP(TAA)-GFP,
lateral kinetochores bound to microtubule walls were converted
into end-on kinetochores as expected (Fig. 2a). Quantitative
analysis of the fate of kinetochores in these control cells showed
that the vast majority of lateral kinetochores became end-tethered
within 50 s (Fig. 2b), following which they underwent forward
and regressing movements, which were synchronous with
changes in K-fibre length (Fig. 2a (left panels) and c (lower
panel)). Such synchronous movement between the kinetochore
and MT-end demonstrates the establishment of a productive and
mature KT-MT attachment that are capable of converting
the change in K-fibre length into kinetochore movement. In
stark contrast, in cells expressing Mis12-INCENP-GFP, majority
of lateral kinetochores failed to convert into end-on kinetochores
(Fig. 2b). In these cells, kinetochore movements were not syn-
chronous with changes in K-fibre length (Fig. 2a (right panels)
and c (upper panel)), demonstrating an immature KT-MT
attachment state. A significant proportion of lateral
kinetochores in Mis12-INCENP-GFP expressing cells underwent
detachment (Fig. 2a (right panels) and Fig. 2b (left panel))
and reattached onto microtubule walls (Fig. 2a (right panels)).
However, the lifetime of lateral kinetochores was not significantly
different in Mis12-INCENP-GFP and Mis12-INCENP(TAA)-
GFP expressing cells (Fig. 2d). This unaltered life-time of later-
al kinetochores shows that Aurora-B at the outer-kinetochore
does not prohibit the capture or the maintenance of lateral
kinetochores. Based on our data on KT-MT attachment status,
KT movements and KT life-time in live-cells, we conclude
that Aurora-B activity allows kinetochore capture and main-
tenance along microtubule walls but it specifically disrupts the
end-on conversion process.

Finally, as KT fate analysis showed that end-on (monotelic)
kinetochores remained tethered to MT-ends and did not detach
in Mis12-INCENP-GFP expressing cells (Fig. 2b, right panel), we
are able to rule out excessive error-correction (detachment of
end-on kinetochores) as an indirect cause for increase in lateral
kinetochores. In summary, we reveal a novel role for Aurora-B in
selectively abrogating the end-on conversion process,
without disrupting the establishment or maintenance of lateral
attachments (Fig. 2e). We conclude that this novel role of Aurora-
B in influencing the plane of KT-MT attachment in human
cells is independent of the kinase’s established role in the error-
correction process.

Distinct Aurora-B pools disrupt end-on conversion differently.
Because active Aurora-B is lost from outer-kinetochore and
retained only at the inner centromeric region during
metaphase28, we tested whether centromere localized Aurora-B
influences the end-on conversion process similarly to outer-
kinetochore localized Aurora-B. For this purpose, we performed
fixed and live-cell microscopy studies using CenpB-INCENP-
GFP, wherein the Aurora-B docking domain is fused to a cen-
tromeric protein, CenpB26. As expected CenpB-INCENP-GFP
signals were predominantly centromeric and did not extent
beyond inner kinetochore region (Supplementary Fig. 5B). In
monopolar spindles of CenpB-INCENP-GFP expressing cells,
nearly 60% of kinetochores were laterally attached and they
lacked SKAP of the Astrin-SKAP complex (Fig. 3a,b), suggesting
an end-on conversion defect. This lateral attachment phenotype
and lack of Astrin-SKAP complex was rescued under two
conditions: in monopolar spindles treated with Aurora-B inhi-
bitor (Fig. 3a,b) and in bipolar spindles with congressed chro-
mosomes (Supplementary Fig. 3A and B). We conclude that a
local increase in Aurora-B, restricted to centromere and inner
kinetochore region, increases the incidence of lateral kinetochores
in monopolar spindles and this altered plane of KT-MT inter-
action is rescued in congressed kinetochores of bipolar spindles.

To determine the impact of centromere bound Aurora-B on
lateral kinetochores, we tracked the fate of kinetochores in cells
co-expressing mKate2-Tubulin along with either CenpB-
INCENP-GFP or CenpB-INCENP(TAA)-GFP (negative con-
trol26). In control cells expressing CenpB-INCENP(TAA)-GFP,
the majority of kinetochores were attached to microtubule-ends
and stably tethered without detachment episodes (Supplementary
Fig. 4A and B). As expected, lateral kinetochores that matured
into end-on kinetochores underwent forward and regressing
movements, synchronous with changes in the K-fibre length
(Supplementary Fig. 4C). In stark contrast, cells expressing
CenpB-INCENP-GFP displayed a low incidence of lateral to end-
on conversion events (Fig. 3c,d). Detachment episodes of lateral
or end-on kinetochores were not high (Fig. 3c,d; while 4/4 syntelic
KTs detached, only 3/21 monotelic KTs detached within 10 s).
Quantitative analysis of kinetochore movements in CenpB-
INCENP-GFP expressing cells showed that lateral kinetochores
remained laterally attached and failed to sustain synchronous
movements with the MT-ends of the K-fibre (Fig. 3d and
Supplementary Fig. 4D), revealing a role for centromere bound
Aurora-B in retarding the end-on conversion event.

While both centromeric and outer-kinetochore pools of
Aurora-B disrupt end-on conversion, there were two key

Fig. 3 Spatially distinct pools of Aurora-B impede distinct steps of the end-on conversion process. a Images of cells expressing CenpB-INCENP-GFP
exposed to Monastrol and MG132 with either ZM447439 or DMSO (solvent control), as indicated, prior to immunostaining with antibodies against
Tubulin, SKAP and GFP. Cropped images show lateral (upper row) and end-on (lower row) kinetochores. Scale: 5 μm in main and 2 μm in cropped images.
Boxed areas correspond to cropped images. b Graph shows percentage of lateral, end-on and detached kinetochores in CenpB-INCENP-GFP expressing cells
treated as in a. Each circle represents values from one cell. Black bar marks average values from two independent experimental repeats. * indicates
statistically significant difference on the basis of P-values obtained using unpaired Student’s t-test. c Single-plane time-lapse images of Z-stacks show the
fate of a lateral or end-on KT (red) bound to MT (green). Time-lapse images of HeLa cells expressing mKate2-Tubulin and CenpB-INCENP-GFP treated with
Monastrol. White arrowheads mark KT tracked. Yellow arrows mark the tip of lateral K-fibre. Scale: 2 μm. d Graph shows percentage of lateral or end-on
kinetochores that transitioned into other attachment states (D-detached, L-lateral and E-end-on) in time-lapse movies as in c. Error bars are SEM values
across three experimental repeats e Cumulative frequency plots show time spent by lateral kinetochores on MT-walls, before changing into another
attachment state, in cells expressing either Mis12-INCENP-GFP or CenpB-INCENP-GFP. Error bars are SEM values across three experimental repeats.
Note: Mis12-INCENP-GFP curve values were obtained from data presented in Fig. 3d. T50 values are in seconds derived from the cumulative
frequency plot. f Table contrasts the consequence of localizing Aurora-B at the outer kinetochore (KT) vs. centromere (cen), using Mis12-INCENP-GFP and
CenpB-INCENP-GFP fusion proteins, respectively. Both fusion proteins disrupt end-on conversion but they differently control the fate of lateral attachments
(within yellow box). Active Aurora-B status (Active AurB) was assessed using immuno-staining with antibodies against AuroraB-pThr232 as in Fig. 1a.
KT-MT attachment status was obtained from fixed-cell studies. Fate of lateral kinetochore and instances of non-productive end-on attachments and
productive end-on conversion are from live-cell movies
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differences: (i) the lifetime of lateral kinetochores was signifi-
cantly increased in cells expressing CenpB-INCENP-GFP
compared to Mis12-INCENP-GFP (Fig. 3e) and (ii) the number
of lateral kinetochores that formed non-productive end-on
attachments (end-on attachments lasting less than 30 s) was at

least twofolds more in cells expressing CenpB-INCENP-GFP
(nKT= 13/34) compared to Mis12-INCENP-GFP (nKT= 6/37).

In summary, we conclude that a local increase of Aurora-B
at the outer-kinetochore detaches lateral attachments prior to
end-on conversion, whereas Aurora-B at the centromere retains
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lateral attachments and prevents stable end-on conversion
(Fig. 3f). This difference could not be simply explained by gross
differences in the extent of fusion protein expression at the
kinetochore (Supplementary Fig. 5A) or extent of HEC1
phosphorylation (Supplementary Fig. 5B and C). We propose
that the two different spatial pools of Aurora-B may influence
downstream targets differently or to different extent leading to
distinct impacts upon the end-on conversion process.

BubR1-PP2A but not KNL1-PP1 controls end-on conversion.
We hypothesized that Aurora-B counteracting phosphatases at the
outer-kinetochore should be essential for end-on conversion, as
Aurora-B activity is high at the outer-kinetochore during early
prometaphase47. At the outer-kinetochore, two major phospha-
tases (KNL1 associated PP1 and BubR1 associated PP2A) coun-
teract Aurora-B activity and are needed for the spindle assembly
checkpoint or maintaining cold-stable KT-MT attachments30–36.
The extent to which the two phosphatases control the end-on
conversion process has not been studied so far. To address this, we
first quantified KT-MT attachment status (end-on vs. lateral) in
cells conditionally expressing a Venus (YFP) tagged BubR1
mutant that can not interact with PP2A-B56 (BubR1 Δ660–685)31
(Fig. 4a). Consistent with previous reports31, 32, 48, our immu-
nostaining studies showed that in cells depleted of endogenous
BubR1, the expression of the BubR1 mutant lacking the PP2A
docking domain interfered with both PP2A recruitment and
chromosome alignment (Supplementary Fig. 6A, C and E
and Fig. 4b). We next assessed the enrichment of Astrin-SKAP
complex (a marker of mature end-on attachments) at congressed
kinetochores in cells treated with MG132. Cells expressing the
BubR1 Δ660–685 mutant failed to recruit Astrin normally in the
vast majority of congressed kinetochores, and the kinetochores
that displayed Astrin showed a steep fivefold reduction compared
to controls (Fig. 4c). Analysis of KT-MT attachment status in
MG132-treated BubR1 Δ660–685 mutant expressing cells
demonstrated a highly significant increase in laterally attached
kinetochores (Fig. 4d,e) in both congressed and uncongressed
kinetochores (Supplementary Fig. 7A). Lateral KT-MT attach-
ment status in BubR1 Δ660–685 mutant expressing cells
was further confirmed using super-resolution microscopy (Sup-
plementary Fig. 7B). These data indicate an impairment of the
end-on conversion process in cells lacking BubR1 associated
PP2A, despite chromosome congression. Based on the status of
KT-MT attachment and Astrin recruitment, we conclude that (i)
laterally attached kinetochores predominate in cells lacking BubR1
associated PP2A and (ii) chromosome congression is insufficient
to rescue the end-on conversion defect in cells lacking BubR1
associated PP2A-B56.

We next tested if KNL1 associated PP1 phosphatase is required
for end-on conversion by comparing KT-MT attachment changes
induced by two LAP-tagged KNL1 mutants: (i) KNL1-2A where
Aurora-B mediated phosphorylation sites at the PP1 docking
motif are mutated to allow constitutive recruitment of PP1 and
(ii) KNL1-4A where the PP1 docking RVSF motif is mutated to
abrogate PP1 recruitment30, 37. We first confirmed that PP1 levels
are reduced in KNL1 depleted cells expressing LAP-tagged KNL1-
4A compared to LAP-tagged KNL1-WT or LAP-tagged KNL1-2A
(Supplementary Fig. 6B and D), as reported37. Following MG132
treatment, KNL1 depleted cells expressing either LAP-tagged
KNL1-2A or KNL1-WT displayed kinetochores that were
congressed and normally end-tethered; whereas, cells expressing
LAP-tagged KNL1-4A mutant displayed a mild congression
defect (Fig. 4f,g and Supplementary Fig. 6F). A slight increase in
lateral kinetochores and reduction in Astrin intensity were
observed in cells expressing LAP tagged KNL1-4A mutant,
compared to cells expressing either KNL1-2A mutant or KNL1-
WT fusion proteins (Fig. 4g and Supplementary Fig. 6G).
However, the percentage of lateral kinetochores and extent of
Astrin reduction were much lesser in cells expressing the PP1
docking mutant (KNL1-4A) compared to PP2A docking mutant
(BubR1 Δ660–685) (Compare Fig. 4e,g; Fig. 4c and Supplemen-
tary Fig. 6G). These studies provide first insight into the extent to
which the two phosphatases control the plane of KT-MT
interaction and highlight the essential role of BubR1 associated
PP2A in controlling the maturation of KT-MT attachments.

Astrin-SKAP is a target of Aurora-B during end-on conver-
sion. Because Aurora-B negatively regulates Astrin-SKAP levels
at kinetochores43, Astrin-SKAP complex is a potential down-
stream target of Aurora-B in the end-on conversion process. We
quantified KT-MT attachment status in monopolar spindles of
Aurora-B inhibited cells depleted of either Astrin or SKAP
(Fig. 5a). As expected, in control siRNA treated cells, kine-
tochores were tethered to MT-ends and were uniformly distant
from the spindle poles (Fig. 5b). In contrast, in SKAP siRNA
treated cells, kinetochores were dispersed along MT-walls and
a reduced proportion of the kinetochores were attached to
MT-ends (Fig. 5b and Supplementary Fig. 8A), showing a defect
in tethering kinetochores to microtubule-ends despite Aurora-B
inhibition. A similar phenotype of increased lateral kinetochores
was observed in cells treated with Astrin siRNA despite Aurora-B
inhibition (Fig. 5b and Supplementary Fig. 8A). We confirmed
that SKAP was absent on the kinetochores of Astrin or SKAP
siRNA treated cells (Fig. 5b). We conclude that the Astrin-SKAP
complex plays a crucial role in ensuring the correct plane of
KT-MT interaction.

Fig. 4 BubR1 associated PP2A, but not KNL1 associated PP1, plays a significant role in the end-on conversion process. a Experimental regime: BubR1 siRNA
treated HeLa FRT/TO cells conditionally expressing Venus (YFP)-BubR1 (WT or ∆660–685 mutant) were exposed to Doxycycline for 24 h and MG132 for
1 h prior to immunostaining. b Images of cells treated as in a, immunostained with antibodies against GFP, Tubulin and Astrin and stained with DAPI for
DNA. Scale: 5 µm in uncropped and 1 µm in cropped images. Boxed areas correspond to cropped images. c Graph of Astrin intensities on congressed or
uncongressed kinetochores in cells expressing Venus (YFP) tagged -BubR1 WT or ∆660–685 mutant, as in b. Horizontal lines show average values
(in green) across KTs from two independent experiments. Each circle represents values from one kinetochore. d Images of cells treated as in a,
immunostained with antibodies against GFP and Tubulin and CREST anti-sera and stained with DAPI for DNA. Scale: 5 µm in uncropped and 1 µm in
cropped images. Boxed areas correspond to cropped images. e Graph shows percentage of lateral vs. end-on kinetochores in Venus-BubR1 (WT or
∆660–685 mutant) expressing cells treated as in d. Each circle represents values from one cell. Black bar marks average values from four independent
experiments. f Images of KNL1 siRNA treated HeLa cells expressing LAP-tagged KNL1 WT or mutants (2A or 4A). Following plasmid transfection, cells
were exposed to Doxycycline for 1 h and then incubated in Doxycycline-free media for 30 h. Prior to fixation cells were exposed to MG132 for 45min and
immunostained with antibodies against GFP, Tubulin and Astrin. Scale: 5 µm in uncropped and 2 µm in cropped images. Boxed areas correspond to cropped
images. g Graph shows percentage of lateral vs. end-on kinetochores in LAP tagged KNL1 (WT, 4A or 2A mutant) expressing cells, treated as in f.
Each circle represents values from one cell. Black bar marks average values from three independent experimental repeats. In c, e and g, ‘*’ and # indicate
statistically significant and insignificant differences, respectively (assessed using P-values from unpaired Student’s t-test)
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KT attachments to MT-ends but not MT-walls rely on SKAP.
To determine why end-tethering of kinetochores is compromised
in SKAP depleted cells, we tracked the fate of lateral kinetochores
in time-lapse movies of cells co-expressing CenpB-DsRed and
YFP-Tubulin (Fig. 5c). Analysing the fate of kinetochores showed
that in control cells, lateral kinetochores converted into end-on
kinetochores normally (Fig. 5d). However, in SKAP depleted
cells, lateral kinetochores either remained attached to microtubule
walls or detached from microtubule walls and failed to convert
into end-on kinetochores (Fig. 5d), showing a failure in the end-

on conversion process. The lifetime of lateral kinetochores was
comparable in control and SKAP depleted cells (Fig. 5e,f), indi-
cating a dispensable role for SKAP in capturing and maintaining
kinetochores along microtubule walls. Although the conversion of
a lateral kinetochore into an end-on kinetochore was relatively
infrequent in SKAP depleted cells compared to control depleted
cells (Fig. 5d), end-tethered kinetochores could be observed in
SKAP depleted cells (Supplementary Fig. 8A). Tracking the fate
of these end-tethered kinetochores in SKAP depleted cells
showed that they rarely remained end-tethered for longer than
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30 s, and instead they either became laterally attached or detached
(ncells= 4; nKTs= 12). Thus, SKAP facilitates the end-on
conversion event and is essential for the stable maintenance of
kinetochores at MT-ends but not MT-walls, demonstrating a late
role for SKAP in the end-on conversion process.

To confirm that the defect in the plane of KT-MT attachment
observed following SKAP depletion is not an siRNA off-target
effect, we used a cell line that conditionally expresses an siRNA
resistant form of SKAP fused to GFP (GFP-SKAPsiRes)4, 41.
Following SKAP siRNA treatment, monopolar spindles of GFP-
SKAPsiRes expressing cells exposed to ZM447439 and MG132
(Supplementary Fig. 8B) displayed end-on attached kinetochores,
demonstrating a successful rescue of the SKAP depletion induced
lateral attachment phenotype (Supplementary Fig. 8C). Thus, we
show the first evidence for SKAP’s role in the end-on conversion
process, and demonstrate that Aurora-B acts through Astrin-
SKAP complex to ultimately define the plane of KT-MT
attachment (Fig. 5h).

Because chromosome congression partly rescued the end-
tethering defect caused by constitutive Aurora-B activity, we
tested if congression can rescue SKAP depletion induced end-
tethering defect. Analyzing KT-MT attachments in bipolar
spindles following MG132 and ZM447439 treatment showed
significantly more lateral kinetochores in SKAP depleted cells,
compared to control depleted cells (Fig. 5g and Supplementary
Fig. 8D). These data show that SKAP is essential for defining the
plane of KT-MT interaction in both bipolar and monopolar
spindles.

Discussion
First, we report a novel role for Aurora-B pathway in controlling
the plane of KT-MT attachment in human cells. This role for
Aurora-B in the maturation of kinetochore-microtubule attach-
ments is distinct from it’s well established role in detaching
erroneous KT-MT attachments (syntelic or merotelic)23, 25, 49.
Second, we show that increasing Aurora-B at the centromere or
outer-kinetochore promotes the incidence of lateral attachments
by influencing different steps of the end-on conversion process.
We find that lateral KT-MT attachments are ‘immune’ to Aurora-
B regulation. Third, of the two Aurora-B counteracting phos-
phatases we tested, BubR1 associated PP2A is more important
than KNL1 associated PP1 for defining the plane of KT-MT
attachment, revealing functional differences between these two
outer-kinetochore associated phosphatases. Finally, we uncover a
role for the Astrin-SKAP complex in ensuring the lateral to end-
on conversion of attachments and maintenance of end-tethered
kinetochores. By comparing kinetochores in bipolar and mono-
polar spindles, we distinguish distinct sequential regulators of the

end-on conversion process. Thus, we provide first insight into
how the Aurora-B pathway controls the end-on conversion
process in human cells.

Our live-cell imaging studies shed light on a physiologically
significant puzzle about how human cells protect immature
lateral attachments from being destabilized by the error-
correction enzyme Aurora-B50. We find that increasing
centromeric Aurora-B detaches erroneous syntelic (end-on)
attachments but spares immature lateral attachments. These data
from monopolar spindles show that immature lateral attachments
are neither susceptible to Aurora-B’s error correction activity nor
reliant on biorientation, explaining how early-on attachments
could form despite a lack of inter-kinetochore tension. Similar
protection of immature lateral attachments against destabilization
by Aurora-B/Ipl1 is reported in budding yeast17.

In monopolar spindles, which closely mimic early mitotic
spindle configuration, we show that Aurora-B activity at the
outer-kinetochore allows lateral attachments but blocks end-on
conversion. Aurora-B activity at the outer kinetochore is poten-
tially counteracted through BubR1-PP2A that is high on early
mitotic kinetochores. Loss of outer-kinetochore associated
Aurora-B is likely to tip the balance towards BubR1-associated
PP2A phosphatase allowing end-on conversion. Concomitantly,
selective enrichment of the Astrin-SKAP complex on MT-end
tethered kinetochores4, along with the physical separation of
centromeric Aurora-B from outer-kinetochore substrates by end-
on attachment mediated kinetochore pulling, could jointly facil-
itate the maintenance of a mature end-on attachment (Fig. 6).

Previous studies showed that Astrin is not recruited to
uncongressed kinetochores lacking BubR1 associated PP2A48.
Whether this failure to recruit Astrin is simply due to the lack of
congression or directly due to the loss of PP2A was not known.
We demonstrate that both Astrin recruitment and end-on
attachment status are compromised on congressed kinetochores
lacking BubR1 associated PP2A. Thus, BubR1 associated PP2A is
required for proper KT-MT attachment even on congressed
chromosomes, indicating a new role for BubR1 that is present on
metaphase kinetochores51. Whether the lack of BubR1-PP2A
mediated end-on conversion event(s) is an important reason for
higher sensitivity to loss of BubR1 in Brain Tumour Initiating
Cells compared to normal cells52 would be interesting to explore
in the future.

How does the Astrin-SKAP complex mediate end-on conver-
sion? Electron microscopy studies indicate that SKAP159–316:
Astrin482–850 complex form elongated structures53, and Astrin
dimers show a ‘lollypop’ like structure of 80 nm in length with a
flexible hinge54. We and others previously showed that a similar
hinge region in Ndc80 (loop domain) is required for tethering
kinetochores onto microtubule-ends4, 11–13. Unlike Ndc80, which

Fig. 5 Astrin-SKAP complex mediates a late step of the end-on conversion process. a Experimental regime: Cells treated with Monastrol and MG132 for 2 h
and ZM447439 for 45min were immunostained using antibodies against Tubulin and SKAP and CREST antisera. DNA was stained using DAPI.
b Immunofluorescence images of HeLa cells transfected with control, SKAP or Astrin siRNA, as indicated, and treated as in a. Magnified images in the
right-most panels correspond to boxed area. Scale bar: 5 μm. c Single-plane time-lapse images of Z-stacks show the fate of lateral kinetochores (red)
attached to MTs (green) in Control or SKAP siRNA treated HeLaYFP-Tub; CenpB-Red cells in Monastrol. White arrowheads mark the KT tracked. Yellow arrows
mark shrinking lateral K-fibre and white arrows highlight synchronous movement of the KT and MT-end. Scale bar: 2 μm. d Graph shows percentage of
lateral kinetochores that remained lateral (L) or transitioned into other attachment states (D–detached; E–end-on) in time-lapse movies as in c. Error bars
represent SEM from four experiments. e Graph of time spent by lateral kinetochores on MT-walls, before changing into another attachment state, in
control or SKAP siRNA treated cells. Red and black bars mark mean-time and SD values, respectively, across kinetochores from four independent
experiments. # indicates statistically insignificant difference (unpaired Student’s t-test). f Immunoblots of lysates of cells treated with control or SKAP
siRNA harvested after time-lapse microscopy. Antibodies against SKAP and γ-Tubulin (loading control) were used. g Images of bipolar spindles with
congressed chromosomes in control or SKAP siRNA transfected cells treated with MG132 and ZM447439 and immunostained as in a. Scale bar: 5 μm in
uncropped and 2 μm in cropped images. Boxed areas correspond to cropped images. h Cartoon illustrates SKAP’s role in the end-on conversion process:
(i) SKAP is selectively recruited to end-on (mature) but not lateral (immature) kinetochores. (ii) SKAP is crucial for the lateral to end-on conversion event
but not required for tethering kinetochores onto microtubule walls. Finally, reducing Aurora-B allows end-on attachments in a SKAP dependent manner

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-00209-z

10 NATURE COMMUNICATIONS |8: �150� |DOI: 10.1038/s41467-017-00209-z |www.nature.com/naturecommunications

www.nature.com/naturecommunications


is a core kinetochore protein, the Astrin-SKAP complex is
recruited to kinetochores at later stages of mitosis55–57 and
found predominantly on end-tethered kinetochores in human
cells4. Future structure studies on Astrin’s hinge domain and the
kinetochore receptor(s) of Astrin-SKAP complex are likely to
reveal crucial insights into how human cells overcome physical
barriers in converting the plane of kinetochore-microtubule
attachment. Although Astrin-SKAP complex is essential
for normal chromosome segregation in human cells41, 55–58, a
truncation mutation in exon-3 of SKAP did not cause somatic
defects in mice59, suggesting that redundant players may support
the loss of SKAP in mice.

In summary, our findings uncover Aurora-B kinase as an
upstream regulator of the end-on conversion process. Unlike
spindle checkpoint mechanisms that rely on the two phosphatases
KNL1-associated PP1 and BubR1-associated PP2A-B56, the
end-on conversion process relies significantly on BubR1-
associated PP2A-B56. Finally, we identify a role for Astrin-
SKAP in a late event of the end-on conversion process. Thus, we
report one of the key molecular pathways that control the plane
of kinetochore-microtubule interaction in human cells.

Methods
Cell culture and synchronization. HeLa cells (ATCC) cultured in Dulbecco’s
Modified Eagle’s Media supplemented with 10% FCS and antibiotics (Penicillin
and Streptomycin) were plated onto glass-bottomed dishes (LabTek) or 13 mm
round coverslips. For inhibition studies, cells were treated with 10 µM Monastrol
(1305, TOCRIS), 10 µM ZM447439 (2458, TOCRIS) or 10 µM MG132 (1748,
TOCRIS). Inducible expression of GFP-SKAPsiRes was achieved by generating
HeLa (GFP-SKAP) as clones obtained from transfecting HeLa FRT/TO cells with
pCDNA5-FRT/TO-GFP-SKAPsiRes plasmid vector41.

Plasmid and siRNA transfections. siRNA transfection was performed using
Oligofectamine according to manufacturers instructions. Briefly, siRNA oligos were
incubated in OptiMEM (Invitrogen; 11058-021) and washed 24–36 h prior to
analysis. siRNA oligos to deplete Astrin (UCCCGACAACUCACAGAGAAAUU),
SKAP (GAAAGAGUCCGAUUCCUAGUU), BubR1 (GAUGGUGAAUU-
GUGGAAUA) and KNL1 (GCAUGUAUCUCUUAAGGAAUU) were from
Dharmacon. Negative control siRNA (12,935–300) was from Invitrogen. HeLaYFP-
Tub; CENPB-Red was generated by transiently transfecting pDsRed-CENPB (Clone-
tech) into HeLaYFP-Tub used extensively for cell division studies60, 61. In four well
LabTek dishes, 500 ng of plasmid vectors encoding mKate2-αTubulin (Evrogen)
along with plasmid vector encoding Mis12-INCENP-GFP (VSV-Mis12-ΔCen
INCENP-GFP), Mis12-INCENP(TAA)-GFP (VSV-Mis12-ΔCen INCENP(TAA)-

GFP), CenpB-INCENP-GFP (VSV-CenpB-ΔCen INCENP-GFP) or CenpB-
INCENP(TAA)-GFP (VSV-CenpB-ΔCen INCENP(TAA)-GFP)26 were
co-transfected into HeLa using Turbofect (R0531, Thermo Scientific) and filmed
within 30 h. LAP-tagged KNL1 expression vectors4, 37 were transiently transfected
prior to Doxycycline induction. Following transient transfection of plasmids, cells
were assessed after 24 h, except in the case of KNL1 expression plasmids where cells
were assessed after 30 h. For SKAP siRNA rescue, Tetracycline (Tet) inducible
GFP-SKAP HeLa cells were transfected with SKAP siRNA43, 48 h later treated
with tetracycline for 1 and 24 h later used for studies. siRNA resistant version of
GFP-SKAP expression vector (pCDNA5-FRT/TO-GFP-SKAPsiRes) was generated
by wobbling nucleotides using point mutagenesis primer GTAAAGCTGGA-
GATGAAAGAGGAGCGTGTTAGGT TTTTGGAACAGCAAACCTTATG.
Plasmid vectors maps are available on request.

Live-cell time-lapse imaging. Cells were transfected with siRNA oligos or plasmid
vectors 72 or 24 h, respectively, prior to imaging (unless stated otherwise in
experimental regime) and transferred to Leibovitz’s L15 medium (Invitrogen;
11415064) for imaging at 37 °C. For imaging KT and MT-end dynamics, exposures
of 0.04 s and at least 6 Z-planes, 0.1 μm apart, were acquired every 10 s for 5 min
using a 100X NA 1.40 oil immersion objective on an Applied Precision DeltaVision
Core microscope equipped with a Cascade2 camera under EM mode. Exposure
conditions were optimized through long-term high-speed imaging of mKate2-EB3
expressing HeLa cell line62, 63.

Kinetochore-microtubule attachment status determination. To define KT-MT
attachment states, we used the following methodology. First, 360° rotation of image
stacks (3D volume images) generated using Softworx was used to determine the
plane of the K-fibre and KT. Second, end-tethered and lateral kinetochores were
confirmed on the basis of their synchronous and asynchronous movement,
respectively, between the K-fibre tip and the KT. Change in KT and MT-end (MT)
positions through time was measured using Softworx distance measurement tool.
Values less than 0.25 μm, sustained for at least 30 s, were marked as synchronous
movement of the KT and MT-end. All other values were marked as asynchronous
movement of the KT and MT-end. To ensure that the attachment transition
measurements are reliable, we only considered end-on kinetochores that
remained in end-on state at least for 30 s, lateral kinetochores that remained lateral
for greater than 30 s and detached kinetochores that remained detached for at least
20 s. (In Mis12-INCENP-GFP and mKate2-Tubulin coexpressing cells, we expect a
signal overlap since Mis12 resides in the KT outer plate where MT-ends reach64.
However, in CenpB-DsRed and YFP-Tubulin coexpressing cells, signal overlap is
rarely seen). In fixed-cells to set a threshold for high-quality images for quantitative
analysis, we excluded cells if greater than 20% of its kinetochores could not be
confidently assigned any KT-MT attachment status. Lateral, end-on or detached
kinetochores were scored4 and their relative percentages calculated using MS Excel
and plotted using Prism Software.

Immunofluorescence, immunoblotting and image analysis. For immuno-
fluorescence, antibodies against HEC1Ndc80 protein65 (1:1000), tubulin (Abcam;
ab6160; 1:800), pThr232 Aurora-B (Rockland Inc; 600-401-677; 1:500), total

1) Lateral attachment

2) End-tethering

3) Mature end-on
attachment maintained

BubR1/PP2A-B56 and
AurB activity at outer
kinetochore are high

Release of outer-KT AurB
tips the balance towards
BubR1-PP2A

BubR1-PP2A levels reduce; End-on
pulling reduces the influence of
centromeric AurB at outer-KT

Kinetochore

Microtubules

AurB
activity 

at outer-KT
(high to low)

G
ra

du
al

 e
nr

ic
hm

en
t

of
 A

st
rin

-S
K

A
P

Fig. 6 Schematic description of the end-on conversion process. On laterally attached kinetochores, outer-kinetochore associated Aurora-B kinase and
BubR1-PP2A phosphatase levels are high. End-on conversion requires the reduction of outer-kinetochore associated Aurora-B activity, which potentially
tips the balance in favour of BubR1-associated PP2A phosphatase allowing the gradual recruitment of Astrin-SKAP complex. Concomitantly, end-tethered
kinetochores experience end-on pulling and intra-kinetochore tension, which can spatially separate centromeric Aurora-B from outer-kinetochore
substrates. This progressive reduction in Aurora-B activity at the outer-kinetochore will promote further enrichment of Astrin-SKAP complex—a crucial
late event in end-on conversion that is essential to maintain mature end-on attachments. Red circles mark outer and inner kinetochore associated Aurora-B,
green circles mark BubR1 and blue circles mark Astrin-SKAP
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Aurora-B (Abcam; ab3635; 1:800), GFP (Roche; 1181446001; 1:800), mCherry
(Thermo Scientific; M11217; 1:2000), SKAP (Atlas; HPA042027; 1:1000),
HEC1pSer44 and HEC1pSer5528 (1:500), Astrin (Novus; NB100-74638; 1:1000),
B56 (BD Transduction Laboratories; 610615; 1:500) and CREST antisera
(Europa; FZ90C-CS1058; 1:2000) were used. DAPI (Sigma) was used to co-stain
DNA. Images of immunostained cells were acquired using 100X NA 1.4 objective
on a DeltaVision Core microscope equipped with CoolSnap HQ Camera
(Photometrics). Volume rendering (SoftWorx) was performed for 3D analysis of
KT-MT attachment status. Deconvolution of live and fixed-cell images and 3D
volume rendering were performed using SoftWorx. Quantitative immunoblotting
was performed on proteins separated on 12% SDS-PAGE gels by transferring them
overnight onto Nitrocellulose membrane. Membranes were incubated in primary
antibodies against Aurora-B pThr232 (Rockland Inc; 600-401-677; 1:1000), SKAP
(Atlas; HPA042027; 1:1000) and γ-Tubulin (Sigma; T6557; 1:800) for an hour and
probed using secondary antibodies labeled with infrared fluorescent dyes, which
were imaged using an Odyssey imager (Supplementary Fig. 9).

Statistical analysis. To confirm that sampling is sufficient, we used two statistical
tests: First, we performed a proportion test or unpaired Student’s t-test to confirm
using P-values that we have sampled sufficient number of cells or kinetochores for
concluding on differences we report. Second, we measured standard error over
mean (SEM) across experimental repeats or across cells and confirmed that the
differences we report are not only based on differences in mean values, but also the
spread of the mean values between experiments, cells or kinetochores. SD values
were obtained across experiments or cells as indicated in the figure legend.

Super-resolution microscopy experiments. For STORM imaging experiments,
HeLa cells were transiently transfected with plasmids encoding Venus-BubR1
∆660–685 and 24 h later cells were exposed to MG132 for 1 h. Cells were then pre-
fixed with 4% PFA in PBS for 20 s, permeabilised with 0.5% Triton X-100 in PBS
for 4 min and the fixation step was repeated again for 20 min before quenching
with 25 mM glycine for 20 min. One percent BSA in PBS with 0.1% Tween was
used for blocking and all washes were performed using 0.1% tween in PBS. Cells
were immunostained with primary antibodies against α-Tubulin (clone B-5-1-2,
Sigma-Aldrich; T6074; 1:300) and CREST antisera (Europa; FZ90C-CS1058;
1:2000). For secondary antibody, goat anti-mouse AlexaFluor 647 (Molecular
Probes; A21236; 1:800) and donkey anti-human CF680 (Biotium; 20278–1; 1:1000)
were used.

Samples were mounted and imaged in a custom-made microscope66 and
covered with 300 µl of imaging buffer (150 mM Tris-HCl pH 8, 10% (v/w)
glucose, 35 mM cysteamine (MEA), 0.5 mg/ml glucose oxidase (Sigma; G7141),
and 40 mg/ml catalase (Sigma; C3556)). Typically, 200,000–500,000 frames were
recorded. Analysis was performed using custom software written in MATLAB. We
acquired two spectral channels simultaneously by splitting the emission with a
dichroic (Chroma, T680LPXXR) and assigned the colour based on the relative
intensities of the single-molecule localizations in both channels with a cross-talk
rate below 0.2%67. Localizations with uncertainties above 25 nm or a fitted size of
the PSF above 170 nm were discarded. The data were corrected for sample drift
using a custom redundant cross-correlation based algorithm. Images were rendered
using a Gaussian with a width proportional to the localization precision.

Data availability. The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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