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ABSTRACT 

Accurate spindle assembly and chromosome congression during mitosis are essential for life and 

rely on the activity of several proteins. However, due to technical constraints or limitations of the 

available model organisms, some of their roles might have been overlooked. The Indian muntjac 

is the mammal with the lowest known chromosome number (2N=6), and due to chromosome 

fusions during evolution it has a large kinetochore (~ 2 µm in length) that can bind up to 60 

microtubules. Its unique cytological features confer a great advantage for micromanipulation and 

high-resolution live-cell studies. Here, we proposed to identify the key players and principles 

underlying chromosome congression and segregation, as well as to elucidate the mechanism by 

which kinetochore (k)-fibers mature in mammalian cells.  

As such, the main goals of this work were (1) to establish the Indian muntjac as a model system 

for the comprehensive study of mitosis; (2) to investigate how spindle assembly occurs in 

mammalian cells and dissect the players implicated in k-fiber maturation; and lastly (3) to 

evaluate the importance of kinetochore size for chromosome bi-orientation/congression and error 

formation. 

Following on the recent genome sequencing efforts, we screened the role of 63 conserved mitotic 

genes in spindle assembly and chromosome segregation in Indian muntjac fibroblasts. Among the 

analyzed proteins, perturbation of the Augmin complex emerged as the most deleterious condition 

for mitosis. By combining functional perturbations, with fixed- and subsecond live-cell super-

resolution CH-STED nanoscopy, we uncovered a key role for Augmin in kinetochore microtubule 

self-organization and maturation, regardless of pioneer centrosomal microtubules. Augmin 

promoted kinetochore microtubule turnover by sustaining microtubule formation from 

kinetochores, while assisting poleward flux. Tracking of microtubule growth events within 

individual k-fibers revealed a wide angular dispersion, consistent with Augmin-mediated 

branched microtubule nucleation. Moreover, Augmin depletion reduced the frequency of such 

events and hampered normal repair after acute k-fiber injury by laser microsurgery. Together, 

these findings underscore the contribution of Augmin-mediated microtubule amplification for k-

fiber self-organization and maturation in mammals.  

Next, we sought to investigate the implication of kinetochore size for chromosome congression 

and segregation fidelity. Measurement of intra-kinetochore distances, serial-section electron 

microscopy, and RNAi against key kinetochore proteins confirmed a standard structural and 

functional organization of the Indian muntjac kinetochores and revealed that microtubule binding 

capacity scales with kinetochore size. Surprisingly, we found that chromosome congression in 

this specie is not random, and that chromosomes with larger kinetochores bi-orient more 

efficiently, displaying a bias to congress to the equator in a motor-independent manner. On the 

other hand, despite the robust correction mechanisms, when experimentally challenged, 



 

  

chromosomes with larger kinetochores were also strongly biased to establish erroneous merotelic 

attachments and missegregate during anaphase. This bias was impervious to the experimental 

attenuation of polar ejection forces on chromosome arms by RNAi against the chromokinesin 

Kif4a. Thus, kinetochore size is decisive of chromosome segregation fidelity.  

Lastly, following on our observations that chromosomes with larger kinetochores rely less on 

motor CENP-E-dependent pathway to congress to the spindle equator, and the fact that multiple 

metazoans with holocentric kinetochores (that extends to the entire chromosome length) congress 

their chromosomes in the absence of a CENP-E ortholog, we hypothesized that there is a 

relationship between kinetochore size and CENP-E-mediated transport dependency. We 

engineered a C. elegans model expressing human CENP-E docked to a kinetochore protein and 

prevented chromosome direct congression due to rapid bi-orientation by knocking-down 

chromokinesin klp-19. We found that CENP-E expression partially rescues chromosome 

congression imposed by defective kinetochore-microtubule attachments, which suggests that 

CENP-E may represent an advantage when ‘direct’ congression pathway is compromised. Taken 

together, these results propose that both kinetochore and arm-mediated motor activities are 

important for successful chromosome congression. 

 

  



 

  

RESUMO 

A formação correta do fuso mitótico e o alinhamento dos cromossomas na placa metafásica 

durante a mitose são essenciais para a manutenção da vida e dependem da atividade de várias 

proteínas. Devido a constrangimentos técnicos e limitações dos sistemas modelo usados até à 

data, algumas das suas funções podem ter sido subestimadas. O Indian muntjac é o mamífero 

conhecido com o menor número de cromossomas (2N=6) que, como consequência de múltiplas 

rondas de fusão, contêm um cinetocoro com cerca de 2 μm de comprimento que pode ligar até 60 

microtúbulos. Estas características únicas constituem uma grande vantagem para estudos de 

micromanipulação e microscopia de fluorescência de células vivas. Assim, propusemo-nos a 

identificar quais os principais intervenientes e princípios associados com os processos de bi-

orientação, alinhamento e segregação dos cromossomas, enquanto dissecamos qual o mecanismo 

responsável pela maturação das fibras mitóticas que se ligam aos cinetocoros (‘k-fibers’) em 

células mamíferas. 

Os principais objetivos deste trabalho foram (1) estabelecer e validar o Indian muntjac como um 

sistema modelo para o estudo dos processos associados à divisão celular; (2) investigar qual o 

modo de formação do fuso mitótico em mamíferos e quais os intervenientes na maturação das k-

fibers; e (3) determinar qual a relevância do tamanho do cinetocoro para o processo de bi-

orientação/alinhamento de cromossomas e ocorrência de erros. 

Tendo em conta os últimos desenvolvimentos na sequenciação do genoma do Indian muntjac, 

monitorizou-se a depleção e analisou-se quais as funções na formação do fuso mitótico e 

segregação de cromossomas de 63 proteínas conservadas. De entre as proteínas em estudo, a 

depleção do complexo Augmin surgiu como uma das condições mais prejudiciais para a mitose 

neste sistema. Ao combinar ensaios de perda de função com microscopia de super-resolução 

(‘CH-STED’) de células fixadas e células vivas, determinou-se o papel desempenhado pela 

Augmin na auto-organização e maturação de microtúbulos nucleados nas imediações dos 

cinetocoros, independentemente de microtúbulos provenientes dos centrossomas. O complexo 

Augmin participa no ‘turnover’ de microtúbulos através da formação de novos microtúbulos, 

enquanto assiste simultaneamente o fluxo em direção aos polos. A análise dos eventos de 

crescimento de microtúbulos nas k-fibers revelou uma ampla distribuição angular, consistente 

com a nucleação ramificada dependente de Augmin. Adicionalmente, a depleção de Augmin 

reduziu a frequência destes eventos e comprometeu a recuperação normal das fibras após um corte 

por um laser de microcirurgia. Em suma, estes resultados reforçam a contribuição da amplificação 

de microtúbulos dependente de Augmin para a auto-organização e maturação das k-fibers em 

células mamíferas. 

Em seguida, procurou-se investigar qual o papel do tamanho do cinetocóro para o alinhamento e 

separação corretos dos cromossomas. Através da determinação das distâncias intra-cinetocoros, 



 

  

microscopia eletrónica e ARN de interferência contra proteínas chave, foi possível confirmar que 

a arquitetura e organização funcional dos cinetocoros do Indian muntjac é conservada, e que a 

capacidade de ligar microtúbulos é proporcional ao tamanho do cinetocoro. Surpreendentemente, 

verificou-se que o alinhamento dos cromossomas não é um fenómeno aleatório. Este é enviesado 

pelo tamanho do cinetocoro, sendo que os maiores bi-orientam mais rápido e dependem menos 

da atividade de proteínas motoras para o seu transporte para o equador da célula. Por outro lado, 

apesar dos mecanismos de correção existentes durante uma mitose normal, cromossomas com o 

cinetocoro maior também mostraram uma propensão superior para estabelecer ligações erradas 

com os microtúbulos, culminando em erros durante a anáfase. Esta tendência manteve-se após a 

atenuação das forças de ejeção polar nos braços dos cromossomas induzida pela depleção da 

cromocinesina Kif4a. Assim, conclui-se que o tamanho do cinetocoro é um fator determinante 

para a segregação correta dos cromossomas.     

Por último, partindo das observações anteriores de que os cromossomas com o cinetocoro maior 

são menos dependentes de CENP-E para o seu transporte para o equador, e do facto de vários 

metazoários com cinetocoros holocêntricos (que se estendem por todo o comprimento do 

cromossoma) conseguirem alinhar na ausência de um ortólogo de CENP-E, foi colocada a 

hipótese de que pode haver uma relação entre o tamanho do cinetocoro e a dependência da 

atividade de CENP-E. Para testar esta hipótese, criou-se uma estirpe de C. elegans que expressa 

a sequência humana do CENP-E fundida com uma proteína do cinetocoro e interferiu-se com o 

alinhamento direto dos cromossomas devido à rápida bi-orientação através da depleção da 

cromocinesina klp-19. Verificou-se que a expressão do CENP-E é suficiente para atenuar os 

problemas de alinhamento dos cromossomas. Isto pode ser indicativo de que a presença de CENP-

E pode conferir uma vantagem, no caso de a via direta de alinhamento estar comprometida. Em 

conclusão, estes resultados sugerem que as atividades motoras, quer no cinetocoro, quer mediadas 

pelos braços dos cromossomas, são importantes para o seu alinhamento correto. 
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THESIS OUTLINE 
 
Chapter 1 provides a broad overview of mitosis, that highlights its key components and regulatory 

elements required for faithful chromosome segregation. Additionally, it summarizes the current 

knowledge on mitotic spindle assembly and k-fiber formation models, chromosome congression 

and how this is regulated by multiple proteins, while emphasizing Augmin and CENP-E roles in 

these processes. Chapter 1 ends with the introduction of the model organism used throughout 

most of this work.  

Chapter 2 describes the experimental work and the main results obtained in this thesis: 

• Section 2.1. reflects the establishment of Indian muntjac as a model organism for the 

comprehensive study of mitosis. We knocked-down more than 60 conserved mitotic genes 

and investigated their roles for spindle assembly and chromosome segregation in Indian 

muntjac fibroblasts. This work underscores the added value of Indian muntjac cells as a 

model system, while offering an open access resource for the cell division community. 

Among the analyzed proteins, perturbation of the Augmin complex emerged as one of the 

most deleterious conditions for mitosis in this system. The remaining section 2.1. focuses 

on its in-depth characterization. Overall, we unveiled the contribution of Augmin-mediated 

microtubule amplification for k-fiber maturation and spindle assembly in mammals. 

• Section 2.2. focuses on how kinetochore size impacts chromosome congression and 

segregation. By taking advantage of Indian muntjac fibroblasts, which we showed to be 

amenable for pharmacological inhibition and genetic manipulation, and high-resolution 

fixed/live-cell microscopy, we demonstrated that both chromosome congression and 

segregation are not random, instead are strongly biased by kinetochore size. The 

implications for chromosome segregation fidelity in metazoans are further discussed in 

section 2.2..  

• Section 2.3. describes a side-project where we explored the relationship between CENP-E-

mediated transport dependency and kinetochore size. Following on our previous 

observations that chromosomes with larger kinetochores rely less on the CENP-E-

dependent pathway to congress to the spindle equator (described in section 2.2.), and the 

fact that various metazoans with holocentric kinetochores congress their chromosomes in 

the absence of a CENP-E ortholog, we engineered a C. elegans model expressing human 

CENP-E fused to a kinetochore protein. CENP-E expression partially rescued congression 

defects associated defective kinetochore microtubule attachments. The advantages of 

having two alternative pathways for chromosome congression are discussed in section 2.3.. 



 

 x  

Chapter 3 summarizes the main findings and conclusions of this thesis, while opening questions 

for future works. 
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‘The gifts of microscopes to our understanding of cells and organisms are so profound that one 

has to ask: What are the gifts of the microscopist?’ …  

(Daniel Mazia) 
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CHAPTER 1. STATE OF THE ART 

1.1. The Cell Cycle 

The cell cycle has been a field of interest for more than a century, since Robert Remak in 1852 

proposed that all cells derive from pre-existing ones (Remak, 1855). Three years later, Rudolf 

Virchow reinforced this theory, culminating in what we recognize today as the modern ‘cell 

theory’ (reviewed in (Wilson, 1925)). The cell cycle can be generally described as a coordinated 

series of events that lead to DNA duplication and propagation into two genetically identical 

daughter cells. The sequence of events is characterized by its tight regulation and precision that 

ensure the control of each stage to preserve the chromosome number of the progenitors.  

During the cell cycle of eukaryotic cells two major sequential phases guarantee the inheritance 

of the genetic material: interphase and M phase (also known as mitosis). During interphase the 

genome is replicated (synthesis phase or S phase), the cell grows and doubles its mass of proteins 

and organelles in preparation for mitosis. Typically, this process takes up to 23 hours of a 24-hour 

cycle, with the remaining time dedicated to mitosis. The ‘gap’ between mitosis and the onset of 

DNA duplication is known as G1, and the ‘gap’ between S and M phases is called G2. In the 

absence of specific mitogenic signals, cells can remain in a reversible quiescent state where 

proliferation is stopped, known as G0 (Figure 1.1.) (reviewed in (Alberts et al., 2017)).  

1.1.1. Cell cycle regulation 

Cell cycle progression is monitored by specific proteins that are expressed and/or degraded at 

critical transitions, coordinating the unidirectionality and the switch-like behavior of the four cell 

cycle stages (G1, S, G2, M phase) (Figure 1.1.). These protein complexes have regulatory subunits 

called Cyclins, which fluctuate in phase with the cell cycle, and catalytic subunits named Cyclin-

dependent kinases (Cdks) required for the phosphorylation of many substrates involved in cell 

cycle progression (Nurse, 1975). The activity of Cdks vary as cell cycle progresses due to the 

oscillations of the interacting cyclins. Each Cyclin-Cdk complex ensures the next stage in 

sequence, promoting the ordered transition between cell cycle stages (reviewed in (Nurse, 2000)). 

In metazoans it has been identified three Cdks that regulate interphase (Cdk2, Cdk4 and Cdk6), 

one mitotic Cdk (Cdk1) and a few Cyclins which play critical roles in the cell cycle (Cyclins -A, 

-B, -C, -D and -E) (reviewed in (Martinez-Alonso and Malumbres, 2020)). While C- and D- 

Cyclins monitor cell cycle entry from quiescence and progression throughout G1 phase, Cyclin D 

promotes the activation of Cdk4 and Cdk6 in preparation for DNA replication. Entry into S phase 

is determined by Cyclin E-dependent Cdk2 activation and is regulated by Cyclin A-dependent 

Cdk2 and Cdk1 activities which control DNA synthesis and mediate progression through G2 phase 

(Pagano et al., 1992; Roy et al., 1991). Moreover, Cyclin A is responsible for the activation of 

Cyclin B-Cdk1 complex, the major regulator of mitotic entry and chromosome segregation. 
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During late G2/early M-phase, Cyclin B binds to Cdk1 and phosphorylates multiple substrates 

required for the structural and regulatory re-organization that accompany cell division (reviewed 

in (Alvarez-Fernandez and Malumbres, 2014)). After nuclear envelope breakdown (NEDB), 

Cyclin A-Cdk1 levels decrease to facilitate the initial stabilization of the attachments between 

chromosomes and the mitotic spindle (Kabeche and Compton, 2013). This complex is ultimately 

degraded before metaphase by the Anaphase-Promoting Complex/Cyclossome (APC/C), a 

multiprotein E3 ubiquitin ligase that targets proteins for proteasomal degradation (den Elzen and 

Pines, 2001; Geley et al., 2001; Minshull et al., 1990). Cyclin B-Cdk1, also known as M-phase 

Promoting Factor (MPF) (Nurse, 1990), directly regulates mitosis until all chromosomes are 

correctly attached to spindle microtubules. At this point, APC/C targets Cyclin B for degradation, 

which consequently decreases Cdk1 activity, thus triggering anaphase onset (reviewed in (Alfieri 

et al., 2016; Dick and Gerlich, 2013; Holder et al., 2019; Pines, 2011)) (Figure 1.1.). 

 

 

 

 

 

 

 

 

 

 

The unidirectionality of the cell cycle is additionally ensured by the existence of several 

checkpoints that monitor and promote correct cell cycle progression (Hartwell and Weinert, 

1989). In the presence of stress stimuli or errors, checkpoints induce a cell cycle delay to facilitate 

the repair and/or damage resolution. Two of these checkpoints delay cells in interphase (before 

entering mitosis), offering protection against DNA damage and replication errors. If the repair is 

unsuccessful, cells may enter senescence, undergo apoptosis or DNA may accumulate alterations 

Figure 1.1. Schematic representation of the cell cycle regulation in eukaryotic cells. 

The cell cycle is composed by four highly regulated phases, G1- Gap1, S- Synthesis phase, G2- Gap2 phase and M- 

Mitosis. Cyclins D and C (not shown) mediate cell cycle entry and exit from the quiescent state (G0 phase). At G1, 

Cyclin D-Cdk4 and -Cdk6 levels increase in preparation for the DNA replication. S-phase is initiated by the rising 

levels of Cyclin E-Cdk2 and maintained by Cyclin A-Cdk2 activity. Cyclin A-Cdk1 activity controls protein synthesis 

during G2 and mitotic entry. Cyclin B-Cdk1 is the master regulator of mitotic progression and chromosome segregation. 

 
 



STATE OF THE ART  
 

 3 
 

which ultimately leads to genomic instability and cell transformation (reviewed in (Barnum and 

O'Connell, 2014)). A third checkpoint that ensures the quality of cell cycle progression is the 

Spindle Assembly Checkpoint (SAC) (reviewed in (Musacchio, 2015)). The SAC monitors the 

attachment status between a specialized structured at the chromosomes composed by more than 

one hundred of proteins, named kinetochore, and the fibrous polymers that form the mitotic 

spindle, known as microtubules (reviewed in (Lara-Gonzalez et al., 2021)) (see section 1.2.2.1. 

for details).  

1.2. Mitosis  

Mitosis was first described in the early 1880’s by Walther Flemming, a German geneticist who 

captured with remarkable precision the sequence of events and cellular transformations that occur 

during cell division, based on the observation of Salamander cells by light microscopy 

(Flemming, 1882). At a time, when no good histological methods existed, Flemming formulated 

a fine mixture of osmic, glacial, and chromic acetic acids that preserved cells’ structures 

(‘Flemming’s solution’). Together with haematein and haematoxylin dyes he observed that the 

nuclear ‘chromatin’ (stainable material) of the mother cell rearranged into threads (chromosomes) 

that migrated to the center of the cell and were then separated into two groups, giving rise to two 

daughter nuclei. Hereafter, he termed this process ‘mitosis’ (from the Greek ‘mitos’, thread and 

modern Latin ‘osis’, process).  

 Despite all the descriptive groundwork, the mitotic spindle was regarded as artefactual for 

many years (reviewed in (Inoue, 2008; Paweletz, 2001)), until two optical breakthroughs changed 

the paradigm. The invention of polarized light microscopy (Schmidt, 1937; Schmitt, 1939) 

allowed for the first time the observation of a birefringent fibrous structure that enclosed the 

chromosomes during mitosis (the mitotic spindle) (Inoue, 1953). Furthermore, the incorporation 

of a camera into the microscope, together with the invention of phase contrast microscopy granted 

time-lapse recordings of the entire process of mitosis (Bajer, 1957; Hughes, 1952; Inoue and 

Bajer, 1961; Zernike, 1955). Combined efforts of many discoveries allowed the division of 

mitosis into five successive stages: prophase, prometaphase, metaphase, anaphase, and telophase 

(Figure 1.2.).  

 

(figure legend on the next page) 
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1.2.1. Brief overview of mitosis 

Prophase initiates with the condensation of the previously duplicated DNA into the form of 

chromosomes, and with the coordinated migration to opposite directions of the replicated 

centrosomes, the main microtubule organizing centers (MTOCs) in metazoans. Centrosomes 

consist of a pair of centrioles embedded in a pericentriolar material (PCM) where multiple copies 

of g-tubulin ring complexes (g-TuRCs) are clustered together to mediate nucleation of new 

microtubules (Conduit et al., 2015; Snyder and McIntosh, 1975). Prometaphase begins with the 

disruption of the nuclear envelope, forcing the invasion of the nuclear space by microtubules 

(reviewed in (Ferreira and Maiato, 2021)). Hereafter, the chromosomes congress and align at the 

spindle equator, forming a metaphase plate (reviewed in (Kapoor, 2017; Maiato et al., 2017)). 

When all sister chromatids are correctly attached to microtubules, they are pulled and separated 

synchronously towards opposite poles. During the first moments of anaphase, sister chromatids 

lose cohesion and kinetochore-microtubules shorten (anaphase A), pulling the chromosomes 

poleward. The spindle elongates while the two poles move further apart, bringing the 

chromosomes with them into what will become two daughter cells (anaphase B) (reviewed in 

(McIntosh, 2021)). The two sets of daughter chromatids start to decondense, and the nuclear 

envelope reassembles around each nucleus (telophase). From mid anaphase, a contractile ring of 

actin and myosin II filaments is shaped, dividing the cytoplasm in two halves, each with an 

identical copy of the genome (cytokinesis) (reviewed in (McIntosh and Hays, 2016)). 

1.2.2. Mitosis regulation 

First attempt to characterize how mitotic entry is regulated remounts to 1950 when an ‘antephase’ 

was proposed to precede mitosis, during which the commitment to division could be reverted 

(Bullough and Johnson, 1951). In the presence of stress signals during G2 phase, p38 protein 

kinase becomes activated and phosphorylates Cdc25B phosphatase, thus inducing its exclusion 

to the cytoplasm (Mikhailov et al., 2005). Here, Cyclin A-Cdk2 and Cyclin B-Cdk1 inhibitory 

signals dictate a delay in G2 phase (Mikhailov et al., 2005). Furthermore, in the presence of DNA 

replication stress it was shown that Emi1, a mitotic inhibitory protein, accounts for the premature 

activation of APC/C, consequently blocking mitotic entry (Feringa et al., 2016; Hornsveld et al., 

2021). On the contrary, some years later a ‘point of no return’, in which cells had to continue 

Figure 1.2. Schematic representation of the mitotic stages. 

At prophase, chromosomes become highly condensed, and centrosomes start to migrate to opposite poles. After NEBD, 

spindle microtubules interact and attach to kinetochores (prometaphase), such that chromosomes can bi-orient and align 

at the spindle equator (metaphase). As soon as all kinetochores are correctly attached to microtubules, the poleward 

movement of chromosomes is initiated (anaphase). The nuclear envelope begins to reform around the two daughter 

cells, and the DNA begins to decondense (telophase). Finally, the physically separation of the cytoplasm allows the 

segregation of the two daughter nuclei into individual cells (cytokinesis, not represented). 
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division without reverting their fate, was described. In fact, Rieder and Cole described a G2/M 

checkpoint from where early prophase could be reversible but not late prophase (Rieder and Cole, 

1998). At this stage, Cyclin B-Cdk1 is rapidly activated, and the cell is no longer capable of its 

inactivation, being committed to mitosis. Likewise, polo-like kinases (Plks) and Aurora-B kinase 

assume an important role phosphorylating several substrates required for further Cyclin B-Cdk1 

activation, centrosome maturation and chromosome condensation, respectively (reviewed in 

(Bruinsma et al., 2012; Colicino and Hehnly, 2018; Giet and Glover, 2001)).  

1.2.2.1. Mitotic checkpoints 

Once at mitosis, the SAC provides a universal safety mechanism that promotes chromosome 

segregation fidelity by monitoring the kinetochore-microtubule attachments status. First studies 

in 1991 identified several genes that conferred the ability to arrest in mitosis in the presence of 

spindle poisons. By performing a screen in Saccharomyces cerevisiae, the authors characterized 

MAD (mitotic-arrest deficient) genes MAD1, MAD2 and MAD3 (BUBR1 in humans) and BUB 

(budding uninhibited by benzimidazole) genes BUB1, BUB2 and BUB3 (Hoyt et al., 1991; Li 

and Murray, 1991). Several of these genes are conserved in eukaryotes, and collectively constitute 

the checkpoint that induces a mitotic delay to avoid the precocious loss of cohesion and separation 

of sister chromatids. In the presence of unattached kinetochores (i.e., at prometaphase), SAC 

catalyzes the formation of the mitotic checkpoint complex (MCC), a heterotetramer composed by 

Cdc20, MAD2, BUBR1 and BUB3. This complex, known as the SAC effector, binds to the 

APC/C and inhibits its ubiquitin-ligase activity, thus preventing anaphase onset. Once all 

chromosomes align and bi-orient at the spindle equator, tension between kinetochores and 

microtubules stabilizes the attachments, thus promoting SAC satisfaction. SAC proteins are then 

stripped from the kinetochores along microtubules by Dynein-mediated motor activity (Howell 

et al., 2001; Wojcik et al., 2001). Removal of SAC proteins from kinetochores dictates the full 

activation of APC/C, which targets Securin and Cyclin B for proteasomal degradation, ultimately 

leading to the hallmark changes of anaphase (reviewed in (Lara-Gonzalez et al., 2021; Lara-

Gonzalez et al., 2012)).  

Recent evidence proposed the existence of a regulatory element during anaphase-telophase 

transition that ensures proper chromosome separation and promotes anaphase error correction 

during cell division. This ‘Chromosome Separation Checkpoint’ is centered on a constitutive 

midzone-based Aurora-B phosphorylation gradient, that monitors and delays nuclear envelope 

reformation and chromosome decondensation until efficient separation of sister chromatids 

during anaphase is achieved (Afonso et al., 2014; Maiato et al., 2015). More recently, Aurora-B 

kinase has been suggested to stabilize kinetochore-microtubule attachments and assist spindle 

forces during early anaphase to promote rapid correction of lagging chromosomes. This 

surveillance mechanism prevents micronuclei (chromosome fragments or whole chromosomes 
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that lag behind in anaphase and are excluded from the main nuclei) formation from frequent 

chromosome segregation errors (Orr et al., 2021; Sen et al., 2021).  

1.3. The Mitotic Apparatus 

Experimental research carried over several years had shown that faithful chromosome segregation 

during cell division, relies on the assembly and regulation of a highly complex molecular 

‘machine’ - the mitotic apparatus. Its main function is to equally distribute the chromosomes into 

two daughter cells during mitosis, thus preserving genomic stability. Accurate spindle assembly 

is an absolute requirement for normal tissue development and relies on the action of hundreds of 

proteins that contribute to chromosome capture and subsequent movement during mitosis. 

1.3.1. Centrosomes 

The centrosomes were first spotted and studied by Edouard Van Beneden towards the end of the 

nineteenth century. A few years later, Theodor Boveri and Walther Fleming coined the terms 

‘centrosome’ (due to its localization at the center of the cell) and ‘centriole’, respectively 

(Beneden, 1876; Boveri, 1900; Wilson, 1925). ‘Canonical’ centrosomes consist of a pair of 

cylindrical microtubule-based structures termed centrioles, embedded in PCM where g-tubulin 

ring shaped multiprotein complexes (g-TuRCs) localize to nucleate microtubules (reviewed in 

(Conduit et al., 2015)). The lattice of the cylinders is formed of nine triplets of microtubules, 

which confer a symmetric organization to centrioles (cartwheel shape) (reviewed in (Nigg and 

Holland, 2018)) (Figure 1.3. A). Each centrosome has one older centriole (mother) and a newly 

assembled one (daughter), that normally organize orthogonally to each other. Centrosomes are 

involved in diverse cellular processes such as cell migration, regulation of cell shape and cell 

division. Accurate control over centrosome number is vital, as both increased and decreased 

centrosome numbers can cause severe errors in cell division, leading to aneuploidy and tumor 

development. In addition, supernumerary centrosomes may contribute to tumor cell invasiveness 

and can deregulate centrosome-based signaling pathways (Ben-David and Amon, 2020; Godinho 

and Pellman, 2014; Nigg and Holland, 2018; Wilhelm et al., 2019).  

Interestingly, the fact that spindle formation occurs in cells that are naturally devoid of 

centrosomes, such as female oocytes or land plants (Bonaccorsi et al., 1998; Megraw et al., 2001; 

Wadsworth and Khodjakov, 2004), or after experimental centrosome inactivation in animal 

somatic cells (Hinchcliffe, 2011; Hinchcliffe et al., 2001; Khodjakov et al., 2000), suggests the 

existence of redundant MTOCs that contribute to spindle assembly. In support of this theory, 

microtubules have been found to nucleate at non-centrosomal sites, even in cells containing 

centrosomes (De Brabander et al., 1981; Nicklas and Gordon, 1985; Witt et al., 1980) (see section 

1.4.2. for in-depth characterization). 
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1.3.1.1. The centrosome cycle 

In proliferating cells, centrosomes are duplicated in interphase and separated at the onset of 

mitosis (Figure 1.3. B). Centriole doubling initiates at the G1-S transition where one procentriole 

(a short immature centriole) is formed adjacently to the pre-existing parental ones. This event is 

under the control of Plk4 and activation of the centriolar protein SAS-6 (Puklowski et al., 2011; 

Strnad et al., 2007). Once formed, procentrioles elongate and mature throughout S- and G2-phases 

and each centrosome initiates PCM recruitment. Once at late interphase, the two centrosomes 

separate and migrate towards opposite poles of the cell. Mitotic centrosomes are highly enriched 

in PCM, allowing them to organize the mitotic spindle by promoting microtubule polymerization 

and focusing the spindle poles. After mitosis, each daughter cell inherits one centrosome, with a 

pair of centrioles (reviewed in (Bettencourt-Dias and Glover, 2007)).  
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Figure 1.3. Representation of a ‘canonical’ centrosome and its replication cycle within animal cells. 

A, Electron micrograph of the centrosome. The top inset indicates a cross-section of subdistal appendages; the bottom 

inset indicates a cross-section of the proximal part of the centriole. Scale bar: 0.2 μm. Adapted from (Bettencourt-Dias 

and Glover, 2007). B, Diagram representing the centriole replication cycle. At mitotic exit–early G1 phase, the 

centrioles disengage and lose the orthogonal configuration Daughter centrioles start to originate from the mother 

centrioles at G1-S phase, originating 2 pairs of procentrioles (light green). During G2, the linkage between centrosomes 

is disrupted and the maturation/elongation process initiates giving rise to two mature centrosomes. At G2-M transition, 

centrosomes further migrate apart from each other, recruit PCM and begin to behave as MTOCs (centrosomes 

highlighted in the yellow circle). 

1.3.2. Kinetochore 

Early drawings of mitosis revealed that the interaction between chromosomes and spindle 

microtubules was mediated by a proteinaceous structure at the centromeric region of 

chromosomes (reviewed in (Cheeseman and Desai, 2008; Kops and Gassmann, 2020; Monda and 

Cheeseman, 2018)). Due to its ability to move chromosomes, it was named kinetochore (from the 

Greek ‘kinetos’, movement and ‘chore’, place) in the early 1930’s by Lester Sharp (following the 

suggestion of J.A. Moore) (Sharp, 1934). Electron Microscopy (EM) studies were used to 

characterize a kinetochore as a three-layered disk structure, composed of two electron dense 

regions: an inner and outer plate separated by a 20-30 nm low contrast gap. An electron-dense 

plate called the fibrous corona, lies at the periphery of the outer kinetochore, and extends up to 

250-1000 nm (Bielek, 1978; Brinkley and Stubblefield, 1966; Cleveland et al., 2003; Rieder and 

Alexander, 1990; Roos, 1973) (Figure 1.4. A, C). Once microtubules occupy the kinetochores, 

the last compacts and the corona can no longer be distinguished (Figure 1.4. B-C). Interestingly, 

mammalian kinetochores change from a ‘ball and cup’ (‘spheric ball’ of fibrillar material inserted 

into a dense ‘cup’) before prophase to a plate-like structure covered with fibrillar material in 

mitosis (Rieder, 1982). 
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1.3.2.1. Structure and composition 

Kinetochore inner plate is closely associated with centromeric DNA and it is composed by a 

constitutive centromere associated protein network (CCAN), a sixteen-component (CENP-

S/T/X/W; -C/N/L; -H/I/K/M; -O/P/Q/U/R) that recognizes centromeric nucleosomes and 

establishes the link between the inner kinetochore and outer kinetochore proteins (reviewed in 

(Cheeseman and Desai, 2008; McKinley and Cheeseman, 2016; Suzuki et al., 2014)). Conversely 

to the constitutive localization of inner proteins throughout the cell cycle, outer components are 

Figure 1.4. Kinetochore structure. 

EM images of human RPE-1 cells show the distinct kinetochore morphology when (A) attached to the plus ends of 

spindle microtubules (k-fibers) and (B) treated with a microtubule poison (3 μM nocodazole) for 10 minutes.   At 

metaphase, microtubules (white arrowheads) are embedded end-on at the outer kinetochore plate (brown arrow) and 

fibrous corona material is not visible. In the absence of microtubules, the fibrous nature of the corona material (yellow 

arrow) is visible, and the outer kinetochore plate (brown arrow) is enlarged. Scale bars: 0.5 μm. Adapted from (Kops 

and Gassmann, 2020). C, schematic representation of a prometaphase mitotic chromosome in which one sister 

kinetochore is attached to microtubules (k-fiber) and the other sister kinetochore is in an unattached state characterized 

by formation of an expanded outermost domain, the fibrous corona.  
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loaded in the beginning of prophase and leave the kinetochore at anaphase onset or when they 

disassemble at the end of mitosis. The CCAN components CENP-C and CENP-T recruit multiple 

copies of the ten-subunit KMN network to the kinetochore which includes KNL1, Zwint, Mis12 

complex (Mis12, Nnf1, Nsl1, and Dsn1), and the Ndc80 complex (Ndc80, Nuf2, Spc24, and 

Spc25) (reviewed in (McKinley and Cheeseman, 2016)). The assembly of the KMN network 

provides the core microtubule attachment sites via Ndc80 complex, and works as docking site for 

SAC proteins, plus-end-tracking microtubule proteins and motor proteins (reviewed in 

(Cheeseman and Desai, 2008; Kops and Gassmann, 2020; Santaguida and Musacchio, 2009)).  

1.3.3.  Microtubules  

The most abundant component of mitotic spindles are microtubules, cytoskeleton straw-shaped 

structures that organize in different populations inside the cell. In a series of experiments, it was 

revealed that spindle ‘threads’, which we now know to be microtubules, disappeared by lowering 

the temperature, by adding microtubule disassembling agent colchicine or by increasing 

hydrostatic pressure (reviewed in (Inoue, 2008)). This process was reversible by increasing the 

temperature, washing-out colchicine from the medium, or after pressure release, suggesting a 

dynamic and polymeric nature of microtubules. Later, by isolating and identifying the target of 

colchicine, it was confirmed that microtubules are indeed polymers, and tubulin is their main 

building unit (Borisy and Taylor, 1967; Mohri, 1968).  

1.3.3.1. Structure  

Research over the following decades revealed that each microtubule is a hollow cylindrical 

structure assembled from α- and b-tubulin dimers, that associate longitudinally with γ-TuRCs 

(reviewed in (Kollman et al., 2011; Nogales, 2001)). These cone-shaped proteins work as template 

for the assembly of a ring of thirteen protofilaments that form a growing microtubule in eukaryotic 

cells (Tilney et al., 1973). g-TuRC makes microtubule minus ends less dynamic by working as a 

microtubule cap, while providing the template for microtubule growth and defining their polarity 

(Kollman et al., 2011). The head-to-tail arrangement of α- and b-tubulin heterodimers generates 

the intrinsic polarity of microtubules, with α-tubulin at the so-called minus-end (slow addition of 

new subunits) and b-tubulin at the plus end, where most tubulin subunits are added. 

1.3.3.2. Spindle Microtubules 

The mitotic spindle is a hallmark of mitosis, composed of three broad categories of microtubules: 

kinetochore microtubules, astral microtubules, and interpolar microtubules (Figure 1.5.). In 

mammals, kinetochore microtubules organize into bundles that attach at the kinetochore region 

on each chromosome, termed kinetochore (k)-fibers (Begley et al., 2021; Godek et al., 2015; 

Rieder, 1982). These structures are essential to maintain chromosome position at the metaphase 
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plate, kinetochore oscillations, as well as for operating the forces required to separate 

chromosomes during anaphase (Cai et al., 2009; Nicklas et al., 1982) (see sections 1.7. and 1.7.1 

for further discussion). Astral microtubules radiate from centrosomes at the spindle poles and 

interact with the cell cortex to ensure correct spindle positioning, whereas interpolar microtubules 

assist the separation of the spindle poles during anaphase and provide key structural modules that 

account for spindle mechanical and dynamic properties (Dumont and Mitchison, 2009; Elting et 

al., 2018; Vukusic and Tolic, 2021). 

 

 

 

 

 

 

 

 

Figure 1.5. Different microtubule populations form the mitotic spindle. 

Emerging from the spindle poles towards the cortex, astral microtubules (shown in magenta) are involved in spindle 

positioning and spindle length control. In dark green are represented the k-fibers, the most stable population of 

microtubules, required to bind chromosomes (light pink). In light green are shown interpolar-microtubules, important 

for maintaining spindle bi-polarity and stability. Centrosomes at both spindle poles are represented as green cylinders.  

 

1.3.3.3. Dynamics 

Tubulins use guanosine triphosphate (GTP) hydrolysis to regulate microtubule assembly. 

Although they belong to the GTP-binding proteins family, only b- subunit acts as a GTPase once 

a new heterodimer is added (Linse and Mandelkow, 1988). After GTP hydrolyzation into 

guanosine diphosphate (GDP), tubulin heterodimers tend to bend, which destabilizes the linear 

array and results in microtubule plus-end depolymerization. This, however, happens with a delay 

that is long enough to allow the accumulation of GTP-bound b-tubulin at the plus ends and the 

formation of a GTP-cap, which keeps the heterodimers straight and, consequently, stabilizes the 

protofilaments (Figure 1.6. A). Even though GTP starts being hydrolyzed, lateral interactions 

between the tubulin protofilaments prevents previously integrated heterodimers from bending and 

contributes to energy storage along the microtubule lattice (reviewed in (Howard and Hyman, 

2009; Prosser and Pelletier, 2017)). Sudden loss of the GTP-cap causes curving of tubulin 

heterodimers and rapid depolymerization of microtubule plus-ends (Figure 1.6. B) accompanied 
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by the release of stored energy on the lattice of microtubules. This can be harvested to facilitate 

cell division, e.g., to promote the movement of chromosomes bound to depolymerizing 

microtubules (Chretien et al., 1995; Mandelkow et al., 1991). The transition from growth to 

shrinkage is termed ‘catastrophe’, whereas regrowth of shrinking microtubules upon the recovery 

of their GTP-cap is called ‘rescue’. The ability of microtubules to rapidly switch between these 

two states is termed ‘dynamic instability’ (Mitchison and Kirschner, 1984) (Figure 1.6. C). 

Microtubules become more dynamic at mitotic entry, when the interphase cytoskeleton rapidly 

remodels to form the mitotic spindle (reviewed in (Ferreira and Maiato, 2021)).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Electron micrographs of (A) growing microtubules (exhibit blunt ends, black arrowhead) and (B) shrinking 

microtubules (shown bent protofilaments, black arrowhead). Adapted from (Mandelkow et al., 1991). C, Schematic 

representation of microtubule structure and dynamic instability at the plus ends. Microtubules are polymers of α- and 

β-tubulin, arranged in a head-to-tail fashion and typically composed of 13 protofilaments. Microtubules possess a 

dynamic plus end and a less dynamic minus end. The mechanism of microtubules polymerization (growing) and 

depolymerization (shrinking) is mediated by the exchange of a GTP (blue subunit) on the b-tubulin monomer.  GTP-

tubulin subunits are incorporated at the plus tip, thus allowing the microtubule to grow (rescue). The transition from a 

period of growth to shrinkage is called a catastrophe.  

 
Electron micrographs of (A) growing microtubules (exhibit blunt ends, black arrowhead) and (B) shrinking 

microtubules (shown bent protofilaments, black arrowhead). Adapted from (Mandelkow et al., 1991). C, Schematic 

representation of microtubule structure and dynamic instability at the plus ends. Microtubules are polymers of α- and 

β-tubulin, arranged in a head-to-tail fashion and typically composed of 13 protofilaments. Microtubules possess a 

dynamic plus end and a less dynamic minus end. The mechanism of microtubules polymerization (growing) and 

A 
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C 

Figure 1.6. Microtubule structure and dynamic instability. 
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1.3.3.3.1.  Microtubule Turnover    

The development of microscopy techniques such as photo-bleaching, photo-activation and photo-

conversion revealed that spindle microtubules turnover rapidly, exhibiting typical half-times of 

several seconds to several minutes (reviewed in (Girao and Maiato, 2020)). This led to the 

identification of at least two spindle microtubule populations with distinct turnover dynamics that 

have been attributed to less stable non-kinetochore microtubules and more stable kinetochore 

microtubules, respectively (Zhai et al., 1995). Moreover, microtubule turnover also varies within 

the same microtubule population depending on the mitotic stage. For instance, kinetochore 

microtubules become more stable throughout mitosis, with their turnover rate decreasing from 

prometaphase to metaphase and finally to anaphase (Girao and Maiato, 2020; Gorbsky and 

Borisy, 1989; Warren et al., 2020; Zhai et al., 1995). This appears to be dependent on inter-

kinetochore tension (Nicklas and Koch, 1969) and on Cdk1 kinase activity. Perturbation of 

microtubule turnover interferes with SAC signaling which leads to mitotic arrest (high 

microtubule turnover) or compromises chromosome segregation fidelity (low microtubule 

turnover) (Godek et al., 2015). 

1.3.3.3.2.  Microtubule Flux   

In metaphase, although spindle size and shape are at steady-state, microtubules remain highly 

dynamic. This translates into another dynamic property, called microtubule poleward flux 

(Mitchison, 1989). Flux is defined by the translocation of tubulin dimers added at the microtubule 

plus ends and their simultaneous removal at the minus-ends of microtubules, generating a 

continuous poleward motion of tubulin subunits (or treadmilling). Although undetectable in yeast, 

this feature is highly conserved in higher eukaryotes and significant advances in the investigation 

of this cellular phenomenon were achieved using Fluorescence Speckle Microscopy (FSM), 

which offer higher sensitive than photoconversion and photoactivation techniques (reviewed in 

(Barisic et al., 2012)). FSM-based studies revealed that different classes of microtubules display 

different flux rates; for instance, that astral microtubules do not flux (LaFountain et al., 2004; 

Maddox et al., 2003). Current models of spindle microtubule flux are mainly based on one of the 

two force-generating mechanisms: the ‘treadmilling-like’ model (i.e. via microtubule 

depolymerization at the spindle pole coupled with polymerization at the kinetochore) and the 

kinesins-mediated microtubule-sliding model (reviewed in (Barisic et al., 2021a)). The first 

debates that flux is driven by kinesin-13 mediated depolymerization at microtubule minus ends 

coupled with CLASPs-mediated plus-ends polymerization at kinetochores (Ganem et al., 2005; 

Maiato et al., 2003a; Maiato et al., 2005). The second argues that microtubule flux relies on the 

coupling of microtubules within the spindle (Itabashi et al., 2009; Shimamoto et al., 2011), likely 

through the action of microtubule crosslinking proteins. In this model, microtubule crosslinkers 
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transduce the force generated by motor-driven sliding of interpolar microtubules (Brust-Mascher 

and Scholey, 2002; Matos et al., 2009; Pereira and Maiato, 2012; Vukusic et al., 2017). 

Remarkably, this function has been recently attributed to the coordinated action of four kinesis in 

human cells. The collaborative interpolar microtubule-sliding activity of Eg5 and Kif15 is 

sequentially supported by CENP-E at kinetochores during prometaphase, and Kif4a on 

chromosome arms during metaphase. The resulting outward sliding force of interpolar 

microtubules is then transmitted to k-fibers via microtubule crosslinking proteins like NuMA and 

HSET, licensing k-fibers to flux and facilitating the uniform distribution of spindle forces on 

metaphase chromosomes. These flux-promoting sliding activities are counteracted by Kif2a 

microtubule depolymerizing activity at spindle poles. 

Poleward pulling forces generated by the activity of the four kinesins promote the maintenance 

of steady-state mitotic spindle length, by suppressing MCAK-mediated microtubule-

depolymerizing activity at kinetochores and by promoting CLAPs-dependent polymerization of 

kinetochore-microtubules (Barisic and Rajendraprasad, 2021; Steblyanko et al., 2020).  

Perturbation of poleward microtubule flux by co-depletion of kinesin-13 proteins Kif2a and 

MCAK results in attenuated flux velocity, accompanied by a significant increase of lagging 

chromosomes frequency during anaphase. Noteworthy, the error rates were higher in non-fluxing 

cells, highlighting the importance of flux per se to the correction of erroneous kinetochore-

microtubule attachments  (Ganem et al., 2005). One alternative explanation is that microtubule 

flux drives microtubule slippage at kinetochores, which facilitates error correction and equal 

distribution of spindle forces along the metaphase chromosomes (King and Nicklas, 2000; Matos 

et al., 2009; Pereira and Maiato, 2012). More specifically, experimental attenuation of 

microtubule flux in Drosophila S2 cells significantly impaired anaphase synchrony, resulting in 

more than twice the number of cells with merotelic chromosome attachments (one kinetochore is 

attached to microtubules from opposite spindle poles; see section 1.7.2.) (Matos et al., 2009).  

1.3.3.4. Tubulin Code 

At the resolution of optical microscopes, all microtubules look similar, but this is deceptive. 

Microtubules are composed of multiple tubulin isoforms and functionalized with diverse post-

translational modifications (PTMs). This microtubule diversity has been named as the ‘tubulin 

code’ (Janke and Bulinski, 2011; Verhey and Gaertig, 2007; Yu et al., 2015). Most of tubulin 

PTMs such as, phosphorylation, acetylation, polyglutamylation and detyrosination, label distinct 

α- and β-tubulin isotypes to program these microtubules for specific physiological functions in 

diverse cellular processes (reviewed in (Janke and Magiera, 2020; Roll-Mecak, 2020)). How cells 

read and write the tubulin code is poorly understood. However, new advances and tools 
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for in vitro and in vivo tubulin manipulation, and the identification of a list of tubulin-modifying 

enzymes are now encouraging the study of this fundamental problem.  

In mitosis, due to their intrinsic dynamic nature, spindle microtubules are vastly tyrosinated 

(most gene-encoded α-tubulin isoforms carry a last-tyrosine residue at their C-terminal tail). 

Spindle microtubules become gradually stabilized due to the establishment of end-on attachments 

with kinetochores, as well as, by interacting with interpolar microtubules, and become 

increasingly detyrosinated (enzymatic removal of the last tyrosine residue from the α-tubulin C-

terminal tail) These modifications have been shown to have different physiological roles, while 

conferring higher or lower affinities for certain motor-proteins to transport their cargos, and to 

perform their functions (reviewed in (Janke and Magiera, 2020; Roll-Mecak, 2020)) (see section 

1.6.). For instance, tyrosinated astral microtubules are essential for spindle orientation/position, 

as kinesin-13 depolymerases that regulate astral microtubule length, and Dynein at the cell cortex 

are regulated by this PTM (Janke and Magiera, 2020). Additionally, centriolar microtubules have 

high levels of polyglutamylation (binding of polyglutamate to specific glutamate residues in the 

C-terminal tail of both α- and β-tubulin), which is essential for centrosome integrity throughout 

mitosis.  

Importantly, several works have reported an emerging link between alterations of tubulin 

PTMs and/or associated modifying enzymes with certain cancers. These alterations often 

correlate with specific cancer properties, including poor prognosis, metastasis, and resistance to 

chemotherapeutic drugs, supporting the potential use of cancer tubulin isotypes and/or PTM 

signatures for therapeutic purposes (reviewed in (Lopes and Maiato, 2020)). 

1.3.4. Microtubule associated proteins and Motor proteins 

Microtubules in living cells exhibit a more dynamic behavior compared to microtubules 

reconstituted in vitro, which suggests the existence of additional stabilizing and destabilizing 

factors in living cells (Desai and Mitchison, 1997). Many microtubule-associated proteins 

(MAPs) and motor proteins that affect microtubule stability were found through biochemical and 

proteomic approaches, as well as genetic and genome-wide RNA interference (RNAi)-based 

screens (Bodakuntla et al., 2019; Bonner et al., 2011; Gache et al., 2010; Maiato et al., 2004c). 

While MAPs directly influence microtubule stability through the interaction with the microtubule 

lattice and/or ends, motor proteins use ATP hydrolysis to provide the energy either to cross-link 

and slide microtubules relative to adjacent microtubules or other structures; or to destabilize the 

microtubule lattice and to transport different cargos along the surface of microtubules which 

equally impacts the efficiency of mitotic spindle assembly (reviewed in (Bodakuntla et al., 2019)). 
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1.3.4.1. Microtubule cross-linkers 

Several MAPs and motors that participate in spindle assembly and integrity are able to cross-link 

microtubules. One of the most studied microtubule cross-linkers is Eg5, a member of the kinesin-

5 protein family. Eg5 is a microtubule plus-end directed motor, which assembles into homo-

tetramers with two motor domains located on each of the opposite sides of the complex (Cole et 

al., 1994). This allows it to bind two different microtubules and, due to its preference for 

antiparallel microtubules, to slide their minus-ends away from each other (van den Wildenberg et 

al., 2008). Eg5 inhibition prevents bipolar spindle assembly by preventing centrosome separation 

(reviewed in (Mann and Wadsworth, 2019)). However, once spindle bipolarity is achieved, Eg5 

may be dispensable to maintain it, due to the cooperative activity of another homo-tetramer 

microtubule cross-linker, Kif15, which has been proposed to share this ability to slide antiparallel 

microtubules (Mann and Wadsworth, 2019; Tanenbaum et al., 2009; Vanneste et al., 2009).  

An additional cross-linker of antiparallel microtubules is PRC1, which is enriched along 

overlapping interpolar microtubules that are in close contact with sister kinetochores (also known 

as bridging fibers) (Kajtez et al., 2016). During early mitosis, PRC1 remains mostly inactive due 

to the phosphorylation by Cdk1 and Plk1 (Hu et al., 2012; Zhu et al., 2006). At metaphase, PRC1-

mediated cross-linking of microtubules, together with the recruitment of plus-end directed motor 

proteins Kif4a and Kif18a to interpolar microtubules, promotes chromosome alignment by 

generating overlap length-dependent forces that are transmitted to the associated k-fibers (Jagric 

et al., 2021). Moreover, PRC1 promotes lateral and longitudinal reinforcement that allows k-

fibers to resist to transient movement/force near chromosomes (Suresh et al., 2020). At anaphase 

onset, PRC1 is transported to the spindle midzone by Kif4a, which in turn is regulated by Aurora- 

B activity (Nunes Bastos et al., 2013; Zhu and Jiang, 2005). There, it interacts with antiparallel 

microtubules’ plus ends and is essential for stable microtubule organization and successful 

completion of cytokinesis (Kurasawa et al., 2004; Subramanian et al., 2010).  

Two minus-end directed motor proteins also contribute to efficient mitotic spindle assembly 

due to its activity to crosslink microtubules: Dynein, a multisubunit protein complex (Verde et 

al., 1991) and HSET/kinesin-14 (Mountain et al., 1999). These proteins slide antiparallel 

microtubules generating an inward force within the spindle that assists spindle pole focusing and 

antagonizes the effect on outward microtubule sliding forces generated by Eg5 (Allan, 2011; 

Ferenz et al., 2009; Fink et al., 2009; Hepperla et al., 2014; Hueschen et al., 2017; Tanenbaum et 

al., 2013).  

1.3.4.2. Microtubule polymerization-promoting proteins 

A significant fraction of MAPs belongs to the microtubule plus-end-tracking protein family or 

+TIPs, including members of the CLIP, CLASP and TOG protein families (reviewed in (Ferreira 
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et al., 2014)), which contribute to spindle assembly and maintenance through their stabilizing 

effect on microtubules. CLIP-170 stabilizes microtubules by promoting rescue events (Arnal et 

al., 2004; Komarova et al., 2002), while facilitates spindle bipolarity maintenance by 

counteracting outward microtubule sliding through interaction with Dynein (Tanenbaum et al., 

2008). Likewise, proteins from the CLASP family (CLASP1 and CLASP2 in mammals) promote 

microtubule rescue events (Akhmanova et al., 2001; Al-Bassam et al., 2010) and stabilize 

kinetochore-microtubule attachments, both required for normal chromosome alignment and 

segregation (Girao et al., 2020; Maiato et al., 2003a; Maiato et al., 2003b). CLASPs mediate 

polymerization at microtubule plus-ends (Girao et al., 2020; Logarinho et al., 2012; Maiato et al., 

2005) and are important for bipolar spindle organization (Logarinho et al., 2012; Mimori-Kiyosue 

et al., 2006; Pereira et al., 2006). Similarly, the Xenopus member of the TOG protein family, 

XMAP215, promotes microtubule polymerization at microtubule plus-ends (Brouhard et al., 

2008; Gard and Kirschner, 1987) and its depletion prevents bipolar spindle assembly, resulting in 

short spindles (Tournebize et al., 2000). RNAi-mediated depletion of its mammalian homologue, 

chTOG, also affected mitotic spindle assembly resulting in disorganized and multipolar spindles 

(Gergely et al., 2003). In addition to its growth promoting function, chTOG contributes to 

microtubule stabilization by protecting kinetochore-microtubules from depolymerization by 

MCAK (Barr and Gergely, 2008). Further stabilization of kinetochore-microtubule attachments 

is thought to be mediated by the activity of HURP, which decorates the kinetochore-proximal end 

of k-fibers in a Ran (Ras-related nuclear protein)-GTP dependent manner (Silljé et al., 2006) and 

promotes chromatin-induced microtubule assembly (Casanova et al., 2008). HURP depletion 

impairs k-fiber stability and leads to chromosome congression problems, whereas its 

overexpression increases microtubule stability (Silljé et al., 2006; Wong and Fang, 2006).  

1.3.4.3. Microtubule depolymerization-promoting proteins 

Unlike conventional kinesins, members of the kinesin-13 subfamily do not move directionally 

along microtubules but, instead, induce a conformational change at the protofilament end that 

leads to microtubule depolymerization (Desai et al., 1999). The best studied member of the 

kinesin-13 motor protein family is MCAK, which localizes to the spindle poles, centromeres, 

kinetochores and microtubule plus-ends, where it uses the energy from ATP hydrolysis to 

depolymerize microtubules from both ends (reviewed in (Ems-McClung and Walczak, 2010)). In 

vitro reconstitution experiments with MCAK and Kif2a, another member of the kinesin-13 

protein family, directly demonstrated their microtubule destabilizing activity by being able to 

completely depolymerize chemically stabilized microtubules (Desai et al., 1999). MCAK 

orthologue in Xenopus, XKCM1, was shown to negatively regulate microtubule growth, since its 

depletion in egg extracts interfered with spindle assembly, giving rise to abnormally long 

microtubules (Walczak et al., 1996). In mammalian cells, spindle length is less affected after 
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MCAK depletion but it strongly increased by simultaneous knocked-down of Kif2a, emphasizing 

a conserved role of kinesins-13 in mitotic spindle assembly (reviewed in (Ems-McClung and 

Walczak, 2010)).   

In contrast, Kinesin-8 family proteins are highly processive motors, which accumulate at 

microtubule-plus ends and, once saturated, initiate microtubule-disassembly in a length-

dependent manner. One of the human orthologues, Kif18a, regulates microtubule-growth and its 

depletion results in elongated spindle microtubules (reviewed in (Shrestha et al., 2018)).  

Finally, microtubule-severing proteins that include Katanin, Spastin and Fidgetin use ATP 

hydrolysis to promote microtubule disassembly by severing microtubules into short fragments. 

These proteins bind to tubulin C-terminal tails at the surface of the microtubule lattice and initiate 

microtubule depolymerization by removing tubulin subunits (reviewed in (McNally and Roll-

Mecak, 2018)). Loss of katanin in Xenopus egg extracts resulted in abnormally long spindles, 

whereas in mammals this phenotype was less penetrant, possibly due to the presence of 

centrosomes that might compensate its loss by increasing microtubule nucleation activity (Kuo 

and Howard, 2021). In Drosophila S2 cells, microtubule severing proteins additionally contribute 

to the poleward chromosomal movements during anaphase A by inducing depolymerization of 

kinetochore microtubule plus- and minus-ends (Zhang et al., 2007). Surprisingly, recent works 

showed that both Katanin and Spastin are powerful promoters of microtubule growth by 

increasing the frequency of rescue events (conversion of shrinking microtubules to growing ones) 

with the intent that microtubule fragments generated by severing act as seeds for new 

microtubules (reviewed in (Kuo and Howard, 2021)). 

1.3.4.4. Chromokinesins  

Chromokinesins are distinct from conventional kinesins due to their ability to associate with 

chromosomes during mitosis. Their localization on chromatin was originally reported for chk (a 

kinesin-4 family member) in chicken, and verified across different species: Xenopus (Xklp1), 

humans (Kif4a and Kif4b) and C. elegans (Klp-19) (Sekine et al., 1994; Vernos et al., 1995; Wang 

and Adler, 1995; Williams et al., 1995). The putative kinesin-10 ‘No distributive disjunction’ 

(Nod) in Drosophila female meiosis also associates with DNA, which was subsequently 

confirmed in other kinesin-10 family members, including Kid in mammals and XKid in Xenopus 

(Antonio et al., 2000; Funabiki and Murray, 2000; Theurkauf and Hawley, 1992). Kinesin-12 

Kif15/Hklp2 was also shown to localize to the chromosome arms in human cells, thereby 

qualifying as a chromokinesin (Vanneste et al., 2011; Vanneste et al., 2009) (Table 1). 

All chromokinesins share the same structural features of most kinesins: an N-terminal motor 

domain, an α-helical coiled-coil stalk domain and a C-terminal tail region, which contains a 

chromatin-interacting domain. The presence of the motor domain is consistent with the plus-end-
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directed motility demonstrated for several chromokinesins, such as Kid, XKid, Kif4a and Xklp1, 

but they appear to be weak processive motors under load (reviewed in (Almeida and Maiato, 

2018). On the contrary, Kif15 is a highly processive motor and was shown to target to 

chromosomes through the interaction with Ki67, a peri-chromosomal layer protein that decorates 

the chromosome arms during mitosis (Vanneste et al., 2011).  

 
Table 1. Mitotic properties of the chromokinesin families. 

 

Abbreviations used: Ce, Caenorhabditis elegans; CPC, chromosomal passenger complex; C-R, cysteine-rich; Dm, Drosophila 

melanogaster; Gg, Gallus gallus; HhH, helix/hairpin/helix; HMG, high mobility group; Hs, Homo sapiens; Mm, Mus musculus; Xl, 

Xenopus laevis; ZBZ, zip/basic/leucine zip; NA, not available; MT, microtubule. ∗At low concentrations in solution. ∗∗Processive 

only after artificial dimerization, but monomeric at low concentrations in solution. ∗∗∗At physiological ionic strength but dimer at 

high ionic strength. Adapted from (Almeida and Maiato, 2018). 

 

Chromokinesins perform non-redundant functions during mitosis, despite the similarities in 

protein organization and chromosomal localization. During congression to the metaphase plate, 

chromosomes experience pushing forces along the chromosome arms and away from spindle 

poles, hence named ‘polar ejection forces’ (PEFs) (Cassimeris et al., 1994; Rieder et al., 1986; 

Family Name Species Location Chromosome
targeting 

Motility Main mitotic function

Kinesin-4 hKif4a
hKif4b Hs

Xq13.1
5q33.1

ZBZ domains 
and C-R motifs N.A.

Spindle bipolarity; Chromosome 
condensation and alignment at the 
metaphase; MTs dynamics. 

Xklp1 Xl NM_00108
7550

C2H2 zinc
finger domain 
at C-terminus

Yes
Affects spindle MTs 
density/polymerization; 
With PRC1 controls anaphase 
midzone MT overlap.

Kif4a Mm X C3; 
X 43.72 cM

- Yes Spindle assembly, chromosome
alignment and cytokinesis.  

Klp-3B Dm 3A6-3A6; 
1-0.0 cM

N.A. Drives spindle pole separation and 
facilitates chromosome movement.

Klp-19 Ce mum-3-
unc- 49

CPC during
meiosis 

N.A. Polar ejection forces, important for 
chromosome segregation.

chk Gg
(chicken)

Chromoso
me 4

Leucine zipper 
DNA-binding 
domain

Yes

Kinesin-10 KID/Kif
22

Hs 16p11.2 HhH motifs at 
C-terminal

Yes Polar ejection force; chromosome 
arms oscillation and orientation; MT 
bundling.

Xkid Xl NM_203914 HhH motifs at 
C-terminal

Yes Chromosome alignment.

Kid Mm 7 F3; 7 
69.29 cM

- Yes

Nod Dm 10C7 -
10C8; 1 - 36 cM 

Yes Brake while chromosomes move 
along the spindle.

Kinesin-12 Kif15/
Hklp2

Hs 3p21.31 Ki67
interaction

Yes Bipolar spindle assembly/spindle 
pole separation

Oligomeric 
structure

Dimer

-

-

N.A.

N.A.

N.A.

N.A.

N.A.

Monomer*

N.A.

N.A.

Dimer**

Tetramer***
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Rieder and Salmon, 1994). Chromokinesins have emerged as excellent candidates for powering 

chromosome mobility by promoting PEFs. In vitro reconstitutions and in vivo measurements have 

predicted that PEFs can produce between 0.5–1 pN per microtubule and around 100 pN when 

microtubule density is higher, and that those could be generated either by the action of single 

kinesin motors or by individual polymerizing microtubules pushing on chromosome arms 

(Brouhard and Hunt, 2005; Cane et al., 2013).  

Kinesin-10 was found to bind more strongly to microtubules, overruling kinesin-4 during 

cooperative movement associated with chromatin. Functional perturbation of both 

chromokinesins in Drosophila and human cells suggested a combined role during chromosome 

congression, with kinesin-10 providing the major PEF required for arm orientation and oscillation 

and kinesin-4 mainly regulating microtubule dynamics (Ke et al., 2009; Marshall et al., 2001). 

Similarly, XKid in Xenopus, was found to push chromosome arms towards the spindle equator, 

playing an important role on chromosome alignment (Antonio et al., 2000; Levesque and 

Compton, 2001; Tokai-Nishizumi et al., 2005; Wandke et al., 2012). Together, these two 

chromokinesins are sufficient to promote the random ejection of chromosomes away from the 

pole (reviewed in (Almeida and Maiato, 2018)) (Table 1).  

1.4. Spindle Assembly Models 

Mitotic spindle assembly is a conserved and redundant process among metazoans, which is 

thought to comprise multiple pathways (McIntosh et al., 2012; O'Connell et al., 2009; Prosser and 

Pelletier, 2017).  In the late nineteenth century, centrosomes were identified at the center of astral 

microtubules arrays where spindle poles localized, and the relationship with spindle assembly 

seemed obvious. However, one hundred years later, it has been shown that there are concurrent 

microtubule nucleation sources in animal cells, independent of the centrosomes (reviewed in 

(Khodjakov et al., 2000)). All pathways are at least partially redundant and share some common 

elements. First, they all require γ-TuRC to initiate microtubule nucleation; second, they rely on 

microtubule-associated motors to organize microtubules into a bipolar array; third, the newly 

formed microtubules are stabilized by the chromosomes (Gaglio et al., 1996; Goshima et al., 

2005; Goshima and Vale, 2003; Luders et al., 2006; Walczak et al., 1998). Centrosomal- and non-

centrosomal microtubule nucleation pathways provide an intricate balance of microtubule 

nucleation that ensures the timely completion of mitosis and chromosome segregation fidelity. In 

the absence of one of the pathways spindle assembly still occurs, though mitosis takes longer and 

this may lead to genome instability (Bazzi and Anderson, 2014; Hayward et al., 2014; Khodjakov 

and Rieder, 2001; Prosser and Pelletier, 2017; Sir et al., 2013).  
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1.4.1. Search-and-capture model 

As a result of centrosome maturation at mitotic entry and more frequent switches between 

microtubule growth and shrinkage due to dynamic instability, astral microtubules highly increase 

their chances to interact with chromosomes. Such random exploration of the cell space by 

dynamic astral microtubules in their search for chromosomes is known as ‘search-and-capture’ 

(Kirschner and Mitchison, 1986) (Figure 1.7. A). If a microtubule is ‘captured’ by a chromosome, 

its dynamic instability is suppressed, the plus end is stabilized, and the chromosome is 

incorporated in the assembling spindle. High resolution time-lapse imaging, followed by 3-D 

reconstructions, revealed that chromosome positioning during prometaphase significantly 

facilitates ‘search-and-capture’ and chromosome congression (Magidson et al., 2011). In this 

context, PEFs generated by the plus-end directed motor proteins chromokinesins during mitosis 

promote a toroid, ring-like arrangement of chromosomes that are laterally attached to the surface 

of the forming spindle. This promotes kinetochore exposure to a microtubule dense area, while 

preventing kinetochores from being shielded by other chromosomes. Nevertheless, computational 

studies have shown that spindle assembly could not rely exclusively on dynamic instability, since 

‘search-and-capture’ of all kinetochores would require several hours, in contrast to the observed 

time of spindle assembly in living mitotic cells in the range of minutes (Paul et al., 2009; Wollman 

et al., 2005). Likewise, the fact that spindle formation occurs in cells that are naturally devoid of 

centrosomes, such as female oocytes and land plants (Wadsworth and Khodjakov, 2004), or after 

experimental centrosome inactivation in animal somatic cells (Khodjakov et al., 2000), suggests 

the existence of alternative pathways of spindle assembly. 

1.4.2. Acentrosomal microtubule nucleation  

Three main mechanisms drive acentrosomal microtubule formation in dividing cells: one is 

triggered by the chromosomes (dependent on the Ran-GTP gradient and on the Chromosomal 

Passenger Complex (CPC)); the second one relies on kinetochore-mediated microtubule growth; 

and the last drives microtubule amplification via Augmin-dependent microtubule nucleation 

(reviewed in (Meunier and Vernos, 2016; Prosser and Pelletier, 2017)) (Figure 1.7. B, C, D). 

1.4.2.1. Chromatin-mediated microtubule nucleation 

The ‘self-organizing’ properties of spindles were directly demonstrated using Xenopus egg 

extracts. In this system, spindles successfully formed in the absence of centrosomes, just by 

adding whole chromosomes or chromatin-coated beads to the cell extracts (Heald et al., 1996). 

Microtubule polymerization around chromosomes is driven by the stabilizing effect of GTP-

bound Ran molecules (Carazo-Salas et al., 2001; Carazo-Salas et al., 1999) and the CPC (Maresca 

et al., 2009; O'Connell et al., 2009; Sampath et al., 2004). The Ran-GTP molecules are generated 

near chromatin by a guanine nucleotide exchange factor, RCC1, that establishes a concentration 
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gradient throughout the cytoplasm (Kalab and Heald, 2008). The Ran-GTP gradient is thought to 

release spindle assembly factors from the inhibitory effect of Importin. Such factors include 

TPX2, which targets Aurora-A kinase to the spindle, where it interacts and phosphorylates the γ-

TuRC adaptor protein NEDD1 and thereby favors microtubule nucleation and microtubule 

growth towards chromatin (reviewed in (Meunier and Vernos, 2016)). However, despite a well-

documented role of the Ran-GTP gradient in acentrosomal spindle assembly in Xenopus egg 

extracts, in somatic animal cells it does not seem to play an essential role (Moutinho-Pereira et 

al., 2013; O'Connell et al., 2009). In these systems, chromosomes regulate microtubule nucleation 

and dynamics regardless of a Ran-GTP gradient, via the CPC complex. This complex consists of 

INner CEntromere Protein (INCENP), Survivin, Borealin and Aurora-B kinase (reviewed in (van 

der Horst and Lens, 2014)). The CPC complex is recruited to centromeres through the binding of 

Survivin to phosphorylate chromatin histone H3. This phosphorylation drives Aurora-B 

accumulation and activation on centromeres, which spatially inactivates microtubule-

destabilizing proteins such as MCAK and Stathmin 1 (STMN1), thus promoting microtubule 

stabilization at kinetochores (reviewed in (Meunier and Vernos, 2016; Prosser and Pelletier, 

2017)). 

1.4.2.2. Kinetochore-mediated microtubule nucleation 

The observed ability of spindle assembly around chromatin-coated beads initially excluded an 

essential role of kinetochores in this process (Heald et al., 1996). However, in somatic cells, 

kinetochores can organize their own k-fibers (Khodjakov et al., 2003; Maiato et al., 2004b; 

O'Connell et al., 2009; Snyder and McIntosh, 1975; Witt et al., 1980). Detailed analysis of EM 

serial sections revealed that microtubule polymerization is initiated in close proximity of 

kinetochores (Witt et al., 1980). In fact, microtubule nucleation by the kinetochores themselves 

has been detected in animal somatic cells during monastrol (Eg5 inhibitor) treatment and 

subsequent removal, after microtubule regrowth assays, as well as under physiological conditions 

(Khodjakov et al., 2003; Maiato et al., 2004b; Tulu et al., 2006). Chromatin-mediated microtubule 

nucleation increases the density of microtubules around kinetochores, which facilitates their 

capture. Kinetochores then capture, orient and stably attach those short growing microtubule plus-

ends, allowing their subsequent growth with microtubule plus-ends facing the kinetochore and 

the minus-ends oriented towards the pole (Maiato et al., 2004b). Interestingly, the correct 

orientation of microtubule plus-ends towards the kinetochore has been attributed to CENP-E 

motor activity, and the subsequent incorporation of pre-formed k-fibers into the spindle to 

Dynein-mediated interaction with non-kinetochore microtubules (Elting et al., 2014; Hueschen et 

al., 2017; Khodjakov et al., 2003; Maiato et al., 2004b; Sikirzhytski et al., 2018).  
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1.4.2.3. Microtubule-mediated microtubule nucleation  

Efficient and rapid assembly of the mitotic spindle additionally relies on microtubule nucleation 

initiated by Augmin. Augmin is a Y-shaped protein, composed of eight subunits, that recruits g-

TuRC to the outer lattice of pre-existing microtubules, initiating branching of new microtubules 

within the spindle (Goshima et al., 2008; Hsia et al., 2014; Kamasaki et al., 2013; Petry et al., 

2011; Uehara et al., 2009b; Verma and Maresca, 2019). First evidence implicating this complex 

in mitotic spindle assembly came from a genome-wide RNAi-based screen in Drosophila cells, 

that identified five genes (dgt2–dgt6), which encoded proteins required for γ-TuRC localization 

to the spindle microtubules, but not to the centrosomes (Goshima et al., 2007). In human cells, 

depletion of Augmin significantly reduces g-TuRC within the mitotic spindle which compromises 

overall spindle integrity and k-fiber formation (David et al., 2019; Goshima et al., 2008; Lawo et 

al., 2009; Uehara et al., 2009b; Zhu et al., 2008). Of note, plants also contain Augmin orthologues, 

which highlights the importance of this pathway in cells naturally devoid of centrosomes, where 

microtubule formation within the spindle is essential (Hofmann, 2012; Wainman et al., 2009) (see 

the following section for Augmin’s functions in-depth description).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(figure legend on the next page) 
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1.5. Augmin-dependent Microtubule Nucleation 

In most eukaryotes, Augmin is a conserved protein complex composed by the following subunits: 

Ccdc5 (HAUS1), Cep27 (HAUS2), hDgt3 (HAUS3), C14orf94 (HAUS4), hDgt5 (HAUS5), 

hDgt6 (HAUS6), UCHL5IP (HAUS7), and Hice1 (HAUS8) (Hsia et al., 2014; Lawo et al., 2009; 

Meireles et al., 2009; Uehara et al., 2009b). All eight subunits were demonstrated to contribute 

for microtubule nucleation. The tetramer composed by HAUS2, HAUS6, HAUS7 and HAUS8 

subunits binds directly to microtubules, whereas HAUS1, HAUS3, HAUS4, HAUS5 (and 

possibly HAUS6) interacts with g-TuRC protein adaptor NEDD1 (Chen et al., 2017; Haren et al., 

2006; Luders et al., 2006; Song et al., 2018; Uehara et al., 2009b; Zhu et al., 2008). Augmin 

activity is regulated by the action of two kinases: Cdk1 and Plk1. Cdk1 phosphorylation of γ-

TuRC protein adaptor NEDD1 facilitates the phosphorylation of HAUS8 by Plk1 and leads to 

Augmin association with microtubules (Johmura et al., 2011).  

Initial predictions that Augmin was able to link γ-TuRC-capped microtubule ends to a 

neighboring microtubule wall (Goshima et al., 2008; Uehara and Goshima, 2010) were supported 

by (1) the visualization of Augmin-γ-TuRC-dependent microtubule nucleation events that led to 

microtubule branching in Xenopus egg extracts (Alfaro-Aco et al., 2020; Petry et al., 2013; Petry 

and Vale, 2015); and (2) by mapping microtubules ends within the mitotic spindle using electron 

tomography (Kamasaki et al., 2013). Strikingly, the authors observed that newly formed 

microtubules were positioned mostly at shallow angles (<30°) relative to the existing microtubule, 

both in vitro (Alfaro-Aco et al., 2020; Petry et al., 2013), as well as, in fixed cells (Kamasaki et 

al., 2013). In turn, there is a discrepancy between the measured microtubule branched angles 

across systems. Higher plants exhibit larger microtubule branching angles (~40º) (Murata and 

Hasebe, 2007; Murata et al., 2005), along with nucleation events detected in Drosophila S2 

anaphase cells and in in vitro reconstitution assays (~35º) (Tariq et al., 2020; Verma and Maresca, 

A, centrosomal microtubules search the cellular space as they growth and shrink. As soon as a microtubule encounter 

a kinetochore, its dynamic instability is suppressed, and its plus ends becomes stabilized. B, RCC1 binds to 

chromosomes and induces a local high concentration of Ran-GTP around chromatin. The Ran-GTP gradient (light 

green) promotes the local dissociation of spindle assembly factors, such as TPX2, from their inhibitory binding to 

importins (α- and b-importins shown in grey). Here, TPX2 together with g-TuRC mediate local nucleation of 

acentrosomal microtubules around chromosomes. C, short growing microtubule plus-ends attach to kinetochores and 

are further stabilized by the CPC activity. Aurora-B at kinetochores phosphorylates microtubule-destabilizing proteins 

(e.g MCAK) creating a local environment (yellow) around the kinetochore that acts as a hotspot for microtubule 

stabilization. D, the Augmin complex (dark blue) is recruited to pre-existing microtubules and promotes microtubule 

amplification. The newly nucleated microtubules are then stabilized through the CPC and the Ran-GTP pathways 

(yellow and light green, respectively). 

 

A, Centrosomal microtubules search the cellular space as they growth and shrink. As soon as a microtubule encounter 

a kinetochore, its dynamic instability is suppressed, and its plus ends becomes stabilized. B, RCC1 binds to 

chromosomes and induces a local high concentration of RanGTP around chromatin. The RanGTP gradient (light green) 

promotes the local dissociation of spindle assembly factors, such as TPX2, from their inhibitory binding to importins 

(α- and b-importins shown in grey). Here, TPX2 together with g-TuRC mediate local nucleation of acentrosomal 

microtubules around chromosomes. C, Short growing microtubule plus-ends attach to kinetochores and are further 

stabilized by the CPC activity. Aurora B at kinetochores phosphorylates microtubule-destabilizing proteins (e.g 

MCAK) creating a local environment (yellow) around the kinetochore that acts as a hotspot for microtubule 

stabilization. D, The Augmin complex (dark blue) is recruited to pre-existing microtubules and promotes microtubule 

amplification. The newly nucleated microtubules are then stabilized through the CPC and the RanGTP pathways 

(yellow and light green, respectively). 

Figure 1.7. Models of mitotic spindle assembly. 
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2019). These observations are somewhat reminiscent of the ‘fir-tree’/’tree-like’ microtubule 

patterns observed in Haemanthus endosperm, onion root spindles, and green plants (Bajer and 

Mole-Bajer, 1986; Palevitz, 1988; Wasteneys and Williamson, 1989). The first observation 

predicts that newly formed microtubules have the same polarity (and shallow angles) as the 

existing microtubules, such that they can interact to assemble the spindle body and to sustain 

kinetochore-microtubule attachments (David et al., 2019; Kamasaki et al., 2013; Sanchez-Huertas 

and Luders, 2015). This is consistent with the idea that nearly parallel microtubule nucleation 

would function more efficiently to maintain k-fiber bundle formation/architecture. Furthermore, 

the fact that Augmin is required for anaphase central spindle and phragmoplasts formation in 

animals and plants, respectively, also favors the rapid polarized microtubule arrays’ formation 

premise (Hotta et al., 2012; Nakaoka et al., 2012; Uehara and Goshima, 2010; Uehara et al., 

2009b). In contrast, the second observation debates the existence of a wider branched microtubule 

nucleation mediated by Augmin, which may provide an advantage to capture scattered 

chromosomes and to build a bipolar spindle framework (Kirschner and Mitchison, 1986). 

Although the significance of this wide angular dispersion remains unclear, it implies that 

additional factors may be involved either on bundling or stabilizing newly nucleated kinetochore 

microtubules into a cohesive fiber. In fact, in vitro studies also suggested that branched 

microtubules are frequently pulled apart by Dynein, indicating the newly formed branched 

microtubules might be rapidly sorted by motor proteins (Alfaro-Aco et al., 2020; Petry et al., 

2013). The physiological role of Augmin-mediated branched- vs parallel-microtubule nucleation 

within the mitotic spindle is still under investigation.   

Previous reports localized Augmin in mitotic spindles, being preferentially accumulated near 

the spindle poles, where long-lived microtubules (more stable) are concentrated (David et al., 

2019; Goshima et al., 2008; Zhu et al., 2008). Interestingly, a pool of Augmin (HAUS6) 

associated with γ-TuRC was also found at the centriole lumen, where it does not seem to perform 

its canonical function, but instead, it preserves centriole-scaffold integrity (Schweizer et al., 

2021). Further experiments are required to fully understand how these opposite HAUS6 roles are 

regulated.  

Moreover, it remains unclear if Augmin interacts directly with spindle microtubules or if 

requires other protein adaptors to perform its functions. In vitro reconstitution assays have 

proposed TPX2 as such adaptor (Alfaro-Aco et al., 2020; Petry et al., 2013), while others 

suggested that Augmin directly interacts with microtubules (Tariq et al., 2020; Verma and 

Maresca, 2019). Recent efforts hinted EML3 (Echinoderm Microtubule-associated protein-Like 

3) as the responsible MAP for Augmin recruitment to spindle microtubules in human HeLa cells 

(Luo et al., 2019).  
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1.6. Chromosome Bi-orientation and Congression 

Chromosome congression in humans can essentially be explained by two alternative mechanisms 

that operate parallelly (reviewed in (Maiato et al., 2017)). After NEBD, chromosomes that are in 

between the spindle poles rapidly bi-orient using a ‘direct congression’ pathway, in which 

chromosomes align after bi-orientation and the establishment of end-on kinetochore-microtubule 

attachments. This promotes the balance action of opposite kinetochore-pulling forces, resulting 

from the tight regulation of kinetochore microtubule dynamics, and PEFs along chromosome 

arms, which accounts for chromosome oscillatory movements during and after congression 

(Auckland and McAinsh, 2015). The second pathway is independent of end-on microtubule-

attachments and relies on the coordinated action of the kinetochore motors Dynein and CENP-E, 

which laterally transport peripheral chromosomes along microtubules, first towards the poles and 

subsequently towards the spindle equator (Barisic et al., 2014) (Figure 1.8.). These motor proteins 

are regulated by position-dependent phosphorylation and by spindle microtubule diversity 

through tubulin PTMs (Barisic et al., 2015). Kinetochores become laterally attached by 

centrosomal microtubules, and chromosomes are then transported closer to the pole by the minus-

end directed action of Dynein (Li et al., 2007; Rieder and Alexander, 1990; Vorozhko et al., 2008; 

Yang et al., 2007), which travels along tyrosinated astral microtubules  (Figure 1.8. A-B). Once 

at the poles, CENP-E travels along detyrosinated microtubules, favoring chromosome 

congression to the metaphase plate where the chances of bi-orientation are maximal (Barisic et 

al., 2015; Kapoor et al., 2006) (Figures 1.8. C-D). Microtubule nucleation in the vicinity of 

kinetochores and chromosomes may additionally favor rapid chromosome congression and bi-

orientation (Sikirzhytski et al., 2014; Sikirzhytski et al., 2018).  

Once at the spindle equator, chromokinesins promote the conversion from lateral to end-on 

attachments, which further removes CENP-E and Dynein from kinetochores, thereby ensuring 

the maintenance of chromosome position and the stabilization of end-on kinetochore-microtubule 

attachments (Almeida and Maiato, 2018; Cane et al., 2013; Drpic et al., 2015; Wandke et al., 

2012). This transition from lateral to end-on attachments relies on alternative factors. The 

localization of Dynein motor complex to the outer kinetochore layer is very dynamic and depends 

on Spindly, which is loaded on kinetochores through interaction with the RZZ complex (Rod-

ZW10-Zwilch) (reviewed in (Barisic and Geley, 2011)). Here, the role of the RZZ complex is to 

support lateral contacts by decreasing the binding affinity of the Ndc80 complex for microtubules, 

which is in turn regulated by Spindly and Dynein. When Dynein removes this whole complex 

through its poleward motor activity, inhibition of Ndc80 is relieved, allowing the formation of 

stable end-on attachments (Barisic et al., 2010; Cheerambathur et al., 2013; Gassmann et al., 

2010). This process is facilitated by CENP-E, that tethers the kinetochore to the microtubule 

lattice while MCAK corrects these interactions in a subsequent conversion step (Shrestha and 
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Draviam, 2013). In addition, Aurora B counteracting activity of protein phosphatase 1 and 2A 

(PP1 and PP2A) also participate in the end-on attachments conversion, together with the 

Astrin/SKAP complex (Shrestha et al., 2017b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. Mechanisms of chromosome congression. 

 

 

 

 

 

 

 

 

 

A, initial positioning of chromosomes after NEBD affects chromosome congression. Peripheral chromosomes depend 

more on motor proteins to congress to the metaphase plate than the centrally localized chromosomes, which can easily 

be reached from both poles. Kinetochore-derived microtubules are formed in the initial stages of spindle assembly and 

increase the probability of lateral interaction with non-kinetochore microtubules. B, centrally localized chromosomes 

then become bi-oriented and align via changes in microtubule polymerization dynamics in coordination with PEFs 

along chromosome arms (‘direct congression’). Dynein (yellow) motor activity at the newly nucleated kinetochore 

microtubules drives the incorporation of pre-formed k-fibers into the spindle by interacting with astral and interpolar 

microtubules. Peripheral chromosomes are carried to the spindle poles by the minus-end directed motion of Dynein 

(yellow) along tyrosinated microtubules. C, after reaching the pole chromosomes continue to congress towards the 

metaphase plate mainly via activity of a plus-end directed motor protein - CENP-E (grey) - along more stable 

detyrosinated microtubules. D, coordination of different motor protein activities and microtubule dynamics results in 

successful alignment of all chromosomes at the metaphase plate. Here, chromokinesins (blue) facilitate the conversion 

from lateral to end-on attachments, which downregulates Dynein and CENP-E, thus promoting chromosome position 

maintenance at the mitotic spindle equator. 
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1.7. Kinetochore-microtubule Attachments  

Mammalian kinetochores have multiple microtubules plus end attachment sites, typically 15-25 

within the kinetochore outer plate (Khodjakov et al., 1997; McEwen et al., 2001; Rieder, 1982; 

Wendell et al., 1993). These numbers are variable across different species (Table 2) and appear 

to be proportional to the surface area of the kinetochore rather than the size of the chromosome 

(Campbell et al., 2019; Cherry and Johnston, 1987; McEwen et al., 1998; Nicklas et al., 1982) . 

Several studies have proposed the Ndc80/Hec1 complex as the core of the kinetochore force-

transducing microtubule binding activity (reviewed in (Wimbish and DeLuca, 2020)). Injection 

of PtK1 cells (derived from female rat kangaroo kidney epithelium) with an N-terminal Hec1 

antibody shed light on how kinetochores stabilize the attached microtubules (DeLuca et al., 2006). 

Consequently, kinetochore-microtubule attachments became hyper-stable, centromeres stretched, 

and kinetochore oscillations were dampened. These phenotypes were in part attributed to the loss 

of the Hec1-tail domain (the extreme N-terminal region), and were corroborated across species to 

be phospho-regulated by Aurora-B kinase (Cheerambathur et al., 2013; Cheeseman et al., 2006; 

DeLuca et al., 2011; Guimaraes et al., 2008; Maiato et al., 2004a; Zaytsev et al., 2014). In fact, 

the prevailing models comprehend that phosphorylation of Hec1, which decreases Ndc80 

complex affinity for microtubules, is the major regulator of the kinetochore-microtubule stability 

(reviewed in (Wimbish and DeLuca, 2020).  

Upon attachment, kinetochore-microtubules are more stable and become more resistant to 

depolymerization induced by cold treatment, calcium shock or by high hydrostatic pressure, 

compared with microtubules that have unattached plus ends (Brinkley and Cartwright, 1975; 

Mitchison et al., 1986; Salmon et al., 1976). However, the temporal longevity of k-fibers, and 

how its dynamic behavior is regulated remains unclear (reviewed in (Elting et al., 2018)). A 

handful of MAPs, such as Kif15 (Begley et al., 2021; Sturgill et al., 2014) and its regulator TPX2 

(Bird and Hyman, 2008; Mann et al., 2017), the clathrin/chTOG/TACC3 complex (Booth et al., 

2011; Cheeseman et al., 2013; Nixon et al., 2015; Royle et al., 2005), HURP (Dudka et al., 2019; 

Sillje et al., 2006; Tsuchiya et al., 2021), and kinesin Kif18a (Mayr et al., 2007; Ye et al., 2011) 

have been described to preferentially localize to k-fibers and/or to stabilize them, thereby 

promoting efficient mitotic progression and segregation. Though, their precise contributions to k-

fiber mechanics and force production are still under investigation. 
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Table 2. Comparison of microtubule numbers within a single k-fiber in different species/cell types. 

Specie/Cell type Microtubule number/K-fiber References 

Saccharomyces cerevisiae 1 (Peterson and Ris, 1976) 

Schizosaccharomyces pombe 2-4 (Ding et al., 1993) 

Caenorhabditis elegans 6-50 (Redemann et al., 2017) 

Drosophila S2 cells 6-15 (Maiato et al., 2006) 

HeLa cells 9-22 

(McEwen et al., 2001)  

(Wendell et al., 1993) 

(Kiewisz et al., 2021) 

RPE-1 cells 13 (O'Toole et al., 2020) 

Rat Kangaroo Kidney 
Epithelial Cells (PtK1 cells) 

21-30 

(McEwen et al., 1997) 

(Brinkley and Cartwright, 1971) 

(McIntosh et al., 1975) 

Indian muntjac fibroblasts 
(chromosome 3+X) 

60-100 (Brinkley et al., 1984; Drpic et al., 2018) 

 

1.7.1.  K-fiber Formation and Maturation 

Two opposing models have emerged regarding how k-fibers are organized within a bundle of 

microtubules. The first suggests that there is a direct connection between kinetochores and spindle 

poles, which implies that all kinetochore-microtubules within a k-fiber have approximately the 

same length and are rigidly connected (Rieder, 1981; Witt et al., 1981). The formation of such a 

competent/mature k-fiber is compatible with consecutive rounds of ‘search-and-capture’ by 

centrosomal microtubules (Kirschner and Mitchison, 1986). First examination of this process, 

known as k-fiber maturation, was performed in PtK1 cells where the authors correlated the 

number of attached microtubules per kinetochore with the duration of these attachments, and the 

respective stage of mitosis (McEwen et al., 1997). However, the relatively slow rate of initial 

microtubule acquisition (~1.9 kinetochore-microtubule/min) revealed not to be compatible with 

a simple model of association/dissociation of kinetochore-microtubules from independent binding 

sites at the kinetochore (Brinkley and Cartwright, 1971; McEwen et al., 1997; McIntosh and 

Landis, 1971). As for the length of the kinetochore-microtubules, EM analyses, both in RPE-1 

and PtK1 cells, have shown short microtubules associated with kinetochores (McDonald et al., 

1992; Sikirzhytski et al., 2018), thus implying that not all kinetochore-microtubules are associated 

with the spindle poles. The second model considers that there is an indirect connection between 

kinetochore-microtubules and spindle-poles via interaction with interpolar and/or astral 

microtubules within the spindle (Sikirzhytski et al., 2014; Sikirzhytski et al., 2018). Recent 
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evidence suggests a semi-direct pattern of connection, in which some of the kinetochore-

microtubules of each k-fiber are associated with spindle poles, while others are indirectly linked 

to non-kinetochore microtubules (Conway et al., 2021; Kiewisz et al., 2021; Redemann et al., 

2017). These hypotheses are consistent with a role of acentrosomal-microtubule nucleation in k-

fiber formation. In fact, Augmin protein complex has been described to interact with Ndc80 and 

to be required for kinetochore-dependent microtubule formation in Drosophila (Bucciarelli et al., 

2009). On the other hand, Augmin-driven microtubule amplification was proposed to be the 

predominant source of spindle microtubules in human somatic cells and to account for the 

directional bias of microtubule growth towards the kinetochores after initial capture of pioneer 

centrosomal microtubules (David et al., 2019; Kamasaki et al., 2013). However, due to intrinsic 

limitations imposed by the high chromosome number and the sub-diffraction size of human 

kinetochores and associated k-fibers, how these models reconcile is yet to be explored.  

1.7.2. Error Correction 

Proper chromosome segregation during mitosis demands that each sister kinetochore is attached 

to spindle microtubules from opposite spindle poles - amphitelic attachment (Nicklas 1997; 

Rieder and Salmon, 1998) (Figure 1.9. B). Yet, erroneous configurations can often occur: (1) 

mono-oriented/monotelic chromosomes that can either be attached to a single spindle pole or be 

laterally attached to a microtubule; (2) syntelic attachments, where both sister kinetochores are 

oriented to the same spindle pole; and (3) a single kinetochore is attached to microtubules 

extending from both spindle poles, in a merotelic configuration (Figure 1.9. C-E). The latter is 

particularly dangerous for the cell because it is undetected by the SAC surveillance mechanism. 

In contrast, syntelic attachments are highly unstable and are often corrected before chromosome 

bi-orientation (reviewed in (Monda and Cheeseman, 2018)). Failure to correct erroneous 

kinetochore-microtubule attachments may result in chromosome segregation errors. Despite the 

stochasticity, chromosome segregation is remarkably accurate, which implies the presence of 

molecular mechanism(s) dedicated to error correction before and after anaphase onset.  

 

 

 

 

 

Representation of the different configurations of the kinetochore-microtubule attachments: A, unattached, B, 

amphitelic, C, monotelic/mono-oriented, D, syntelic and E, merothelic. 

A 
 
A 

B 
 
B 

C 
 
C 

D 
 
D 

E 

Figure 1.8. Kinetochore-microtubule types of attachments. 
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Tension between sister chromatids has been described as the main regulator of kinetochore 

microtubule attachment stability (Biggins and Murray, 2001; Krenn and Musacchio, 2015; Liu et 

al., 2009). This hypothesis was first explored in the late 1960’s by Bruce Nicklas’ experiments in 

grasshopper spermatocytes. Artificial tension generated by pulling a synthelically attached 

bivalent towards the opposite one, resulted in the stabilization of microtubule attachments 

(Nicklas and Koch, 1969). Upon chromosome bi-orientation, tension is applied along the 

centromeric region, resulting in increased inter-kinetochore distances, as well as alterations in 

kinetochore architecture (reviewed in (Maresca and Salmon, 2010)). This leads to the physical 

separation of Aurora-B kinase, which is at the heart of error correction, from Hec1, causing its 

dephosphorylation and the rise affinity for microtubules, ultimately contributing to a stronger 

interaction between kinetochores and spindle microtubules (DeLuca et al., 2011; Wimbish and 

DeLuca, 2020). Disruption of its activity by small molecule inhibitors significantly increases the 

frequencies of both merotelic and syntelic errors (Lampson and Cheeseman, 2011). Finally, 

Aurora-B activity is counteracted by PP1 and PP2A, that localize at the outer kinetochore plate 

where it dephosphorylates Aurora-B substrates at the kinetochore (Lampson and Cheeseman, 

2011; Liu et al., 2010).  

The microtubule-depolymerizing kinesin-13s play a role in destabilizing erroneous 

kinetochore-microtubule attachments during both prometaphase and metaphase (reviewed in 

(Bakhoum and Compton, 2012)). These kinesin-like proteins use their catalytic activity to alter 

microtubule dynamics (reviewed in (Manning et al., 2007; Walczak et al., 2013). The positively 

charged neck domain, flanked by the N-terminal (required for sub-cellular targeting) and the 

catalytical domain (required for ATP binding and interaction with microtubules), is crucial for 

the catalytic activity (microtubule depolymerization), as well as to target microtubule ends 

(Maney et al., 2001; Wordeman and Mitchison, 1995). Phosphorylation of the neck domain by 

Aurora-B kinase reduces the overall affinity of MCAK for its substrate, thus controlling its 

depolymerizing activity. In contrast, Plk1 has been reported to stimulate kinesin-13s activity (Jang 

et al., 2009; Zhang et al., 2011). Once bound to microtubules, kinesin-13s can diffuse in both 

directions. At microtubule ends, MCAK changes into a closed conformation, allowing tighter 

binding to the substrate and removal of tubulin dimers. On the other hand, kinesin-13 Kif2b 

localizes at kinetochores during prometaphase and facilitates the rapid turnover of kinetochore-

microtubules (Bakhoum et al., 2009b). During metaphase, Kif2b is displaced from kinetochores 

and has no effect on kinetochore-microtubule turnover rates (Bakhoum et al., 2009b; Manning et 

al., 2010). Knock-down of MCAK or Kif2b prevents correction of erroneous attachments after 

monastrol washout, an experimental treatment that increases the number of aberrant attachments 

(Bakhoum et al., 2009a; Bakhoum et al., 2009b; Lampson et al., 2004). On the other hand, 

overexpression of MCAK or Kif2b prevents not only erroneous attachments, but also abolishes 
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chromosomal instability (CIN) in already aneuploid cancer cells (Bakhoum et al., 2009b). In fact, 

potentiation of MCAK activity suppressed chromosome mis-segregation in CIN cancer cells and 

elderly cells, concomitantly reduced cellular senescence (Barroso-Vilares et al., 2020; Orr et al., 

2016).  Additional pathways for error correction have been recently proposed. The first is based 

on kinesins’ differential affinity for tubulin PTMs (in specific α-tubulin 

tyrosination/detyrosination), which allows microtubule depolymerases localized at the 

centromere/kinetochore to distinguish incorrect vs correct kinetochore-microtubule attachments. 

Consequently, less stable syntelic or merotelic attachments are destabilized by MCAK, whose 

activity is favored by microtubule tyrosination  (Ferreira et al., 2020). The second proposes that 

chTOG activity at the kinetochore drives microtubule destabilization at low-tension kinetochore-

microtubule attachments, independently of Aurora-B kinase phosphorylation (Herman et al., 

2020). 

1.8. Chromosome Separation  

During metaphase-to-anaphase transition, a network of antiparallel microtubules assembles 

between the segregating sister chromosomes. This structure, referred to as the spindle midzone, 

is required for overall spindle architecture, spindle elongation, and cleavage furrow positioning 

(D'Avino et al., 2005; Eggert et al., 2006; Euteneuer and McIntosh, 1980). Among several key 

proteins, Augmin, which promotes microtubule amplification, plays a critical role in the assembly 

and maintenance of a spindle midzone and a functional cleavage furrow (Uehara and Goshima, 

2010; Uehara et al., 2016; Uehara et al., 2009b; Verma and Maresca, 2019). Along with the 

physical changes, anaphase onset is under the control of SAC activity (reviewed in (Khodjakov 

and Pines, 2010)) (see section 1.2.2.1.). When cohesion between sister chromatids is lost, 

chromosomes are pulled apart by spindle forces (reviewed in (Lara-Gonzalez et al., 2021; 

Musacchio, 2011)). These movements are initially spawned by k-fiber shortening during 

anaphase A, which is thought to be driven by microtubule depolymerization at the kinetochore 

(known as the ‘Pacman’ activity), as well as via microtubule depolymerization near the spindle 

poles (reviewed in (McIntosh, 2021)) (Figure 1.10. A). This mechanism implicates that k-fibers 

preserve their attachment with the kinetochore even when microtubules are depolymerizing and 

that microtubule depolymerization produces pulling forces on kinetochores. However, how these 

contrasting features work and are finely tuned is still poorly understood. Subsequently, motor 

protein-mediated microtubule sliding drives spindle elongation, further contributing to 

chromosome segregation (anaphase B, Figure 1.10. B) (reviewed in (Vukusic et al., 2021)). 

Finally, chromosomes decondense, and a cleavage furrow is formed by contraction of an actin–

myosin ring surrounding the central spindle, preparing the cell for the abscission in cytokinesis 

(reviewed in (Leite et al., 2019)) (Figure 1.10. C).  
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1.9. Indian Muntjac 

Diploid chromosome number among mammalian species is normally well established, typically 

ranging from 36 to 60 (Hartmann and Scherthan, 2004; Matthey, 1973; Scherthan et al., 1994). 

However, extreme cases are observed such as the red viscaha rat (T. barrerae) with 102 

chromosomes (Contreras et al., 1990), and the small deer Indian muntjac (M. muntjak) whose 

females have the lowest known diploid chromosome number in mammals (2N=6) (Wurster and 

Benirschke, 1970). The genus Muntiacus experienced the greatest karyotype diversification 

within related species, spreading from the thought common ancestor of all Cervidae with 2N=70 

(Bogenberger et al., 1987), to 2N=46 (M. reveesi) (Yang et al., 1997), 2N=13♀/14♂ (M. feae) 

(Soma et al., 1983), 2N=8♀/9♂ (M. crinifrons) (Ma, 1990) and finally the extreme case of Indian 

Muntjac (2N=6♀/7♂, M. muntjak) (Wurster and Benirschke, 1970). The latter is believed to result 

from repeated series of tandem and centric fusions (Chi et al., 2005b; Hsu et al., 1975; Liming et 

al., 1980), giving rise to large and morphologically distinct chromosomes, with one pair of 

acrocentric chromosomes (chromosome 3+X) containing an unusually large compound 

kinetochore (~2 µm linear length) (Drpic et al., 2018; Rattner and Bazett-Jones, 1989). The female 

karyotype consists of two pairs of autosomes, chromosome 1 and chromosome 2, which are 

metacentric (centromere is in the centre of the chromosome) and acrocentric (centromere is off-

centred), respectively. Chromosome 3 carries an X-autosome translocation (long arm) and the 

actual X (short arm). The X chromosome is dividable in two portions, the distal section 

(acrocentric), and the proximal section that is the long and centromeric ‘neck’. The male 

Once the last chromosome becomes bi-oriented and aligned, the cell is ready to enter anaphase. At anaphase onset, 

the CPC localizes to the centromeres and interacts with the motor protein Mklp2, which drives the re-localization of 

the CPC to the spindle midzone (grey gradient). A, chromosome separation in anaphase A starts with the shortening 

of kinetochore microtubules that is driven by microtubule depolymerization at the kinetochores (‘Pacman’) and near 

the spindle poles. B, in anaphase B sister chromatids further separate due to spindle elongation caused by motor 

protein-driven microtubule sliding. C, chromatids decondense, and a cleavage furrow is formed surrounding the 

central spindle and preparing the cell for cytokinesis. 

A B 
 
B 

C 
 
C 

Figure 1.9. Mechanisms of chromosome segregation. 
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karyotype contains a complementary small metacentric which corresponds to the Y sex 

chromosome (Figure 1.11.). 

 

 

 

 

 

 

 

 

 

Since the discovery of the M. muntjak karyotype, cytogeneticists have been interested in 

exploring the mechanism of chromosome variation in this lineage. First studies suggested a 

reduction of chromosome number from a related deer, the Chinese muntjac, whose karyotype 

resembles those of cattle and other ancestral deer and is composed by 46 small acrocentric 

chromosomes (Wurster and Benirschke, 1967; Yang et al., 1997; Yingxiang and Longhui, 1986). 

Following this growing body of evidence, Brinkley et al used a specific antiserum derived from 

human patients with autoimmune disease scleroderma CREST (Brenner et al., 1981), as an 

immunofluorescence probe to follow Indian and Chinese muntjac kinetochores throughout the 

cell cycle (Brinkley et al., 1984). Surprisingly, a similar bead like pattern was found in both 

species, as well as a similar total fluorescence intensity of ‘pre-kinetochores’ in interphase nuclei. 

After comparing the morphology of the metaphase kinetochores with the ‘pre-kinetochores’ at 

interphase in both species, non-random aggregation of pre-kinetochores was suggested to 

originate the compound large kinetochores of Indian muntjac. The most popular mechanism 

suggested that centromeric heterochromatin targeted by clastogenic agents (mutagenic agents that 

disturb normal DNA, leading to chromosome rearrangements) allowed the fusion of 

chromosomes at telomeres and/or centromeres. The association of chromosomes, either 

centromere-centromere (‘Robertsonian fusion’), centromere-telomere (‘head-to-tail’) or 

telomere-telomere generated a larger chromosome without extensive loss of DNA. In agreement, 

deletion of portions or entire blocks of centromeric heterochromatin during fusions is consistent 

Top row, male karyotype. Bottom row, female karyotype. The X chromosome is the upper portion of pair 3 (unpaired 

in the male) and the Y chromosome is the small metacentric. Adapted from (Wurster and Benirschke, 1970). 
 

 

Figure 1.10. Karyotype of Indian muntjac cells. 
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with the DNA sequence data available at the time (Schmidtke et al., 1981). Furthermore, the 

maintenance of the chromosome arms is supported by the G-banding patterns observed in the 

chromosomes of the two related muntjacs (Liming and Pathak, 1981). In contrast, random centric 

and lateral chromosome fusions followed by breaks and annealing at the centromeric 

heterochromatin were also considered as an plausible explanation for Indian muntjac compound 

kinetochores’ evolution (Brinkley et al., 1984).  

The chromosome ‘head-to-tail fusion’ theory was firstly supported by evidence showing that 

hybridization probes isolated from the DNA of Chinese muntjac cells targeted Indian muntjac 

centromeres and chromosome arms (Lin et al., 1991). Likewise, M. reevesi interstitial centromeric 

satellites and telomeric sequences were found in M. muntjak chromosomes (Lee et al., 1993; Lin 

et al., 1991; Scherthan, 1990). Few years later, by combining Fluorescence In Situ Hybridization 

(FISH), draft sequences of bacterial artificial clones (BAC) and chromosome painting techniques, 

the chromosome fusion theory was directly confirmed (Fronicke et al., 1997; Fronicke and 

Scherthan, 1997; Yang et al., 1995; Zhou et al., 2006). Nonetheless, some independent fusions 

not shared between the two related deer were found, suggesting that multiple tandem and centric 

fusions must have occurred independently in the M. muntjak and M. reevesi lineages (Wang and 

Lan, 2000; Yang et al., 1997). Building on these pioneering cytogenetic efforts, recent 

examination of their karyotype evolution using genome sequence comparisons, elucidated that 

there is an extensive collinearity (the same set of loci are located on the same chromosome and 

in the same order in each one of the considered species) between the two genomes and when 

compared with other deer and cattle genomes (Mudd et al., 2020). Moreover, chromosome-scale 

genome assemblies and high-throughput chromosome conformation capture (Hi-C) analyses 

revealed that, despite some chromosomal structure differences due to chromosome fission and 

fusion events, chromatin structure between the two muntjacs is largely conserved (Mudd et al., 

2020).  

The rate of chromosome changes on the muntjac lineage is estimated to be ten-fold higher 

relative to the observed average in other mammalian. However, what is the driver of this increased 

rate is still unknown. Previous studies estimated a ~3.2-4.9 million years divergence between the 

M. muntjak and M. reevesi (Chen et al., 2019b; Chi et al., 2005a; Hartmann and Scherthan, 2004; 

Mudd et al., 2020; Tsipouri et al., 2008; Zhou et al., 2006). Interestingly, despite the karyotype 

disparity between the two species, they are morphologically similar and can mate and produce 

viable, albeit sterile, offspring (Liming and Pathak, 1981). Regardless, the genome content of the 

two species is largely conserved, although packed into a different number and size of 

chromosomes. This provides an excellent setup to dissect potential roles and advantages regarding 

chromosome/kinetochore number and size (Brinkley et al., 1984; Chi et al., 2005a; Lin et al., 

1991; Murmann et al., 2008; Wurster and Benirschke, 1967; Yang et al., 1997). Interestingly, the 
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Indian muntjac genome size is relatively small compared to other mammals. Estimation of haploid 

C-content (amount of DNA in a haploid genome) is approximately ~2.5 Gb for the Cervidae, 

whereas other families such as Primates (e.g. human) and Rodentia (e.g. rat) have genomes of 

roughly ~3.0 Gb and ~2.75 Gb, respectively (Chen et al., 2019b; Johnston et al., 1982). This 

difference might be due to differences on the intron dynamics, since Indian muntjac genes have a 

significant reduction in intron size compared to other mammals (Britten and Kohne, 1968; Zhou 

et al., 2006).  

In the past, primary Indian muntjac fibroblasts were extensively used to study centromere 

morphogenesis and organization (Brinkley et al., 1984; Brinkley et al., 1988; Brown and 

Loughman, 1980; Comings and Okada, 1971; Rattner and Bazett-Jones, 1989), chromosomal 

structure (Hsu et al., 1975), as well as telomere biology (Zou et al., 2002). Nonetheless, their use 

for the study of mitosis has been limited by the demanding culture conditions of primary Indian 

muntjac fibroblasts and the tendency for replicative senescence, precluding the establishment of 

stable lines expressing useful fluorescent markers. Moreover, the lack of a sequenced genome 

until very recently, hampered the molecular studies in this system. Indian muntjac unique 

cytological features, combined with microscopy techniques may provide the ideal setup to dissect 

the underlying mechanisms of mitotic spindle assembly and chromosome segregation in 

mammalian cells. Nevertheless, more definitive proof of Indian muntjac advantages as a valuable 

model system are lacking in the field.  
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…‘The gift of the great microscopist is the ability to Think with the eyes and see with the brain. 

Deep revelations into the nature of living things continue to travel on beams of light’. 

 (Daniel Mazia)



 

 

CHAPTER 2.1. 
 
‘Augmin-dependent microtubule self-organization drives 

kinetochore fiber maturation in mammals’ 

 
(Published in Cell Reports, 2022 

https://doi.org.10.1016/j.celrep.2022.110610) 
 

 

Abstract 

Chromosome segregation in mammals relies on the maturation of a thick bundle of kinetochore-

attached microtubules known as k-fiber. How k-fibers mature from initial kinetochore-

microtubule attachments remains a fundamental question. By combining molecular perturbations 

and phenotypic analyses in Indian muntjac fibroblasts containing the lowest known diploid 

chromosome number in mammals (2N=6) and distinctively large kinetochores, with fixed/live-

cell super-resolution coherent-hybrid stimulated emission depletion (CH-STED) nanoscopy and 

laser microsurgery, we demonstrate a key role for Augmin in kinetochore microtubule self-

organization and maturation, regardless of pioneer centrosomal microtubules. In doing so, 

Augmin promotes kinetochore and interpolar microtubule turnover and poleward flux. Tracking 

of microtubule growth events within individual k-fibers reveals a wide angular dispersion, 

consistent with Augmin-mediated branched microtubule nucleation. Augmin depletion reduces 

the frequency of kinetochore microtubule growth events and hampers efficient repair after acute 

k-fiber injury by laser microsurgery. Together, these findings underscore the contribution of 

Augmin-mediated microtubule amplification for k-fiber self-organization and maturation in 

mammals.  
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CHAPTER 2.1. Augmin-dependent microtubule self-organization 

drives kinetochore fiber maturation in mammals 

 

2.1.1. Introduction 

Accurate chromosome segregation during mitosis relies on the formation of a thick bundle of 

microtubules that attach at the kinetochore region of each chromosome to form kinetochore fibers 

(k-fibers) (Rieder, 1982). While the molecular basis of end-on kinetochore-microtubule 

attachments has been elucidated in recent years and was shown to involve the conserved Ndc80 

complex (Musacchio and Desai, 2017), the mechanism by which mammalian kinetochores attach 

up to dozens of microtubules within a matter of minutes remains poorly understood. For years, 

this process, known as k-fiber maturation, was thought to rely on consecutive rounds of ‘search-

and-capture’ by centrosomal microtubules (Kirschner and Mitchison, 1986). However, this 

proved to be highly inefficient (Wollman et al., 2005) and inconsistent with the rapid acceleration 

of k-fiber maturation after a relatively slow initial microtubule capture rate at kinetochores 

(McEwen et al., 1997). Moreover, ‘search-and-capture’ by centrosomal microtubules cannot 

explain k-fiber formation and maturation in cells that are naturally devoid of centrosomes, such 

as in land plants or female oocytes (Wadsworth and Khodjakov, 2004), or after experimental 

centrosome inactivation in animal somatic cells (Khodjakov et al., 2000; Moutinho-Pereira et al., 

2013).   

Short non-centrosomal microtubules can be nucleated in the vicinity of chromosomes and 

kinetochores due to the microtubule stabilizing activity promoted by a Ran-GTP gradient and/or 

the chromosomal passenger complex  (Maiato et al., 2004b; Maresca et al., 2009; O'Connell et 

al., 2009; Sampath et al., 2004; Tulu et al., 2006; Witt et al., 1980). These short microtubules are 

then captured and oriented with their plus-ends towards the kinetochore by CENP-E/kinesin-7 

motors, and pre-formed kinetochore microtubules subsequently incorporated into the spindle by 

a Dynein-mediated interaction with non-kinetochore microtubules (Elting et al., 2014; Hueschen 

et al., 2017; Khodjakov et al., 2003; Maiato et al., 2004b; Sikirzhytski et al., 2014; Sikirzhytski 

et al., 2018). Augmin, an octameric Y-shaped complex that recruits g-tubulin to pre-existing 

microtubules, triggers branched microtubule nucleation, thereby contributing to rapid 

microtubule amplification in the spindle (Goshima et al., 2008; Goshima et al., 2007; Hsia et al., 

2014; Kamasaki et al., 2013; Lawo et al., 2009; Petry et al., 2013; Petry et al., 2011; Uehara et 

al., 2009b; Verma and Maresca, 2019; Wainman et al., 2009). In particular, the Augmin complex 

has been previously implicated in k-fiber formation (Goshima et al., 2008; Lawo et al., 2009; 

Uehara et al., 2009a; Zhu  et al., 2008), but the underlying mechanism remains unclear. On one 
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hand, in Drosophila and human cells, Augmin subunits were shown to interact with the Ndc80 

complex (Bucciarelli et al., 2009; Wu et al., 2009), which is required for the stabilization of end-

on kinetochore-microtubule attachments, offering an alternative mechanistic explanation that is 

independent of Augmin’s roles in microtubule amplification from pre-existing microtubules. On 

the other hand, Augmin-mediated microtubule amplification was recently shown to be the 

predominant source of spindle microtubules in human somatic cells and was proposed to account 

for the directional bias of microtubule growth towards the kinetochores after initial capture of 

pioneer centrosomal microtubules (David et al., 2019). However, due to intrinsic limitations 

imposed by the high chromosome number and the sub-diffraction size of human kinetochores and 

associated k-fibers, Augmin’s role in k-fiber maturation has not been directly assessed. Moreover, 

the recent finding that most kinetochores in human cells develop their own k-fibers by ‘sorting’ 

short randomly oriented non-centrosomal microtubules that appear in the immediate vicinity of 

the kinetochores (Sikirzhytski et al., 2018), calls into question the requirement of pioneer 

centrosomal microtubules for k-fiber maturation. 

The Indian muntjac (Muntiacus muntjak), commonly known as ‘barking deer’, is a placental 

mammal whose females have the lowest known diploid chromosome number of their class 

(2N=6) (Wurster and Benirschke, 1970). As a result of repeated cycles of tandem and centric 

fusions (Chi et al., 2005b; Mudd et al., 2020), Indian muntjac cells have long and morphologically 

distinct chromosomes with unusually large kinetochores (up to 2 µm linear length) that bind up 

to 60 microtubules (Comings and Okada, 1971; Drpic et al., 2018; Rattner and Bazett-Jones, 

1989). These unique cytological features, combined with recent large-scale ruminant genome 

sequencing efforts (Chen et al., 2019a), create the ideal conditions to directly dissect the molecular 

mechanism underlying k-fiber maturation in mammals. Here we used RNAi and high-resolution 

live-cell microscopy to investigate the role of more than 60 conserved mitotic proteins in mitotic 

spindle assembly and chromosome segregation in Indian muntjac fibroblasts. Assisted by sub-

second live-cell super-resolution CH-STED nanoscopy analysis (Pereira et al., 2019) of 

microtubule growth within individual k-fibers and direct perturbation of k-fiber structure by laser 

microsurgery, we identified Augmin as the main driver of k-fiber self-organization and 

maturation.  
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2.1.2. Results 

2.1.2.1. A live-cell RNAi screen in Indian muntjac fibroblasts identifies 

Augmin as a critical spindle assembly factor required for chromosome 

segregation 

We used high-resolution live-cell microscopy combined with RNAi in hTERT-immortalized 

Indian muntjac fibroblasts (Zou et al., 2002) stably expressing histone H2B-GFP (to visualize 

chromosomes) and labelled spindle microtubules with 50 nM of SiR-tubulin (Drpic et al., 2018; 

Lukinavicius et al., 2014) to screen the roles of 63 conserved mitotic genes in spindle assembly 

and chromosome segregation in this system (Figure 2.1.1. A, B). Control cells took 25 ± 8 min 

(mean ± standard deviation (S.D.)) from nuclear envelope breakdown (NEBD) until the 

completion of chromosome alignment (metaphase), or 37 ± 7 (mean ± S.D.) min until anaphase 

onset (AO) (Figure 2.1.2. A’, B and Figure 2.1.3). Upon RNAi, phenotypical fingerprints were 

generated for each protein based on the fraction of cells that exhibited one or more of the 

following defects: A) incomplete congression and faster mitosis (NEBD-AO<23 min); B) 

incomplete congression and normal mitotic duration (23≤NEBD-AO<52 min); C) incomplete 

congression and prolonged mitosis (NEBD-AO≥52 min); D) congression delay (NEBD-

metaphase≥41 min); E) metaphase delay (metaphase-AO≥28 min); F) anaphase lagging 

chromosomes; G) mitotic death and H) cytokinesis failure (Figure 2.1.1. A, Figure 2.1.2. A’ and 

Figure 2.1.3.).  

To facilitate the visualization of the observed phenotypes, we set up a public repository where 

time-lapse movies, phenotypical fingerprints, siRNA sequences and western blotting analysis for 

each depletion can be conveniently browsed, and is freely available as a community resource 

(http://indianmuntjac.i3s.up.pt). An unbiased systematic cluster analysis defined ten distinct 

clusters and few ‘orphan’ proteins that highlight hierarchical relationships based on phenotypic 

similarities and respective frequencies (Figure 2.1.1. B). Among others, depletion of the Ndc80 

complex (Nuf2, Ndc80 and Spc24), Aurora A, chTOG or the chromosomal passenger complex 

(INCENP, Survivin and Aurora B) was highly detrimental for spindle assembly and/or 

chromosome segregation (Figure 2.1.1. B, Figure 2.1.2. A, A’, C and Figure 2.1.3.). Interestingly, 

co-depletion of VASH1 and VASH2, two recently identified carboxypeptidases involved in α-

tubulin detyrosination (Aillaud et al., 2017; Nieuwenhuis et al., 2017), clustered together with 

CENP-E/kinesin-7 (Figure 2.1.1. B, Figure 2.1.2. A, A’, C and Figure 2.1.3.), providing genetic 

evidence for the recently proposed role of microtubule detyrosination in the regulation of CENP-

E-dependent congression of pole-proximal chromosomes (Barisic et al., 2015). Surprisingly, 

depletion of HURP and TPX2, two proteins previously implicated in Ran-GTP-dependent 

acentrosomal k-fiber formation (Katayama et al., 2008; Silljé et al., 2006; Torosantucci et al., 

2008; Tulu et al., 2006; Wong and Fang, 2006) resulted only in very mild mitotic defects (Figure 
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2.1.1. B, Figure 2.1.2. A, A’, C and Figure 2.1.3.). In contrast, depletion of Eg5/kinesin-5 or the 

Augmin complex subunit HAUS6 emerged as the most deleterious conditions for mitosis in 

Indian muntjac fibroblasts (Figure 2.1.1. B, Figure 2.1.2. A, A’, C and Figure 2.1.3.). Because the 

critical role of Eg5/kinesin-5 motor activity in centrosome separation and bipolar spindle 

assembly is well established (Mann and Wadsworth, 2019), we focused on dissecting the 

mechanism by which Augmin impacts spindle assembly and chromosome segregation. 

 

 

(figure legend on the next page) 
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Figure 2.1.1. A live-cell RNAi screen in Indian muntjac fibroblasts identifies Augmin as a critical spindle 

assembly factor required for chromosome segregation. 

A, schematic representation of the mitotic screen performed in Indian muntjac fibroblasts. Mitotic timings (T. NEBD-

AO) were determined and genes blindly clustered based on the probability of occurrence of eight binary features: A) 

incomplete congression and faster mitosis; B) incomplete chromosome and normal mitotic duration; C) incomplete 

congression and prolonged mitosis; D) congression delay; E) metaphase delay; F) anaphase lagging chromosomes; G) 

mitotic death and H) cytokinesis failure. B, dendrogram highlighting the hierarchical relationships between ten distinct 

clusters (I-X) and few ‘orphan’ proteins based on phenotypic similarities and respective frequencies. The severity of 

the defects increases from left to right. Euclidean distance was used as the distance metric to compare the phenotypical 

fingerprints. 
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 Figure 2.1.2. Augmin depletion is one of the most deleterious conditions for mitosis in Indian muntjac 

fibroblasts. 

A, examples of the phenotypic analysis performed by live-cell spinning-disk confocal microscopy in Indian muntjac 

fibroblasts: siHURP (n=17 cells), siTPX2 (n=26 cells), siCENP-E (n=25 cells), siVASH1/2 (n=26 cells), siNuf2 (n=26 

cells), siChTOG (n=18 cells), siAurora B (n=18 cells) and siHAUS6 (n=13 cells). Mock transfection (lipofectamine 

only) was used as control (n=52 cells). Scale bar: 5 µm. Time: h:min. A’, radar plots illustrating the phenotypic 

fingerprints reflecting the probability of occurrence of the 8 analyzed features (A-G) for the depletions shown in Figure 

2.1.1. A.. Zero corresponds to a null-event and 1 to all cells displaying a certain event. B, mitotic timings from NEBD-

Metaphase and NEBD-AO in control cells. Data pooled from 3 independent experiments. C, validation of RNAi 

efficiency by immunoblotting with specific antibodies against each target protein (upper band), except for VASH1/2, 

where only anti-VASH1 was used, and Nuf2, where anti-Hec1 was used. The bottom band corresponds to anti-GAPDH 

(siTPX2, siMad2, siVASH1/2, siNuf2 and siHAUS6), anti-α-tubulin (siHURP, siCENP-E and siAuroraB) or anti-

vinculin (siChTOG), which were used as loading controls. CNT=control. 
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Figure 2.1.3. Mitotic timings of Indian muntjac fibroblasts upon gene-specific RNAi-mediated depletion. 

Indian muntjac fibroblasts stably expressing H2B-GFP and labelled with 50 nM SiR-tubulin were acquired by confocal 

spinning-disk microscopy every 2 minutes.   Mitotic duration was determined by measuring the time between NEBD 

to AO; shown in minutes.   Each data point corresponds to one cell; data pooled from at least 3 independent experiments, 

except for siBubR1, siMPS1, siCdc20, siCENP-I, siCENP-F, siSurvivin, siAstrin, siEB1, siCLASP2, siCLASP1/2, 

siCLIP-170, siKTNB1, siAuroraA, siKif18B, siKID, siDHC, siNuMA, siNDEL1, siSpindly, siCnd1, siSgo1, siPlk1, 

siPRC1, siSeparase, siCDK1 where 2 experiments were performed; unpaired t-test; mean ± S.D.; *p≤0.05, **p≤0.01, 

***p≤0.001, ****p≤0.0001, no asterisk corresponds to not significantly different from controls. 
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2.1.2.2. Augmin recruits g-tubulin to the spindle region and promotes robust 

k-fiber and interpolar microtubule formation in Indian muntjac 

fibroblasts 

We started by using conventional fluorescence microscopy in fixed cells to validate whether 

Augmin’s requirement for k-fiber formation was conserved in Indian muntjac fibroblasts. To 

standardize conditions and allow enough time for spindle assembly, both control and HAUS6-

depleted cells were arrested in mitosis for 1.5 hours with the proteasome inhibitor MG-132. In 

agreement with our live-cell data, mitotic spindle length after HAUS6 depletion was reduced 

almost 50% relative to controls (Figure 2.1.2. A, A’, Figure 2.1.4. A, A’). In line with previous 

findings in Drosophila and human cells (Goshima et al., 2008; Goshima et al., 2007; Uehara et 

al., 2009a; Wainman et al., 2009), Indian muntjac HAUS6 (~80% similarity with human HAUS6 

protein) was found associated with spindle microtubules (Figure 2.1.5. A), and its depletion 

drastically reduced g-tubulin accumulation in the spindle region (Figure 2.1.4. B, B’). These 

phenotypes were the specific result of Augmin perturbation since RNAi-mediated depletion of 

another Augmin subunit (HAUS1) was indistinguishable from HAUS6 depletion (Figure 2.1.5. 

B). Immunofluorescence analysis with antibodies against the spindle assembly checkpoint protein 

Mad2, which accumulates at unattached kinetochores (Chen et al., 1996), and HURP, which 

decorates the kinetochore-proximal ends of k-fibers (Silljé et al., 2006), revealed that robust k-

fiber formation was significantly compromised in HAUS6-depleted cells (Figure 2.1.4. C, C’, D, 

D’). Indeed, cold treatment at 4°C for 5 minutesto selectively destabilize non-kinetochore 

microtubules in the spindle, as well as additional immunofluorescence analysis with antibodies 

against detyrosinated and acetylated α-tubulin, two post-translational modifications associated 

with  stable microtubules (Khawaja et al., 1988; Piperno et al., 1987; Webster et al., 1990), 

confirmed that k-fibers were nearly absent after HAUS6 depletion (Figure 2.1.4. E, E’, 2.1.6. A, 

A’, B, B’). Depletion of Ndc80, an outer kinetochore protein required for the stabilization of end-

on microtubule attachments (Musacchio and Desai, 2017) was used as a positive control, with the 

noticeable exception of acetylated α-tubulin that remained close to control levels (likely due to 

the preservation of interpolar microtubules), suggesting that detyrosinated α-tubulin has higher 

selectivity for more stable kinetochore-microtubules (Figure 2.1.4. D, D’, E, E’, Figure 2.1.5. C-

D, 2.1.6. A, A’, B, B’).  
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Figure 2.1.4. Augmin recruits g-tubulin to the spindle region and is required for the formation of robust k-
fibers in Indian muntjac fibroblasts 

Immunofluorescence images of control and HAUS6-depleted Indian muntjac fibroblasts labelled for α-tubulin (green, 

A), g-tubulin (green, B), Mad2 (green, C), HURP (magenta, D), anti-centromere antiserum (ACA, magenta, A-C) and 

DAPI (white). Spindle length was calculated in A’ (n=37 Control cells; n=28 siHAUS6 cells); overall g-tubulin 

fluorescence intensity was measured and normalized to the average control levels in B’ (n=36 Control cells; n=24 

siHAUS6 cells); ratio between Mad2 positive KTs and ACA fluorescence values was determined in C’ (n=252 Control 

KTs; n=176 siHAUS6 KTs) and HURP signal in the spindle of HAUS6- and Ndc80-depleted cells was normalized to 

the average control levels in D’ (n=65 Control cells; n=67 siHAUS6 cells; n=57 siNdc80 cells). E, cold treatment at 

4°C for 5 min was performed to selectively destabilize non-kinetochore-microtubule. α-tubulin (green) signal was 

normalized to the average control levels in E’ (n=54 Control cells; n=31 siHAUS6 cells; n=17 siNdc80 cells). Depletion 

of Ndc80 was used as a positive control (see Figure 2.1.5. C, D). The box plot determines the interquartile range; the 

line inside the box represents the median; data were pooled from 3 (A’, C’, D’) or 2 (B’, E’) independent experiments; 

unpaired t-test (A’, B’) or Mann-Whitney test (C’, D’, E’); **p≤0.01, *** p≤0.001, ****p≤0.0001.  Scale bars: 5 µm. 
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A, representative CH-STED image of HAUS6 localization in Indian muntjac mitotic spindle. DAPI (inverted 

grayscale), α-tubulin (magenta), HAUS6 (green). B, immunofluorescence of HAUS1-depleted cells. DAPI (white), α-

tubulin/g-tubulin (green) and ACA (magenta). Ndc80-depleted cell incubated with MG-132 for 1.5 hours and stained 

with anti-HURP (magenta), anti-α-tubulin (green) and DAPI (white) is shown in C. D, a cold treatment at 4°C for 5 

min was performed to selectively destabilize non-kinetochore-microtubule. α-tubulin (green), ACA (magenta) and 

DAPI (white). For quantifications see Figure 2.1.4. C’, D’. Scale bars: 5 µm. 

Figure 2.1.5. Depletion of a different Augmin subunit (HAUS1) resulted in short spindles and loss of g-tubulin 

recruitment to the spindle region. 
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To gain additional insight into the role of Augmin in k-fiber formation, we optimized fixation 

conditions to preserve microtubule structure (see Materials and Methods) and inspected HAUS6-

depleted cells by super-resolution coherent-hybrid stimulated emission depletion (CH-STED) 

nanoscopy, which improves contrast in complex 3D objects like the mitotic spindle relative to 

conventional 2D-STED (Pereira et al., 2019). This analysis confirmed the absence of robust k-

fibers after Augmin perturbation (Figure 2.1.7. A). In addition, we found that HAUS6-depleted 

cells exhibited overly elongated astral microtubules (Figure 2.1.7. A-B).  

Immunofluorescence of parental Indian muntjac fibroblasts treated with 3 µM MG-132 for 1 h stained with antibodies 

against detyrosinated (A) and acetylated α-tubulin (B). b-tubulin (magenta); detyrosinated/acetylated a-tubulin (green); 

DAPI (inverted grayscale). Quantification of detyrosinated and acetylated a-tubulin fluorescence intensity normalized 

to the average control levels is shown in A’ and B’, respectively. The box plot determines the interquartile range and 

the line inside the box represents the median. Data pooled from 2 independent experiments and analyzed using a Mann-

Whitney (A’) or an unpaired t-test (B’); ns: not significant, **p≤0.01, ***p≤0.001, ****p≤0.0001 relative to controls. 

Scale bars: 5 µm. 

 
Immunofluorescence of parental Indian muntjac fibroblasts treated with 3 µM MG-132 for 1 h stained with antibodies 

against detyrosinated (A) and acetylated α-tubulin (B). b-tubulin (magenta); detyrosinated/acetylated a-tubulin (green); 

DAPI (inverted grayscale). Quantification of detyrosinated and acetylated a-tubulin fluorescence intensity normalized 

to the average control levels is shown in A’ and B’, respectively. The box plot determines the interquartile range and 

the line inside the box represents the median. Data pooled from 2 independent experiments and analyzed using a Mann-

Whitney (A’) or an unpaired t-test (B’); ns: not significant, **p≤0.01, ***p≤0.001, ****p≤0.0001 relative to controls. 

Scale bars: 5 µm. 

Figure 2.1.6. Levels of detyrosinated and acetylated a-tubulin are reduced after Augmin depletion. 
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Figure 2.1.7. Perturbation of k-fiber formation in Indian muntjac cells is sufficient to bias tubulin 
polymerization towards astral microtubules. 

 

 

Images of control and HAUS6-depleted cells acquired by CH-STED nanoscopy. A, immunofluorescence of Indian 

muntjac fibroblasts using paraformaldehyde and glutaraldehyde fixation. DAPI, α-tubulin and ACA are shown in 

inverted grayscale. Astral microtubule tracks are represented in magenta (tracing). B, quantification of astral 

microtubule length (n=665 Control astral microtubules/10 cells; n=750 siHAUS6 astral microtubules/11 cells). The 

box plot determines the interquartile range; the line inside the box represents the median; data pooled from 3 

independent experiments and analyzed using an unpaired t-test. C, representative CH-STED images of control, 

HAUS6-, Ndc80-, chTOG- and CLASP1/2-depleted cells incubated with 1 µM nocodazole for 2 h, washed-out into 

warm medium and fixed after 2-, 5- and 10-minutes.   Cells were then stained for α-tubulin (inverted grayscale). Astral 

microtubule length was determined in D (Control: 2’ n=567, 5’ n=650, 10’ n=434 astral microtubules; siHAUS6: 2’= 

376, 5’ n=633, 10’ n=754 astral microtubules; siNdc80: 2’ n=425, 5’ n=704; 10’ n=469 astral microtubules; siChTOG: 

2’ n=261, 5’ n=194, 10’ n=217 astral microtubules; siCLASP1/2: n=161, 5’ n=183, 10’ n=284 astral microtubules).  

Acquisition ROI for siCLASP1/2 nocodazole washout 2’ image is represented in grey-dashed line. All data were pooled 

from 3 independent experiments and analyzed using an unpaired t-test; mean ± S.D.; ns: not significant, **p≤0.01, 

****p≤0.0001 relative to controls. Scale bar: 5 µm 

   C D
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To rule out a possible role for the Augmin complex in centrosome-dependent microtubule 

nucleation (Wu et al., 2009), we performed a microtubule regrowth assay after treatment with the 

microtubule-depolymerizing drug nocodazole for 2 hours, a condition that completely 

depolymerized all microtubules without compromising cell viability, followed by nocodazole 

washout and fixation after 2, 5 and 10 min, in the presence or absence of HAUS6 (Figure 2.1.7. 

C and Figure 2.1.10. A-B). We found that after HAUS6 depletion, centrosome-nucleated astral 

microtubules grew significantly longer than controls, 5 and 10 minutes after nocodazole washout, 

despite being slightly shorter at 2 minutes (Figure 2.1.7. C-D). By comparison, depletion of 

Ndc80, led to a similar, yet less pronounced, outcome (Figure 2.1.7. C-D). In contrast, 

perturbation of the TOG-domain proteins chTOG and CLASPs, which promote microtubule 

polymerization (Al-Bassam and Chang, 2011), significantly compromised microtubule regrowth 

from centrosomes after nocodazole treatment/washout in all time points (Figure 2.1.7. C-D). 

These results strongly suggest that, regardless of the underlying molecular nature, experimental 

perturbation of k-fiber formation in Indian muntjac cells is sufficient to bias tubulin 

polymerization towards astral microtubules.  

To obtain a quantitative picture of Augmin’s contribution to k-fiber and interpolar microtubule 

formation, we processed Indian muntjac fibroblasts for immunofluorescence with antibodies 

against PRC1 and β-tubulin. PRC1 detection was only preserved upon cold methanol fixation and 

was found enriched along overlapping interpolar microtubules (also known as bridging fibers) 

(Kajtez et al., 2016) in control metaphase cells (Figure 2.1.8. A). Surprisingly, HAUS6 depletion 

caused the dispersion of PRC1 to both parallel and anti-parallel microtubules (Figure 2.1.8. A). 

For this reason, we implemented a quantitative assay relying exclusively on the β-tubulin signal 

to determine the proportion of kinetochore and non-kinetochore microtubules (Figure 2.1.8. B; 

see Materials and Methods). This analysis revealed that HAUS6 depletion caused ~60% reduction 

in the total spindle microtubule population, affecting both kinetochore and interpolar 

microtubules (Figure 2.1.8. C). Taken together, these data demonstrate that Augmin recruits g-

tubulin to the spindle and is required for k-fiber and interpolar microtubule formation in Indian 

muntjac fibroblasts. 
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2.1.2.3. Augmin sustains centrosome-independent microtubule self-

organization from kinetochores  

 

Recent correlative light and electron microscopy studies in early prometaphase in human cells 

revealed that most k-fibers form by capturing short randomly oriented non-centrosomal 

microtubules that appear in the immediate vicinity of the kinetochores (Sikirzhytski et al., 2018). 

To investigate the role of Augmin in centrosome-independent k-fiber self-organization, we 

followed microtubule regrowth from Indian muntjac kinetochores (labeled with 2xGFP-CENP-

A) after nocodazole treatment/washout, which recapitulates microtubule self-organization from 

kinetochores under physiological conditions (Sikirzhytski et al., 2018; Tulu et al., 2006; Witt et 

A, immunofluorescence of Indian muntjac fibroblasts using cold methanol fixation. β-tubulin (magenta) and PRC1 

(green). B, 3D representations of mitotic spindles in control and HAUS6-depleted cells, illustrating KT surfaces’ 1 and 

2 (magenta), as well as the plates that define the measurement volumes, corresponding to interpolar microtubules 

(ipMTs, green) and k-fibers (kMTs) plus ipMTs (cyan). C, quantification of ipMTs and kMTs in control and HAUS6-

depleted cells. Proportion relative to control levels is represented for HAUS6-depleted cells (n=14 Control cells; n=12 

siHAUS6 cells). Data pooled from 2 independent experiments and analyzed using an unpaired t-test; ****p≤0.0001. 

Scale bar: 5 µm. 

Figure 2.1.8. Augmin contributes to k-fiber and interpolar microtubule formation. 
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al., 1980), in cells treated with centrinone, a Plk4 inhibitor that prevents centriole duplication 

(Wong et al., 2015) (Figure 2.1.9. A, A’). Successful elimination of centrioles was confirmed by 

the loss of GFP-Centrin-1 signal (which is brighter than 2xGFP-CENP-A) and by counting the 

number of kinetochores by CH-STED microscopy (Figure 2.1.10. C). We found that short 

microtubule stubs appeared virtually in all kinetochores in control, HAUS6- and Ndc80-depleted 

cells (Figure 2.1.9. A-C, Figure 2.1.10. D-E), suggesting that the Augmin and Ndc80 complexes 

are dispensable for the initial step of microtubule nucleation in the vicinity of kinetochores in 

mammals. However, both HAUS6- and Ndc80-depleted cells showed a significant decrease in 

the fraction of kinetochores that remained associated with microtubules over time (Figure 2.1.9. 

A-B, Figure 2.1.10. D-F). Importantly, whereas HAUS6 depletion prevented kinetochore-

microtubules from growing to the same extent as in controls and caused an overall reduction in 

the microtubule polymer that was initially associated with kinetochores, Ndc80 depletion led to 

longer microtubules that appeared to associate laterally with kinetochores (Figure 2.1.9. A, C, D, 

Figure 2.1.10. D-F). These results suggest that, while Ndc80 is necessary to stabilize end-on 

microtubule attachments after nucleation in the vicinity of kinetochores, Augmin is required to 

amplify and sustain the growth of small microtubules after their initial capture by kinetochores.  
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A, CH-STED images of Indian muntjac cells stably expressing GFP-Centrin-1 (magenta) and 2xGFP-CENP-A 

(magenta) treated with centrinone for 8 days with or without HAUS6 RNAi for 72 h. Cells were treated with the 

microtubule-depolymerizing drug nocodazole for 2 h, followed by drug washout and fixation after 2, 5 and 10 minutes.   

α-tubulin (green) and DAPI (inverted grey scale). Insets show 2.5x magnification of selected regions with KT and 

nucleated microtubules (grayscale for single channels of 2xGFP-CENP-A and α-tubulin). The experimental setup is 

described in A’. The percentage of KTs with microtubules and overall microtubule length are represented in B and C, 

respectively (Control 2’: n=13 cells/154 microtubules, Control 5’: n=20 cells/350 microtubules, Control 10’: n=19 

cells/402 microtubules; siHAUS6 2’: n=16 cells/91 microtubules; siHAUS6 5’:  n=14 cells/176 microtubules; 

siHAUS6 10’: n=14 cells/254 microtubules). The ratio of polymerized tubulin at KTs relative to the overall 

cytoplasmatic pool 2 min after nocodazole washout is shown in D (Control 2’: n=41 KTs; siHAUS6 2’: n=53 KTs). 

Data pooled from 3 independent experiments, analyzed using a Mann-Whitney test; the box plot determines the 

interquartile range and the line inside the box represents the median (C); mean ± S.D. (B, D); ns: not significant, 

*p≤0.05, **p≤0.01, ****p≤0.0001. Scale bars: 5 µm. 

Figure 2.1.9. Augmin sustains centrosome-independent microtubule self-organization from kinetochores. 
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 Figure 2.1.10. Ndc80 depletion does not affect microtubule re-growth in acentrosomal spindles. 

A, representative CH-STED image of an Indian muntjac cell stably expressing GFP-Centrin-1 (magenta) and 2xGFP-

CENP-A (magenta), treated with 1 µm nocodazole for 2 h. No microtubules were detected (α-tubulin, green). B, cell 

viability assay of Indian muntjac cells treated with increasing concentrations of Nocodazole (0.5, 1, 2, 20 and 200 µm) 

for two h. Each point represents the average of three replicates. Mean ± S.D. C, representative CH-STED image of an 

Indian muntjac cell stably expressing GFP-Centrin-1 (magenta) and 2xGFP-CENP-A (magenta), 2 min after washout 

from nocodazole, upon 8-days DMSO treatment. Yellow arrowheads indicate the centrioles. D, microtubule regrowth 

assay after 2, 5 and 10 min nocodazole washout in warm medium, upon 8-days centrinone treatment and Ndc80 RNAi 

transfection for 24 h. Cells were fixed and immunostained with α-tubulin antibody (green) and DAPI (inverted 

grayscale). Insets show 2.5X magnification of selected regions with KT and nucleated microtubules (grayscale for single 

channels of CENP-A and α-tubulin). The percentage of KTs with microtubules, E, and overall microtubule length, F, 

at each time point is shown (siNdc80 2’ n=12 cells/154 microtubules; 5’ n=21 cells/400 microtubules; 10’ n=14 cells/337 

microtubules). Each data point represents one cell (E) or one microtubule (F); data were collected from 2 (F) or at least 

3 (E) independent experiments and analyzed using a Mann-Whitney test; the box plot determines the interquartile range 

and the line inside the box represents the median (F); mean ± S.D. (E); ns: not significant, ****p≤0.0001. Scale bars: 5 

µm. 
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2.1.2.4. Augmin promotes kinetochore microtubule turnover and poleward 

flux  

To investigate how Augmin sustains microtubule growth from kinetochores we started by 

implementing a live-cell CH-STED nanoscopy assay in Indian muntjac fibroblasts stably 

expressing 2xGFP-CENP-A to visualize kinetochores, and Halo-tagged EB3 conjugated with the 

bright, photostable, far-red ligand JF646 (Erdmann et al., 2019; Grimm et al., 2015) to track 

growing microtubule plus ends for 2 minutes at 8 seconds and ~100 nm resolution (Figure 2.1.11. 

A-A’, Figure 2.1.14. A-B). Quantitative analyses revealed that the velocity of poleward and anti-

poleward chromosome movement, chromosome oscillation amplitude, but not oscillation period, 

were severely reduced upon HAUS6 or Ndc80 depletion (Figure 2.1.11. B-E). Moreover, while 

in control cells EB3 accumulated at kinetochores for one half period of chromosome oscillations 

corresponding to anti-poleward movement, EB3 only rarely associated with kinetochores after 

HAUS6 or Ndc80 depletion (Figure 2.1.11. F). Importantly, HAUS6, but not Ndc80, depletion 

led to a shorter kinetochore-to-pole distance (Figure 2.1.11. G), suggesting a distinct mode of 

action by which these proteins contribute to k-fiber formation.  

 

(figure legend on the next page) 
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To determine whether Augmin is required to promote kinetochore-microtubule turnover we 

used fluorescence dissipation after photoactivation (FDAPA) of PA-GFP-a-tubulin (Girao and 

Maiato, 2020) (Figure 2.1.12. A). By fitting the fluorescence decay over time to a double 

exponential curve (R2>0.98), we differentiated two spindle microtubule populations with fast and 

slow fluorescence decay (Figure 2.1.12. B) that have been attributed to less stable non- 

kinetochore microtubules (non-kMTs) and more stable microtubules (kMTs), respectively 

(Conway et al., 2021; Girao and Maiato, 2020; Zhai et al., 1995). We found that partial HAUS6 

depletion by RNAi over 36 hours (note that optimal HAUS6 depletion over 72 hours completely 

disrupts k-fiber formation) significantly increased the half-life of both kinetochore and non-kMTs 

(Figure 2.1.12. C). In parallel, by measuring the velocity by which the photoactivation mark on 

spindle microtubules moved relative to the metaphase plate (i.e. underwent poleward flux) 

(Barisic et al., 2021b), we found that it was reduced by ~40% after partial HAUS6 depletion 

(Figure 2.1.12. D). Overall, these data indicate that Augmin promotes kMTs and non-kMTs 

turnover, while assisting poleward flux in metaphase cells. 

 

 

 

 

 

 

 

 

(figure legend on the next page) 

A, pre-recording snapshots of control, HAUS6- and Ndc80-depleted Indian muntjac fibroblasts stably expressing 

2xGFP-CENP-A (magenta) and EB3-Halo tag conjugated with JF646 (green), imaged by confocal microscopy. A’, 

collapsed kymographs of live CH-STED recordings (time-lapse: 8 sec; pixel size: 40 nm). Graphical sketches on the 

right highlight chromosome movement over time (tracing); P- pole (green); KT- kinetochore (magenta); EB3 

accumulation at KT is shown in green. Quantitative analysis of chromosome anti-poleward, B, and poleward, C, 

velocities, chromosome oscillatory amplitude, D, and period, E. Fraction of EB3 accumulation at KT per minute 

(approximately one period) was measured from track data in F, and KT-to-pole distance determined in G. Horizontal 

bar: 1 µm; vertical bar: 10 sec; (n=8 Control cells, n=9 siHAUS6 cells and n=8 siNdc80 cells). Each data point 

represents one measurement; data pooled from at least 3 independent experiments and analyzed using a Mann-Whitney 

test (B, C, F, G) or an unpaired t-test (D). ns: not significant, **p≤0.01, ***p<0.001, ****p≤0.0001. Scale bar: 5 µm. 

Figure 2.1.11. Augmin is required to maintain kinetochore dynamics and oscillations. 
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2.1.2.5. Microtubule growth within k-fibers show a wide angular dispersion 

and requires Augmin  

Comparative fixed-cell super-resolution imaging revealed striking differences in k-fiber structure 

between control, HAUS6- and Ndc80-depleted cells, whereas depletion of TPX2, HURP, chTOG 

and CLASP1/2 did not compromise the formation of robust k-fibers, despite an obvious reduction 

in k-fiber length after chTOG or CLASP1/2 depletion (Figure 2.1.13. A, Figure 2.1.14. C). To 

directly investigate how Augmin mediates kinetochore-microtubule turnover, we tracked 

microtubule growth events within a single k-fiber using live-cell CH-STED nanoscopy of EB3 

comets in the kinetochore vicinity, now for 1 minute at 750 ms and ~100 nm resolution (Figure 

2.1.13. B, Figure 2.1.14. A-B). These imaging conditions did not result in any obvious 

phototoxicity or relevant photobleaching throughout the recordings (Figure 2.1.14. D). Temporal 

projections of EB3 comets over consecutive frames in control cells revealed several microtubule 

growth events within a single k-fiber (Figure 2.1.13. B). Cross-correlation analysis of EB3 comets 

(see Materials and Methods) in control cells revealed a microtubule growth velocity of ~9 

μm/min, with an absolute angular dispersion of 37° ± 13° (mean ± S.D.) relative to the respective 

k-fiber axis perpendicular to the kinetochore plate (Figure 2.1.13. B-C, Figure 2.1.14. E). 

Remarkably, detailed inspection of collapsed kymographs within individual k-fibers allowed the 

direct visualization and discrimination of microtubule growth events that terminate or pass by the 

kinetochore (Figure 2.1.13. D). We found that HAUS6 or Ndc80 depletion caused a 30-40% 

reduction in the frequency of microtubule growth events that terminate at the kinetochore (Figure 

2.1.13. D-E), with a corresponding reduction in inter-kinetochore distances (Figure 2.1.13. D-F), 

suggestive of compromised k-fiber formation. However, while HAUS6 depletion did not 

significantly affect the frequency of microtubule growth events that pass by the kinetochore, this 

was largely increased after Ndc80 depletion, consistent with a role of Ndc80 in the stabilization 

of end-on kinetochore-microtubule attachments. Of note, none of these experimental conditions  

A, examples of control and partial HAUS6-depleted metaphase cells displaying photoactivatable PA-GFP-α-tubulin 

(inverted grayscale), GFP-Centrin-1 (inverted grayscale) and labeled with 50 nM SiR-DNA to visualize chromosomes 

(inverted grayscale). ‘Pre-PA’: frame immediately before photoactivation; ‘PA’: frame immediately after 

photoactivation; purple brackets: photoactivation mark. B, normalized fluorescence dissipation after photoactivation 

(FDAPA) curves of control and partial HAUS6-depleted cells. Whole lines show double exponential curve fittings 

(R2>0.98), and error bars show 95% confidence interval for each time point. C, table showing the calculated 

microtubule percentages and turnover values for control and partial HAUS6-depleted cells (n=20 Control cells; n=11 

siHAUS6 cells). D, microtubule flux velocity (n=21 Control cells; n=16 siHAUS6 cells). Each data point represents 

one measurement; data pooled from at least 3 independent experiments and analyzed using an unpaired t-test (C, D); 

mean ± S.D.; ns: not significant, *p≤0.05, **p≤0.01, ***p<0.001, ****p≤0.0001. Scale bar: 5 µm. 

Figure 2.1.12. Augmin promotes kinetochore microtubule turnover and poleward flux. 
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reduced kinetochore and non-kMT plus-end growth velocity, as determined by measuring the 

respective slopes from EB3 tracks on the kymographs (Figure 2.1.14. F), in line with our previous 

cross-correlation analysis (Figure 2.1.14. E). Overall, these data indicate that Augmin and Ndc80 

mediate k-fiber formation by distinct mechanisms and directly demonstrates a role for Augmin in 

microtubule growth events within k-fibers. 

 

(figure legend on the next page) 
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A, CH-STED images of control, HAUS6- and Ndc80-depleted cells stained with α-tubulin, ACA (cyan) and DAPI 

(white; opacity 15%). Temporal color code tool on Fiji was used to match each α-tubulin z-plane to a different color. 

Scale bar: 5 µm. Insets show the maximum-intensity projection of relevant z-planes highlighting the presence/ absence 

of k-fibers (α-tubulin, inverted grayscale). Scale bar: 1 µm. B, Indian muntjac fibroblasts stably expressing GFP-CENP-

A (magenta) and EB3-Halo tag conjugated with JF646 (green) were used to track microtubule polymerization events 

within one k-fiber by live CH-STED microscopy (time-lapse: 750 ms; pixel size: 40 nm). Images on the top show a 

pre-recording snapshot (confocal) of control, HAUS6- and Ndc80-depleted cells. Images below show chromo-

projections of the time-lapse movie of fluorescently labeled EB3 over time and CENP-A contours. A limited time-

window of 12 seconds (5 frames) was selected, allowing a fine time-discrimination of microtubule growing events 

within a k-fiber. Scale bar: 500 nm.  C, frequency count of EB3 comets’ angular dispersion relative to the k-fiber axis 

in control cells (n=17 cells). D, corresponding collapsed kymographs of control, HAUS6- and Ndc80-depleted cells 

from B. Graphical sketches on the right highlight detected EB3 comets’ trajectories; KT- kinetochore (magenta); kMTs 

- green; non-kMTS - light brown. E, number of EB3 growing events per KT (Control: n=46 kMT comets/n=21 non-

kMT comets/n=12 cells; siHAUS6: n=38 kMT comets/n=41 non-kMT comets/n=15 cells; siNdc80 n=23 kMT 

comets/n=41 non-kMT comets/n=10 cells).  F, distance between KT pairs upon stable expression of 2xGFP-CENP-A 

(Control n=34 cells; siHAUS6 n=36 cells; siNdc80 n=28 cells). Data pooled from at least 3 independent experiments 

and analyzed using an unpaired t-test (E, F); mean ± S.D.; ns: not significant, *p≤0.05, **p≤0.01, ***p<0.001. Vertical 

bar: 10 sec; horizontal bar: 1 µm.  

Figure 2.1.13. Microtubule growth within individual k-fibers show a wide angular dispersion and requires 
Augmin. 
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(figure legend on the next page) 
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2.1.2.6. Augmin is required for microtubule amplification from pre-existing 

kinetochore microtubules  

To directly test whether Augmin is required for microtubule amplification from pre-existing 

kinetochores, we developed a laser microsurgery-based k-fiber maturation assay (Figure 2.1.15. 

A). In this assay, we used live Indian muntjac fibroblasts stably expressing GFP-α-tubulin and 

CENP-A fused with the bright, red-shifted, monomeric fluorescent protein mScarlet, to visualize 

and discriminate mature k-fibers from other spindle microtubules by spinning-disk confocal 

microscopy. Then, we used a pulsed laser microbeam to acutely induce partial k-fiber damage 

and measured the respective kinetics of fluorescence recovery after surgery (FRAS) as a proxy 

for k-fiber recovery, in controls and after partial HAUS6 depletion by RNAi.  While we cannot 

exclude that a small fraction of non-kMTs is also affected due to the diffraction-limited nature of 

laser microsurgery, partial k-fiber damage was confirmed by the lack of the typical snap observed 

immediately after complete k-fiber severing, which results in two independent kinetochore- and 

pole-proximal microtubule stubs (Figure 2.1.15. B), as well as by correlative live-cell spinning-

disk confocal microscopy and super-resolution CH-STED nanoscopy after fixation of the same 

cell (Figure 2.1.15. C). A 300 nm spacer between the kinetochore-proximal stub and the ablated 

region was defined to exclude the contribution of microtubule poleward flux for k-fiber recovery 

(see Materials and Methods). Strikingly, we found that partially-ablated k-fibers in control cells 

took on average 9 seconds to recover 50% of the fluorescence intensity in the damaged region, 

corresponding to half the time required in HAUS6-depleted cells (Figure 2.1.15. D). Moreover, 

while all control cells recovered completely from partial k-fiber ablation within the first 30 

A, confocal and corresponding STED image frames. Imaging as in Figure 2.1.13., but with a larger ROI and a time-

lapse of 2 sec, instead of 750 ms. B, resolution measurements based on gaussian fitting of intensity profiles. For 

reference, the 40 nm (pixel size) and 80 nm (Nyquist limit) vertical lines are shown. C, representative super-resolution 

images of TPX2-, HURP-, chTOG- and CLASP1/2-depleted cells stained with α-tubulin and DAPI (white; opacity 

15%). Temporal color code tool on Fiji was used to correspond each α-tubulin z-plane to a different color. Scale bar: 5 

µm. Insets show the max-projection (selected z-planes) of a k-fiber (α-tubulin, inverted grayscale). Scale bar: 1 µm. D, 

live CH-STED imaging conditions did not result in any obvious phototoxicity or relevant photobleaching throughout 

the recordings confirmed by the comparison of pre- and post-recording images of control, siHAUS6 and siNdc80 

treated cells. EB3-Halo tag/JF646 (green), 2xGFP-CENP-A (magenta). Scale bar: 5 µm. E, cross-correlation analysis 

of EB3 comets in control cells. Analyzed region of the k-fiber is shown on the right (yellow box). Raw (left) and 2-s 

filtered (right) next-neighbor cross-correlation function averaged over time-frame pairs for the ROI shown of the left. 

Flow angle and average velocity were determined based on the center of mass of the filtered correlation spot. The polar 

graph (right) shows the semi-infinite domain Radon transform used to estimate the trajectories’ angular dispersion 

(50% level). F, EB3 comets velocity was determined from the kymographs shown in Figure 6C. All data were collected 

from at least 3 independent experiments and analyzed using a Mann-Whitney test; mean ± S.D.; ns: not significant, 

*p≤0.05.  

 

Figure 2.1.14. K-fibers in TPX2-, HURP-, chTOG and CLASP1/2-depleted cells were largely indistinguishable 

from controls. 
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seconds after surgery (note that the recovery beyond the initial value is likely due to experimental 

fluctuations and reflect the possibility that some cells were not yet at steady state when surgery 

was performed), HAUS6-depleted cells only recovered ~80% in the same period of time (Figure 

2.1.15. G). Overall, these data directly demonstrate that Augmin is required for microtubule 

amplification from pre-existing kinetochore-microtubules, consistent with a critical role in k-fiber 

maturation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(figure legend on the next page) 
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2.1.3. Discussion 

The unique cytological features of Indian muntjac cells offer the opportunity to directly address 

fundamental questions related with kinetochore biology and function that are not possible in any 

other system, including human cells. This is the case of k-fiber maturation, whose underlying 

molecular mechanism remained poorly understood. Here we found that Augmin’s role in this 

process is clearly distinct from that of Ndc80 and is consistent with branched microtubule 

nucleation from pre-existing kMTs. Indeed, Augmin was required to recruit g-tubulin to the 

spindle and to sustain, but not to initiate, centrosome-independent microtubule growth from 

kinetochores. This contrasts with the previous implication of Augmin in the nucleation and/or 

initial stabilization of chromosome-induced microtubules in Drosophila cells (Bucciarelli et al., 

2009), but is in agreement with previous works in several mammalian cells, including human, 

that showed that the vast majority of spindle microtubules do not have a centrosomal origin 

(Chinen et al., 2020; David et al., 2019; Khodjakov et al., 2000). Importantly, with no prejudice 

to the role of pioneer centrosomal microtubules that might assist the subsequent microtubule 

amplification cascade by Augmin (David et al., 2019), our data suggest that Augmin contributes 

to k-fiber maturation even in the absence of pre-existing centrosomal microtubules. This is 

consistent with the fact that functional spindles are able to assemble in several animal species, 

including humans, after perturbation of centrosome function (Basto et al., 2006; Chinen et al., 

2020; Debec A., 1982; Khodjakov et al., 2000; Mahoney et al., 2006; Megraw et al., 2001; 

Moutinho-Pereira et al., 2013; Sir et al., 2013; Watanabe et al., 2020; Wong et al., 2015). In these 

A, schematic summary of the laser microsurgery-based k-fiber injury/repair assay in control cells (see Materials and 

Methods for details). B, spinning-disk confocal images of total k-fiber severing in control Indian muntjac fibroblasts 

stably expressing GFP-α-tubulin (green) and mScarlet-CENP-A (magenta). Insets show the analyzed k-fibers (GFP-α-

tubulin, inverted grayscale). Scale bar: 5 µm (left); 1 µm (right). C, partial k-fiber damage was confirmed by correlative 

live-cell spinning disk confocal microscopy (left) and CH-STED nanoscopy (right) upon fixation and immunostaining 

of the damaged cell (α-tubulin and DAPI shown in inverted grayscale). 0 sec corresponds to the first frame after k-fiber 

ablation. Scale bar: 5 µm. D, immunoblot analysis of cell lysates treated with control or partial HAUS6 RNAi (asterisk 

indicates the band of interest; ~26% depletion) and α-tubulin was used as loading control (bottom). E, control and 

partial HAUS6-depleted Indian muntjac fibroblasts illustrating microtubule recovery after partial k-fiber laser ablation. 

Yellow dashed-rectangle indicates the injured k-fiber. Scale bar: 5 µm. Insets show the analyzed k-fibers (GFP-α-

tubulin, inverted grayscale). -10 sec represents the maximum time before partial k-fiber ablation. Purple arrowhead 

points to the ablated k-fiber portion at time zero (first frame after laser ablation). Scale bar: 1 µm, time: min:sec. F, 

kinetics of fluorescence recovery after surgery (FRAS) was determined as a proxy for k-fiber recovery, in controls and 

after partial HAUS6-depletion by RNAi. Whole lines show a single exponential fitting curve. Each data point represents 

the mean ± 95% confidence interval. G, fluorescence recovery from partial k-fiber ablation within the first 30 seconds 

after surgery, in control and partial HAUS6-depleted cells (n=12 Control cells; n=13 siHAUS6 cells). Data pooled from 

at least 3 independent experiments; non-linear fit (F) Mann-Whitney test (G); mean ± S.D.; *p≤0.05, **p≤0.01.   

 Figure 2.1.15. Augmin is required for microtubule amplification from pre-existing kinetochore microtubules. 
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cases, short microtubules nucleated in the vicinity of and subsequently oriented and captured by 

kinetochores (Maiato et al., 2004b; Sikirzhytski et al., 2018) might work as amplification 

platforms for Augmin-mediated self-organization of k-fibers, while still ensuring the directional 

bias of microtubule growth towards the kinetochore, independently of centrosomes. When 

centrosomes are present, Augmin-dependent microtubule amplification of short kMT stubs might 

promote efficient chromosome bi-orientation through capture of pre-formed k-fibers by astral 

microtubules (Elting et al., 2014; Khodjakov et al., 2003; Maiato et al., 2004b; Sikirzhytski et al., 

2014) or by lateral interactions with an interpolar spindle scaffold that forms soon after nuclear 

envelope breakdown (Nunes et al., 2020; Renda et al., 2022) and will give rise to bridging fibers 

(Kajtez et al., 2016) (see scheme below). 

 

Our findings also reveal that Augmin impacts kMT turnover and poleward flux. While the role 

of Augmin in promoting microtubule turnover is consistent with de novo microtubule nucleation 

from pre-existing kMTs, how Augmin promotes poleward flux remains less clear. One possibility 

is that Augmin-mediated microtubule amplification promotes the long-term survival of kMTs that 

slide poleward, directly, or indirectly facilitating tubulin incorporation at the kinetochores. 

Alternatively, Augmin might promote flux through its role in the formation/amplification of 
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interpolar microtubules, which are critical mechanical elements necessary for poleward flux 

(Barisic et al., 2021b). In support of the second hypothesis, we found that Augmin was also 

required for interpolar microtubule formation, a property that appears to be conserved in human 

cells (Manenica et al., 2020). Strikingly, our live-cell super-resolution tracking of EB3-comets in 

the vicinity of the kinetochore allowed us to follow with unprecedented spatiotemporal resolution 

microtubule growth events within individual k-fibers and revealed a wide angular dispersion 

relative to the k-fiber axis. This is somewhat reminiscent of the ‘fir-tree’ structure observed on k-

fibers in Haemanthus endosperm spindles (Bajer and Mole-Bajer, 1986) and consistent with 

Augmin-mediated branched microtubule nucleation from pre-existing microtubules (Alfaro-Aco 

et al., 2020; Hsia et al., 2014; Kamasaki et al., 2013; Liu et al., 2014; Petry et al., 2013; Tariq et 

al., 2020; Thawani et al., 2019; Verma and Maresca, 2019). In agreement, Augmin depletion 

significantly reduced microtubule growth events within individual k-fibers. While the 

significance of this wide angular dispersion remains unclear, one may speculate that it allows a 

more efficient microtubule amplification or increases the range of microtubule capture by 

kinetochores, including neighbour kinetochores, given that Augmin-nucleated microtubules are 

able to detach from the ‘mother’ microtubule (Verma and Maresca, 2019). Although this 

particular structural aspect has been overlooked in previous models of k-fiber formation and 

maturation in mammals, it implies that additional factors are involved either on bundling or 

stabilizing newly nucleated kMTs into a cohesive fiber. HURP has been proposed to be such a 

factor (Silljé et al., 2006; Wong and Fang, 2006), but our phenotypic analysis of k-fibers in 

HURP-depleted Indian muntjac fibroblasts failed to confirm this hypothesis. In addition, as 

opposed to critical roles of the chromosomal passenger complex, important players in the Ran-

GTP pathway, such as TPX2, previously implicated in branched microtubule nucleation in 

Xenopus egg extracts and in vitro reconstitution studies from purified Xenopus components 

(Alfaro-Aco et al., 2020; Petry et al., 2013), as well as in bipolar spindle assembly in human cells 

(Bird  and Hyman 2008), appear to be largely dispensable for robust k-fiber formation and spindle 

assembly in Indian muntjac fibroblasts, in line with previous findings in Drosophila cells 

(Goshima, 2011; Moutinho-Pereira et al., 2013). While milder effects associated with incomplete 

knockdown in Indian muntjac cells cannot be excluded, TPX2 has also been shown to be 

dispensable for microtubule branching in Drosophila cells (Verma and Maresca, 2019) and after 

in vitro reconstitution from purified Drosophila components (Tariq et al., 2020).   

Astral microtubules grew much longer in the absence of Augmin and Ndc80 when compared 

to controls, which we interpreted as a consequence of an increased soluble pool of tubulin due to 

compromised k-fiber formation. Although a more direct role of Augmin and Ndc80 in 

centrosome-dependent microtubule nucleation cannot be excluded, our findings in Indian muntjac 

cells are consistent with previous observations in Drosophila and human cells (Goshima et al., 
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2008; Yaguchi et al., 2018), while contrasting with previous reports that suggested that both 

complexes promote astral microtubule nucleation from purified centrosomes in vitro (Wu et al., 

2009). It was also surprising that after interference with Augmin function, PRC1 decorated 

parallel microtubules. This might be explained by a significant reduction of antiparallel interpolar 

microtubules after Augmin perturbation, which would favour PRC1 association with parallel 

microtubules that normally have higher off-rates (and equivalent on-rates) compared to 

antiparallel microtubules (Subramanian et al., 2010).  

Lastly, our laser-mediated partial k-fiber injury/repair assay directly demonstrates a role for 

Augmin in microtubule amplification from pre-existing kMTs. Together with our measurements 

of kMT turnover and direct observation of microtubule growth events within individual k-fibers, 

our data provide definitive evidence for a role of Augmin-mediated microtubule amplification in 

k-fiber maturation, while reconciling this mechanism with growing evidence for centrosome-

independent self-organization of kMTs during spindle assembly in animal cells, including human 

(Conway et al., 2021; Maiato et al., 2004b; Renda et al., 2022; Sikirzhytski et al., 2018).  

 

2.1.4. Materials and Methods 

2.1.4.1. Molecular Biology 

pLVX-EB3-Halotag, pRRL-2xGFP-CENP-A, pLVX-mScarlet-CENPA and pLVX-PA-GFP-α-

tubulin were generated by Gibson assembly. pLVX-GFP-Centrin-1 was a gift from Manuel Thery 

(Addgene #73331). 

2.1.4.2. Cell Culture and Lentiviral Transduction  

All Indian muntjac cell lines were grown in Minimum Essential Media (MEM) (Corning), 

supplemented with 10% FBS (GIBCO, Life Technologies) at 37ºC in humidified conditions with 

5% CO2. Indian muntjac hTERT-immortalized fibroblasts were a gift from Jerry W. Shay (Zou 

et al., 2002) and Indian muntjac  stably expressing H2B-GFP were previously generated in (Drpic 

et al., 2018). For microtubule plus-ends, centrioles, CENP-A, photoactivatable tubulin and α-

tubulin tagging, cells were transduced with pLVx-EB3-Halotag, pLVx-GFP-Centrin-1, pRRL-

2xGFP-CENP-A, pLVx-mScarlet-CENPA, pLVx-PA-GFP-a-tubulin and pRRL-EGFP-α-

tubulin (Ferreira et al., 2020) lentiviral plasmids, respectively, all under control of a CMV 

promoter. Lentivirus particles were added to the standard culture media with 1:2000 Polybrene 

(Sigma) for 12h. Stable lines with uniform level of expression and sufficient fluorescence 

intensity were selected by FACS. To select pLVx-EB3-Halo tag positive cells, 20 nM of the far-

red dye JF646 (Promega®) was added 5-10 minutes before FACS sorting. All Indian muntjac cell 

lines were authenticated by karyotype analysis. 
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2.1.4.3. Identification of Indian Muntjac Sequences 

The protein sequences of human genes were obtained from NCBI and used as query for tblastn 

(version 2.2.29 (Morgulis et al., 2008)) using the Indian muntjac genome scaffold sequences and 

predicted coding sequences (CDC) as targets. Sequence alignments with at least 80% identity, 

highest coverage of human genes, with matching scaffold and CDS intervals from both tblastn 

runs were used to identify Indian muntjac orthologs of human gene sequences.  

2.1.4.4. Design of siRNAs for RNA Interference (RNAi) 

The design of the siRNA sequences was performed using the application BLOCK-ITTM RNAi 

Designer (Thermo Fisher Scientific). We provided the nucleotide sequence of the genes of 

interest, selected an ideal CG percentage between 35%–55% and the recommended default motif 

pattern for the RNAi design. From the 10 designs generated, the one with higher probability of 

knock-down was selected for each protein of interest. 

2.1.4.5. siRNA Experiments 

For siRNA experiments, Indian muntjac fibroblasts were plated at 60%–70% confluence in 6-

well plates or 22x22 mm no. 1.5 glass coverslips (Corning), previously coated with fibronectin 

(Sigma-Aldrich) as described in (Almeida et al., 2020) for 24 h in normal medium. Cells were 

then starved with MEM supplemented with 5% FBS for 30 minutes. siRNA transfection was 

performed using 5 µL of Lipofectamine RNAi Max (Invitrogen) and 50-100 nM of the respective 

siRNA, each diluted in 250 µL of serum free-medium (Opti-MEM, Gibco). Untreated and mock 

transfection (with lipofectamine only) were indistinguishable and therefore referred to as 

‘Control’. Cells were analyzed 24, 48, 72 or 96 h after depletion, depending on the protein of 

interest.  Depletion efficiency was monitored by western blotting and phenotypic analysis. 64 

RNAi sequences were optimized and are available at Table 4 and http://indianmuntjac.i3s.up.pt. 

66 conditions were analysed in this study (including double depletion of CLASP1/2 and 

VASH1/2). Cyclin-B depletion prevented cells’ entrance in mitosis, so it was not included in the 

phenotypical/clustering analyses of this study. 

2.1.4.6. Western Blotting 

Indian muntjac fibroblasts were collected by scraping the adherent cells or by trypsinization and 

centrifuged at 200 x g for 5 minutes. The pellet was washed with PBS and centrifuged again. 

Cells were then resuspended in lysis buffer (NP-40: 20 nM HEPES/KOH,pH 7.9; 1 mM 

EDTA,pH 8; 1 mM EGTA; 150 mM NaCl; 0.5% NP40-IGEPAL; 10% glycerol; 2 mM DTT, 

supplemented with 1:50 protease inhibitor and 1:100 phenylmethylsulfonyl fluoride (PMSF); OR 

for DNA-binding proteins: 50mM Tris-HCl, pH 7.4; 0,1% digitonin (in EtOH); 0.5% Triton; 400 

nM NaCl, supplemented with 30 µg/mL RNAse, 20 µg/mL DNAse, 10 µM MgCl2, with 1:50 
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protease inhibitor and 1:100 PMSF). The samples were snap-frozen in liquid nitrogen and kept 

on ice for 30 minutes. After centrifugation at 20 800 x g for 15 minutes at 4ºC, protein 

concentration was determined by Bradford protein assay (Thermo Fisher Scientific). Protein 

lysates were run on 7.5/10/15% SDS-PAGE (25-50 µg/lane) according to their molecular weight 

and transferred to a nitrocellulose Hybond-C membrane using an iBlot Gel Transfer Device (Bio-

Rad) or using a wet-transfer system (if protein molecular weight >120kDa). Membranes were 

then blocked in 5% milk diluted in PBS 0.05% Tween and the primary antibodies were incubated 

overnight at 4ºC at the dilutions shown in section 2.1.5. (Table 3). After successive washes, the 

membrane was incubated with the secondary antibodies for 1 hour at RT - 1:5000 a-mouse-HRF; 

a-rabbit-HRF; a-sheep-HRP (Jackson ImmunoResearch). Detection was performed with Clarity 

Western ECL Substrate (Bio-Rad). Acquisition of blots was performed with a Bio-Rad ChemiDoc 

XRS system using the Image Lab software. ‘Analyze>Gels’ tool in ImageJ was used to quantify 

the RNAi-mediated depletion efficiency for all screened proteins, except for partial HAUS6 

depletion where the calculations were obtained directly from Image Lab. Immunosignals were 

normalized to GAPDH, α-tubulin or vinculin expression depending on protein molecular weight. 

All unprocessed western blot data is available at http://indianmuntjac.i3s.up.pt.  

2.1.4.7. Immunofluorescence 

Indian muntjac fibroblasts were seeded on fibronectin coverslips 24h before the experiment, as 

shown in (Almeida et al., 2020). Cells were fixed with ice-cold methanol (Sigma) for 4 minutes 

at -20ºC; or 4% paraformaldehyde (PFA) (Electron Microscopy Sciences); or, for STED 

microscopy, 4% PFA supplemented with 0.1%-0.2% glutaraldehyde (Electron Microscopy 

Sciences) for 10 minutes at room temperature (RT). Autofluorescence was quenched by a 0.1% 

sodium borohydride solution (Sigma-Aldrich) after aldehyde fixation. Extraction after 

paraformaldehyde fixation was performed using PBS-0.5%Triton (Sigma-Aldrich) for 10 

minutes.   Cells were incubated for 1 h at RT with blocking solution: 10% FBS diluted in PBS 

with 0.05% Tween 20 or diluted in cytoskeleton buffer (274 mM NaCl, 10 mM KCl, 2.2 mM 

Na2HPO4, 0.8 mM KH2PO4, 4 mM EGTA, 4 mM MgCl2, 10 mM Pipes, 10 mM glucose, pH 

6.1) with 0.05% Tween 20. Primary antibodies anti a-tubulin (Sigma Aldrich,B-5-1-2) 

1:2000/1:200 (STED); anti-centromere antiserum (ACA, Fitzgerald, #90C-CS1058) 1:2000; anti-

tyrosinated tubulin (Bio-Rad, MCA77G) 1:2000/1:150 (STED); anti-Mad2 (cMad2, Santa Cruz 

Biotechnology, sc-65492) 1:250; anti-HURP (gift from Patrick Meraldi) 1:500; anti-g-tubulin 

(Sigma-Aldrich, Clone GTU-88 Mab #T6557) 1:5000; anti-PRC1 (C-1, Santa Cruz 

Biotechnology, sc-3769839) 1:100 (STED); anti-HAUS6 (gift from R. Uehara) 1:50 (STED); 

anti-detyrosinated tubulin (Gift from Marin Barisic) 1:100 (STED); anti-acetylated tubulin (acetyl 

K40, Abcam, ab24610) 1:100 (STED); anti-b-tubulin (Sigma-Aldrich, T5201) 1:200 (STED); 

anti-b-tubulin (Abcam, ab6046) 1:200 (STED) were diluted in the same solution and incubated 
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over-night at 4ºC. Subsequently, cells were washed 3x with PBS-0.05% Tween and incubated for 

1 hour at RT with the corresponding secondary antibody - Alexa 488, 568 and 647 (Thermo Fisher 

Scientific); or Abberior STAR 580 and Abberior STAR (Abberior Instruments) for STED 

microscopy. For STED microscopy, secondary antibodies were used at 1:100-150 concentrations. 

After adding 1 µg/mL 4’,6’-diamino-2-fenil-indol (DAPI, Sigma-Aldrich) in PBS-0.05% Tween 

for 5 minutes, coverslips were washed in PBS and sealed on glass slides mounted with 20 mM 

Tris pH8, 0.5 N-propyl gallate, 90% glycerol.  

2.1.4.8. Drug Treatments 

Mitotic arrest at metaphase was obtained using 3-5 µM MG-132 (Merck). Live-cell and fixed cell 

analysis using MG-132 was performed in the first 2 hours after drug addition to avoid cohesion 

fatigue. microtubule depolymerization was triggered using 1 µM of nocodazole (Sigma-Aldrich) 

for 2 hours before fixation or washout. Microtubule re-growth assay was performed by washing 

out nocodazole with warm medium 2, 5 and 10 minutes before fixation. To induce centriole loss 

due to Plk4 inhibition, an 8-days treatment with 125 nM centrinone was performed. An equivalent 

volume of DMSO was used as control for each drug treatment. For the live-CH-STED 

experiments 75 nM JF646 (Promega) was conjugated with Halo-tag expressing Indian muntjac 

fibroblasts. SiR-tubulin and SiR-DNA (Spirochrome) (Lukinavicius et al., 2014) were used to 

visualize microtubules and chromosomes, respectively, at 50 nM concentration incubated for 1 

hour prior to live-cell imaging.  

2.1.4.9. Cell Viability Assay  

Parental Indian muntjac fibroblasts were seeded into a 96-well plate with MEM supplemented 

with 10% FBS at 37ºC in humidified conditions with 5% CO2. In the following day, increasing 

concentrations of Nocodazole (0.5; 1; 2; 20; 200 µM) were added for 2 hours. Cells were then 

washed with PBS and incubated with 2% v/v Resazurin (stock concentration: 1 mg/mL, Sigma-

Aldrich) in normal cell culture medium for 4 h, protected from light. 80 µL of the supernatants 

were transferred into a new 96-well plate and Resazurin fluorescence was determined in a 

microplate spectrofluorometer (Synergy MX, Biotek) with the following settings: Ex= 530 ± 9 

nm and Em= 590 ± 9 nm. 

2.1.4.10.  Time-lapse Spinning-disk Confocal Microscopy 

Indian muntjac fibroblasts stably expressing human H2B-GFP were plated on fibronectin coated 

22x22 mm no. 1.5 glass coverslips 24h before imaging. 1 hour before live-cell imaging, cells were 

incubated in Leibovitz’s L15 medium (GIBCO, Life Technologies) with SiR-tubulin cell-

permeable dye. Coverslips were assembled onto 1-well Chamlide CMS imaging chambers 

(Microsystem AB; Sweden) immediately before imaging. Live-cell imaging was performed on a 
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temperature-controlled Nikon TE2000 microscope equipped at the camera port with a Yokogawa 

CSU-X1 spinning-disc head (Solamere Technology), an FW-1000 filter-wheel (ASI) and an 

iXon+ DU-897 EM-CCD (Andor). The excitation optics are composed of two sapphire lasers at 

488 nm and 647 nm (Coherent), which are shuttered by an acousto-optic tunable filter 

(Gooche&Housego, model R64040-150) and injected into the Yokogawa head via a polarization-

maintaining single-mode optical fiber (OZ optics). Sample position was controlled by a motorized 

SCAN-IM stage (Marzhauser) and a 541.ZSL piezo (Physik Instruments). The objective was an 

oil-immersion 60x 1.4 NA Plan-Apo DIC CFI (Nikon, VC series), yielding a 190 nm/pixel 

sampling. All image acquisition was controlled by NIS Elements AR software. An image stack 

(9 planes separated by 1.5 µm) was acquired every 2 min, spanning a total depth of 12 µm. 

2.1.4.11. Power density 

Long-term live cell imaging was performed using 488 nm and 647 nm excitation lasers. Power 

flux was measured as the time-averaged power at the sample plane normalized to the area spanned 

by the spinning disc pinholes, which is slightly larger than the field of view at the camera plane. 

We measured a range between 0.2-0.8 W.cm-2 for the 488 channel and 0.5-2.5 W.cm-2 for the 647 

channel. Instantaneous power flux reaches values above ten-fold larger than this estimate. 

2.1.4.12.  Microtubule Turnover Measurements by Photoactivation 

Microtubule turnover was measured in Indian muntjac fibroblasts stably expressing PA-GFP-a-

tubulin/GFP-Centrin-1, seeded on fibronectin coated 22x22 mm no. 1.5 glass coverslips. Medium 

was changed to Leibovitz’s L15 medium with SiR-DNA cell-permeable dye (Spirochrome) 1 

hour before live-cell imaging. Mitotic cells were identified by Differential Interference Contrast 

(DIC) microscopy and imaging was performed using a Plan-Apo 100× NA 1.40 DIC objective on 

a Nikon TE2000U inverted microscope equipped with a Yokogawa CSU-X1 spinning-disc 

confocal head containing two laser lines (488 nm and 647 nm) and a Mosaic (Andor) 

photoactivation system (405 nm). Photoactivation was performed in cells with all chromosomes 

aligned at spindle equator, identified by SiR-DNA signal. Microtubules were locally activated on 

a thin stripe of ~1 μm width spanning one half-spindle in an area mid-way between the spindle 

pole and the chromosomes. The 405 nm laser was used at 75% power and cells were pulsed once 

(500 ms exposure). Seven 1-μm fluorescence image planes were captured using a 100x oil-

immersion 1.4 numerical aperture objective every 15 seconds for 4.5 minutes. To determine 

fluorescence dissipation after photoactivation (FDAPA), whole-spindle sum-projected 

kymographs were generated and quantified using a custom-written MATLAB script. Intensities 

were normalized to the first time-point after photoactivation (following background subtraction 

from the respective non-activated half-spindle). Values were corrected for photobleaching by 

normalizing to the fluorescence loss of whole cell sum projected images. To calculate microtubule 



 EXPERIMENTAL WORK – CHAPTER 2.1. 
 

74 

 

turnover, the normalized intensity values at each time point were fitted to a double exponential 

curve !1 × $"#$×& + !2	 ×	$"#'×&; t – time, A1 – less stable microtubule population (non-

kMTs); A2 – more stable microtubule population (kMTs); k1 and k2 – decay rates of population 

fractions A1 and A2, respectively (only fittings with R2>0.98 were retained). From these curves, 

the rate constants, and the percentage of microtubules for the fast – typically interpreted as the 

fraction corresponding to non-kMTs; and the slow – typically interpreted as the fraction 

corresponding kMTs – processes were obtained. The half-life time was calculated as ln(2)/k for 

each microtubule population.  

2.1.4.13.  Flux Velocity Measurements  

To determine microtubule poleward flux velocity, the whole-spindle sum-projected image 

sequence was first stabilized using the spindle centrosomes (the coordinates of which were 

previously determined using a simple centroid-based tracking routine) as references. This 

procedure generates a guided-kymograph, where a virtual spindle equator remains static (i.e., 

without translation or rotation) throughout time. The distance between the photoactivated stripe 

and the virtual equator, as determined by the midpoint between centrosomes, yields the poleward 

flux velocity. 

2.1.4.14.  K-fiber Maturation Assay – Laser Microsurgery 

Indian muntjac fibroblasts stably expressing human EGFP-α-tubulin and mScarlet-CENP-A were 

plated on fibronectin coated Ø 25 mm no. 1.5 glass coverslips. Before live-cell imaging, cells 

were incubated in Leibovitz’s L15 medium (GIBCO, Life Technologies). Laser microsurgery was 

performed on an inverted microscope (TE2000U; Nikon) with a doubled-frequency laser (FQ-

500-532; Elforlight), focused by a 100x 1.4 NA plan-apochromatic DIC objective lens (Nikon) 

equipped with an iXonEM+ EM-CCD camera (Andor Technology). One plane was acquired 

every 1 second for 2 minutes and subsequently every 1 minute up to 5 minutes.   Partial disruption 

of k-fibers was performed by 2-5 consecutive pulses (0.35 μm step between pulses) conjugated 

with 3 pulses (0.4 μm Z-step) at each point (12 Hz repetition rate). The pulse width was 10 ns and 

the pulse energy was 1.5–2 μJ. For the quantification, a straight-line with a specific width 

(consistent with k-fiber width) was outlined in the ablated k-fiber and monitored during the first 

30-40 seconds of movie. All data was normalized to the k-fiber pre-cut intensity values at each 

time point. The intensity line profiles were then analyzed, and two different regions were defined: 

1) stub – corresponding to the region between the kinetochore and the point immediately before 

the sharp intensity drop; 2) dip – corresponding to a 450 nm region following the stub which 

contains the ablated k-fiber portion. A region of 300 nm was used as a spacer between the stub 

and the dip to exclude the contribution of microtubule flux (see scheme Figure 2.1.15. A). To 

accommodate the focal-plane fluctuations, the average dip intensity was normalized to the 
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average stub intensity at each time point. Fluorescence Recovery After k-fiber Severing (FRAS) 

was determined by fitting the ratio at each point to a one phase decay (least squares fit): ( =
((0 − -./0$/1) ×	$"(& + -./0$/1); y0= intensity at time zero; K= ln(2)/half-life; t= time (sec). 

Healing recovery percentage was calculated using the following equation: R= ((Itf -Iti)/(1 - Iti)) 

×100, where R= healing recovery; I= dip/stub intensity ratio; tf= for controls, corresponds to the 

time were the ratio equals 1; for HAUS6, corresponds to time 30 seconds (4 seconds after all 

control treated cells reached a ratio of 1); ti= time zero/post-cut. The analysis was restricted to 

cells where stub intensity variation<20% and dip intensity drop>15%. Only a minor fraction of 

the analyzed k-fibers belonged to the big kinetochore as it rarely localizes on the periphery of the 

spindle (ideal place to perform k-fiber surgery and track the outcome) and easily gets out of focus 

(due to its large size). For correlative CH-STED nanoscopy after microsurgery coverslips were 

assembled onto perfusion imaging chambers (Ske, Research Equipment) before imaging.  

Immediately after microsurgery, cells were perfused with 5 mL of 4% PFA + 0.2% glutaraldehyde 

in cytoskeleton and stained as described in methods section 2.1.4.7.. The surgery laser was used 

to mark a reference frame in the coverslip glass after fixation, thus allowing the cell of interest to 

be located using a 10x objective on the STED microscope. 

2.1.4.15.  Stimulated Emission Depletion (STED) Microscopy and 

Quantification 

For Coherent-Hybrid STED (CH-STED) imaging, an Abberior 'Expert Line' gated-STED 

microscope was used, equipped with a Nikon Lambda Plan-Apo 1.4NA 60x objective lens. CH-

STED was implemented as described before (Pereira et al., 2019). All acquisition channels 

(confocal and CH-STED) were performed using a 0.8 Airy unit pinhole. A time-gate threshold of 

500 ps was applied to the STED channel to avoid residual confocal-resolution signal contribution. 

Fixed-cell images were acquired using excitation wavelengths at 561 nm and 640 nm. Excited 

volumes were doughnut-depleted with a single laser at 775 nm. Pixel size was set to 40 nm. All 

images show max-intensity projections. For representation purposes, in Figure 2.1.13. A and 

Figure 2.1.14. C, a temporal color code tool in Fiji (ImageJ) was used to correspond each z-plane 

to a different color and DAPI channel was added in Adobe Photoshop CS6 as a separate layer 

with an opacity of ~15%. Astral microtubule length was measured as the curve length between 

the spindle pole and the microtubule distal tip in maximum-projection images, using the 

segmented line tool in Fiji. Microtubule length and number after nocodazole washout in 

centrinone-treated cells was determined by measuring the distance from a kinetochore to the distal 

microtubule tip and by counting the number of detected microtubules’ foci associated at each 

kinetochore, respectively. Detyrosinated and acetylated a-tubulin fluorescence intensity after 

MG-132 treatment for 1 hour was determined by drawing an elliptical ROI around the spindle in 

sum-projected images (Fiji). Background fluorescence was measured outside the ROI and 
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subtracted from each cell. All values were normalized to the average levels of control cells. To 

calculate the fluorescence intensity of polymerized tubulin at each kinetochore, an elliptical ROI 

was drawn around the microtubule foci in sum-projected images (Fiji) after 2 minutes    

nocodazole washout. All values were normalized to the average levels of tubulin cytoplasmatic 

pool in each condition. To determine the proportion of kinetochore-attached microtubules fraction 

in the spindle, two volumes that are assumed to contain well-defined microtubule populations 

were defined. Region 1, the non-kMTs source, was defined as the volume between two surfaces, 

each one generated by interpolation of the array of kinetochores in either half-spindle (using a 

‘thin-plate’ spline interpolant). The kinetochores were previously defined manually through 

identification of microtubule-fiber ends in Fiji. To quantify Region 1 signal, instead of using the 

whole volume between the two surfaces, we chose a sub-plate of 200 nm width. Eventual 

microtubules crossing this plate that go on to attach to a kinetochore are assumed to be very rare, 

particularly in late prometaphase and metaphase. We then assumed that the microtubules 

accounted for in Region 1 generally extend outside it, even if slightly. An equivalent assumption 

is that the interpolar microtubules density does not change significantly between Region 1 and its 

immediate (<500 nm) vicinity. Accordingly, we defined a Region 2 volume lying poleward 

relative to kinetochores, which contains the sum of two microtubule populations (those that 

couple the half-spindles and those that attach to kinetochores). Specifically, it is defined as 200 

nm-wide and 100 nm poleward-shifted replica of the surfaces defined above (for both half-spindle 

kinetochores), which enclosed Region 1. The final result for the fraction f of kinetochore-attached 

microtubules is f= 1-SRegion1/SRegion2, where S is the background-subtracted integrated photon 

count in the corresponding region. Background level was estimated as the average photon count 

in a metaphase plate region that was visually identified as being devoid of microtubule signal. 

Total tubulin intensity in HAUS6-depleted cells was normalized to the average levels of control 

cells.  To visualize live microtubule growing events within a single k-fiber, we used Indian 

muntjac fibroblasts stably expressing EB3-Halotag/GFP-CENP-A imaged by live-CH-STED 

microscopy with a 1.4NA 60x objective warm-up to 37.5 (set-point), every 750 ms or 8 seconds 

(to evaluate kinetochore dynamics with or without Augmin and Ndc80). Confocal images of 

CENP-A were acquired using an excitation wavelength of 488 nm and CH-STED images of EB3 

using an excitation wavelength of 640 nm, doughnut-depleted with a single laser of 775 nm. To 

standardize the quantifications, only chromosomes with a large kinetochore were considered for 

the analysis. To minimize phototoxicity, the sample was imaged with a 40 nm pixel size, a 

relatively coarse sampling. According to the Nyquist-Shannon sampling theorem, structuring 

below 80 nm will not be observed even if the depletion laser is creating such finer structure. To 

estimate resolution, we excluded 'two-image' statistical measures of the frequency cutoff, such as 

Fourier ring correlation, due to the dynamics of the object. Additionally, the low SNR and very 

small dimension of the ROI, do not allow reliable extraction of equivalent one-image statistical 
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measures, such as power spectral density or Fourier ring 'auto-correlation'. We estimated 

resolution by gaussian fitting of intensity profiles along manually chosen lines (3 pixel thickness) 

across EB3 comets. The sometimes-observable anisotropy and one-sided tail of the EB3 comet 

immediately show that the image is determined by object size, in addition to the point-spread 

function (PSF) dimension. Whenever possible, and to minimize the object's contribution, we 

chose the most confined feature of the comet to extract the intensity profile, which in this case is 

the perpendicular to the comet tail (inset in Figure 2.1.14. B). For the confocal resolution estimate, 

the above criteria are more ill-defined because the comet-like appearance is much less discernible. 

Also, the number of comets observed in isolation is much lower at confocal resolution, accounting 

for the lower number of measurements in this condition in Figure 2.1.14. B).  Note that the 

unavoidable contribution of the object size biases estimated resolutions (both STED and confocal) 

towards larger values. Fitted curves with an R-squared below 0.8 or with a 'peak' spanning less 

than 2 datapoints (80 nm) were discarded. Number of measurements was 60 (STED) and 30 

(confocal), extracted from a total of 48 images (6 cells, 8 time frames) in each condition. Inter-

kinetochore distances were measured using a custom program written in MATLAB, which 

determines the distance between the vertices of parabolic fits performed on the peaks observed in 

3.5 µm length line profiles averaged over a 200 nm width outlined across the pair of kinetochores 

in Fiji. To prepare the data for local kymograph analysis, we used a custom routine written in 

MATLAB to compensate for kinetochore movements described by the following steps: (1) 2D 

tracking of kinetochore tips, (2) region-of-interest (ROI) dimensions definition, and (3) thick-

kymograph generation with the ROI being automatically translated and rotated every frame 

according to the 2D coordinates of the two reference objects in step 1. The direct output is a 

whole-k-fiber kymograph that can be used to generate a set of aligned images that are the basis 

for all subsequent analysis. A two-color guided kymograph was represented to facilitate the 

visualization of EB3 comets that reached and stopped at the kinetochore (classified as k-fiber 

growing events) or EB3 comets that surpass the kinetochore (named as non-kMTs growing 

events). By inspection of the kymograph, a first estimate is obtained by manual definition of a 

kymograph stripe (in x-t), the slope of which is the translation velocity vector projected onto the 

spindle axis. To control for the sub-estimation of velocity incurred by the said projection, manual 

estimation of microtubule inclination relative to the spindle axis was used to warrant exclusion of 

trajectory angles higher than 25º, yielding a real velocity less than 10% higher than calculated. A 

refined result was obtained by running a custom MATLAB routine where an intensity-based 

centroid is determined at each timepoint in a preset x-neighborhood from the manual estimate. A 

linear fit is finally made to the collection of centroids, the slope of which yields a velocity relative 

to the virtual spindle equator. Chromosome poleward and anti-poleward velocity relative to the 

equator were measured after each EB3-Halotag track obtained from guided-kymographs aligned 

to the spindle pole. Velocity was determined measuring the slope of the linear movement within 
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a half spindle. Chromosome oscillations’ amplitude was measured by subtracting the distance to 

the pole in the starting moment of anti-poleward to poleward movement. The related periodicity 

was calculated by extracting the time from the start of polymerization cycle until the begging of 

the next polymerization cycle. The distributions shown in the scattered plots represent each track 

measured in the total number of cells. Finally, EB3 bursts at kinetochore were calculated dividing 

the number of time frames with EB3-signal at kinetochores by the total time frames in which a 

kinetochore was detected. In control cells, the number of EB3 bursts at kinetochores was 0.5, 

corresponding to the polymerization cycle (half) of 2 minutes movies. To determine the angular 

dispersion of EB3 comets within a k-fiber we used a custom MATLAB script in which we 

outlined a ROI with approximately the width of a K-fiber, ~500 nm from the kinetochore during 

the 1-minute movies. Correlation maps were constructed as an average of the individual spatial 

cross-correlation functions between time-neighbors (750 ms time-lapse) with the original images 

masked for photon counts below 1 sigma. A 25 µm/min velocity was preset as a maximal shift. 

The average correlation map was cleaned at a 2 sigma above average level, which was interpreted 

as the correlation peak used for further quantification. The peak’s center of mass yielded an 

average flow velocity and direction. To estimate an angular spread attributable to the different 

orientations of the EB3 comets trajectories, we integrated the correlation map values along radial 

lines (using a semi-infinite domain version of the Radon transform). The result is a comet-like 

polar diagram, the angular spread of which was determined as the angle separating the 50% level-

crossings around the comet maximum. Finally, angular cropping of the correlation map using the 

50% level limits yields the adjusted flow velocity. 

2.1.4.16.  Wide-field Image Acquisition and Quantification 

3D wide-field image acquisition (0.23 μm z-step) was performed on an AxioImager Z1 (60× Plan-

Apochromatic oil differential interference contrast objective lens, 1.46 NA, Carl Zeiss 

Microimaging Inc.) equipped with a CCD camera (ORCA-R2, Hamamatsu) operated by Zen 

software (Carl Zeiss, Inc.). Blind deconvolution of 3D image datasets was performed using 

AutoquantX software (Media Cybernetics). All images show maximum intensity projections. 

Spindle length was determined by measuring the distance between the two spindle poles (labeled 

with gamma-tubulin) using the straight-line tool in Fiji. g-tubulin intensity and α-tubulin levels 

after cold-treatment were determined by drawing an elliptical ROI around the spindle in sum-

projected images (Fiji). Background fluorescence was measured outside the ROI and subtracted 

from each cell. All values were normalized to the average levels of control cells. HURP protein 

intensity levels were determined by drawing two elliptical selections of different sizes (one 

containing the other) around the mitotic spindle in sum-projection images. The fluorescence 

intensity was background subtracted according to the equation: Sin,corrected =  Sin – ((Sout-Sin)/(Aout-

Ain ))× Ain S : signal; A: area; and normalized to average fluorescence intensity of control cells. 
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For quantification of cMad2 protein levels at kinetochores in metaphase arrested cells, ROI 

manager in Fiji was used. cMad2 fluorescence intensity was background subtracted and 

normalized for the levels obtained for ACA in the same kinetochore. Adobe Photoshop 2021 and 

Adobe Illustrator CS5 (Adobe Systems) were used for histogram adjustments and panel assembly 

for publication.  

2.1.4.17.  Phenotypical characterization – screening analysis 

In preparation for the hierarchical clustering analysis, we set the following eight binary features: 

A) incomplete congression and faster mitosis (if cells failed chromosome congression and mitotic 

duration was faster than the average NEBD-AO timing minus two standard deviations of the 

mean: <23 min ); B) incomplete chromosome and normal mitotic duration (if cells failed 

chromosome congression and mitotic duration was faster than the average NEBD-AO timing plus 

two standard deviations of the mean: <52 min); C) incomplete congression and prolonged mitosis 

(if cells didn’t congress the chromosomes and mitotic duration was slower than the average 

NEBD-AO timing plus two standard deviations of the mean: ≥52 min); D) congression delay (if 

cells congressed all the chromosome to spindle equator and NEBD-Metaphase time was superior 

to its average minus two standard deviations of the mean: ≥41 min); E) metaphase delay (if cells 

congressed all the chromosome to spindle equator and NEBD-Metaphase time was superior to its 

average minus two standard deviations of the mean: ≥28 min); F) anaphase lagging chromosomes; 

G) mitotic death and H) cytokinesis failure. 

2.1.4.18.  Hierarchical clustering analysis 

The effect of specific genes on mitosis dynamics was characterized using hierarchical clustering 

analysis. A set of 8 binary features was used to describe the alterations produced by silencing 

specific genes through siRNA. For each silenced gene, a phenotypical fingerprint was calculated 

as the mean value of the features vectors for all tested cells. In other words, the calculated 

fingerprint vector for each gene corresponds to the probabilities of occurrence of the 8 features. 

The phenotypes fingerprints were compared using a dendrogram representation where the 

Euclidean distance was used as the distance metric. Ndc80 and Spc24 were used as ‘positive 

controls’ for the dendrogram cut-off definition (giving rise to 10 multi-protein clusters). This 

method provided an unbiased description of how the different fingerprints clustered together. All 

calculations and graphical representations were carried out using scripts in MATLAB 2018b (The 

Mathworks Inc, USA). 

2.1.4.19. Statistical analysis 

Statistical analysis was performed using GraphPad Prism 8. All data represents mean ± S.D., 

except for Figure 2.1.8. B, Figure 2.1.9. C, Figure 2.1.4, Figure 2.1.6. A’, B’ and Figure 2.1.10. 

F where median and interquartile range are shown. D’Agostinho-Pearson omnibus normality test 
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was used to determine if the data followed a normal distribution. If a=0.05, a statistical 

significance of differences between the population distributions was determined by Student’s t 

test. If a<0.05, statistical analysis was performed using a Mann-Whitney Rank Sum test.  For 

each graph, ns: not significant, *p≤0.05, **p≤0.01, ***p≤0.001 and ****p≤0.0001. All results 

presented in this manuscript were obtained from pooling data from at least 3 independent 

experiments, unless stated otherwise. 

 

2.1.5. Supplemental Material 
 

Table 3. Antibodies used in this screening for immunoblotting. 

Protein 
Name Source Catalog Number/Reference Antibody 

dilution 
Astrin Gift from D. Compton (Mack and Compton, 2001) 1:500 

Aurora A Novus Biologicals NB100-267 1:1000 

Aurora B Rockland (anti-AIM1) 611082 1:1000 

Bub1 Gift from S. Taylor (Taylor et al., 2001) 1:500 

BubR1 Abcam Ab 200062 1:250 

Cdc20 Bethyl Laboratories  A301-180A 1:1000 

Cdk1 Santa Cruz Biotechnology anti-cdc2; sc-54 1:500 

CENP-C Gift from W. Earnshaw (Saitoh et al., 1992) 1.500 

CENP-E Abcam ab133583 1:250 

CENP-F BD Biosciences 610768 1:250 

CENP-I Gift from P. Meraldi (McClelland et al., 2007) 1:250 

chTOG Santa Cruz Biotechnology Anti-Ckap5 (H-4); sc-374394 1:500 

Clasp1 N/A (Pereira et al., 2009) 1:50 

Clasp2 N/A (Pereira et al., 2009) 1:10 

Clip-170 Gift from N. Galjart Ab#2360 (Molines et al., 2020) 1:500 

Cndg2 
Gift from R. Oliveira 
(Novus Biological) 

Citomed #NBP1-88202 1:1000 

Cyclin-B1 Cell Signaling 4135 1:250 

Dynactin Gift from R. Gassmann BD Transduction Lab. 610473 1:1000 

Dynein ThermoFisher Scientific PA5-49373 1:500 

EB1 Abcam 11B11 1:100 

EB3 Gift from A. Akhmanova (Stepanova et al., 2003) 1:3000 

GAPDH Proteintech 60004-1-Ig 1:10000 

HAUS6 Gift from R. Uehara (Uehara et al., 2009b) 1:500 

Hec1 Abcam ab3613 1:500 

HURP Gift from P. Meraldi (R140) (Silljé et al., 2006) 1:500 

INCENP Santa Cruz Biotechnology sc-376514 1:250 

KIF11 Sigma-Aldrich HPA010568 1:1000 

KIF15 Cytoskeleton Inc. Cat#AKIN13 1:1000 

KIF18A Gift from AR. Maia Bethyl Laboratories, A301-079A 1:1000 

KIF18B Gift from J. Welburn (McHugh et al., 2018) 1:1000 

KIF20A Bethyl Laboratories A300-879A-M 1:5000 

KIF22 Gift from S. Geley 8612 1:500 

KIF23 Proteintech 28587-1-AP 1:1000 

KIF2A Gift from D. Compton (Ganem and Compton, 2004) 1:10000 

KIF2C Gift from D. Compton (Mack and Compton, 2001) 1:500 

KIF4A Thermo Fisher Scientific pa5-30492 1:1000 

KIFC1 Gift from D. Compton Santa Cruz Biotechnology sc-100947 1:1000 

KNTC1 Gift from Reto Gassman (Gama et al., 2017) 1:1000 

KTNB1 Proteintech 14969 1:1000 



EXPERIMENTAL WORK – CHAPTER 2.1. 
 

 81 
 

Mad1 Millipore MABE867 1:1000 

Mad2 Bethyl Laboratories A300-300A 1:1000 

Mis12 Gift from C. Conde (Feijão et al., 2013) 1:1000 

Mps1 Millipore (clone 3-472-1) 05-682 1:1000 

Ndel1 Abnova H00054820-M01 (anti-NDE1) 1:1000 

Ninein Gift from E. Nigg (Logarinho et al., 2012) 1:250 

NuMa Gift from D. Compton (Manning et al., 2007) 1:2000 

PICH Millipore 04-1540 1:250 

Plk1 Abcam ab115763 1:1000 

PRC1 Santa Cruz Biotechnology C-1; sc-376983 1:200 

Securin Thermo Scientific 700791 1:500 

Separase Santa Cruz Biotechnology sc-390314 1:500 

Sgo1 Santa Cruz Biotechnology sc-393993 1:500 

Ska1 Gift from P. Meraldi clone-680 1:250 

Spindly Gift from A. Desai (Gassmann et al., 2010) 1:1000 

Survivin Novus Biologicals NB500-201 1:1000 

TPR Novus Biologicals NB100-2867 1:1000 

Tpx2 Proteintech 11741-1-AP 1:1000 

TTL Proteintech 66076-1-lg 1:1000 

VASH1 Proteintech Cat#12730-1-AP 1:250 

Vinculin ThermoFisher Scientific 700062 1:10000 

a-tubulin Sigma Aldrich B-5-1-2 1:5000 

 
 

Table 4. siRNA sequences used in this study. 

Protein 
Name siRNA sequence (5’-3’) 

Astrin GCUAGAGGUCUUCUGUGCA[dT][dT] 
Aurora A GCCAGGGACCUCAUUUCAA[dT][dT] 
Aurora B GGCGAAGGAUCUACUUGAU[dT][dT] 

Bub1 CCCAUAUGCAGAGCUACAA[dT][dT] 
BubR1 GGAUGCUAUUAUCACAGAU[dT][dT] 
Cdc20 GCACGAGUGAUCGACACAU[dT][dT] 
Cdk1 GGAAAUAUCUCUAUUAAAA[dT][dT] 

CENP-C GCCACGAGAUACAUACCAA[dT][dT] 
CENP-E GGAGUAAUACCCAGGGCAA[dT][dT] 
CENP-F GCGGACGUCUCUCUGAAUU[dT][dT] 
CENP-I GCUCUCUGCUACUUCACUA[dT][dT] 
chTOG GCAUAUGGCAGACGAGAAA[dT][dT] 
Clasp1 GCUGCUGUUGCUGAUGCUU[dT][dT] 
Clasp2 GCAUCAGUGUUGGCCACUU[dT][dT] 

Clip-170 GCAAAGGAACCUUCAGCUA[dT][dT] 
Cnd1 GGUACUGUCCAUCAGACAU[dT][dT] 
Cndg2 CCAAAGAGAACAUGGGCAA[dT][dT] 

Cyclin-B CCAAACCUUUGUAGUGAAU[dT][dT] 
DHC GCGAGUACAUCAGGAGAAU[dT][dT] 

Dynactin GCAUCUGGGAACAAAGUUA[dT][dT] 
Eb1 GCAGAGGAUCGUGGACAUU[dT][dT] 
Eb3 CCCAGAUUCUUGAGCUCAA[dT][dT] 
Eg5 GCUGUUGAGGAAGAGCUAA[dT][dT] 

HAUS1 GCAGUGACCCUUGAAACAA[dT][dT] 
HAUS6 GGUUGGUCCUAAGUUUAUU[dT][dT] 
HSET CCAGCUGCAGGAACUCAAA[dT][dT] 
HURP GCAGCCUCUGUAAUGCCAA[dT][dT] 

INCENP CCAGAAGCUCCUGGAGUUU[dT][dT] 
KID GCCGAGGAAACAUCCUGAU[dT][dT] 

KIF15 GCUGAGAUUCUCAGGAUAA[dT][dT] 
KIF18A GGCAAGAAUAUCUGAAGUU[dT][dT] 
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KIF18B GGGAGGGAGCCAACAUCAA[dT][dT] 
KIF23 CCAUCUAUGAGGAAGAUAA[dT][dT] 
KIF2A GGUGACGUCCGUCCAAUAA[dT][dT] 
KIF2C GCUGGACCUGGAAGUCUAU[dT][dT] 
KIF4A GGAACCGUCAGCAAGACAA[dT][dT] 
KTNB1 UCUGGGAUCUGGAGAAAUU[dT][dT] 
Mad1 GGAUCUGAACUGGAUGUUU[dT][dT] 
Mad2 GCAGAAUGGUUAUACAAGU[dT][dT] 
Mis12 GCAGUCCAGAUUCGCAAGU[dT][dT] 
Mklp2 CCCACCUGCCAAAGUUCAA[dT][dT] 
Mps1 CCAAGCAGUCACCACCAAU[dT][dT] 
Ndc80 GCAGACAUUGAGAGAAUAA[dT][dT] 
NDEL1 GCCGUCCAAGCUUCACUUU[dT][dT] 
Ninein GCAGUAUGGUUUGCAGAAU[dT][dT] 
Nuf2 GCAGAGUUCAAGCAGCUUU[dT][dT] 

NuMA CCAGAUGGAUCGCAGAAUU[dT][dT] 
PICH UGUGCAACUCUGGCCUGCUGCUUUA[dT][dT] 
Plk1 CCUCAUCAAGAAGAUGCUU[dT][dT] 
Plk4 GGAGGUAUGUGUGGAGCUU[dT][dT] 

PRC1 CCUCCUGGAUAUGAUGAUU[dT][dT] 
ROD GCUGGUGAAACAACACCUA[dT][dT] 

Securin UGAAGAUGCCUCCUCCACU[dT][dT] 
Separase GCUCUGCAGCUUCUGGAAU[dT][dT] 

Sgo1 GAGAUUAAACGAAAGUCUU[dT][dT] 
Ska1 CCCUGAAGAACCGGUUAAA[dT][dT] 
Spc24 CCCAGCUCUCUAAGAAGUU[dT][dT] 

Spindly GCUCAAGAGUCGAAUGUUA[dT][dT] 
STMN1 CCUAAGAAGAAGGAUCUUU[dT][dT] 
Survivin GCGUCUCCACGUUUAAGAA[dT][dT] 

TPR GCUAGUAUGGAAGAGAAAU[dT][dT] 
TPX2 GCCAGAAGCCCAAGUUCAA[dT][dT] 
TTL GCUUUCAGCUCUUCGGCUU[dT][dT] 

VASH1 CCACCUGGGAAAGGAUGUGGAAACA[dT][dT] 
VASH2 UCUCUUCCUUGACUCAGAUUGUCUU[dT][dT] 



 

 

CHAPTER 2.2. 
 

‘Chromosome segregation is biased by kinetochore size’ 
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Abstract 

Chromosome missegregation during mitosis or meiosis is a hallmark of cancer and the main cause 

of prenatal death in humans. The gain or loss of specific chromosomes is thought to be random, 

with cell viability being essentially determined by selection. Several established pathways 

including centrosome amplification, sister-chromatid cohesion defects, or a compromised spindle 

assembly checkpoint can lead to chromosome missegregation. However, how specific intrinsic 

features of the kinetochore - the critical chromosomal interface with spindle microtubules - 

impact chromosome segregation remains poorly understood. Here we used the unique cytological 

attributes of female Indian muntjac, the mammal with the lowest known chromosome 

number (2n = 6), to characterize and track individual chromosomes with distinct kinetochore size 

throughout mitosis. We show that centromere and kinetochore functional layers scale 

proportionally with centromere size. Measurement of intra-kinetochore distances, serial-

section electron microscopy, and RNAi against key kinetochore proteins confirmed a standard 

structural and functional organization of the Indian muntjac kinetochores and revealed that 

microtubule binding capacity scales with kinetochore size. Surprisingly, we found that 

chromosome segregation in this species is not random. Chromosomes with larger kinetochores 

bi-oriented more efficiently and showed a 2-fold bias to congress to the equator in a motor-

independent manner. Despite robust correction mechanisms during unperturbed mitosis, 

chromosomes with larger kinetochores were also strongly biased to establish erroneous merotelic 

attachments and missegregate during anaphase. This bias was impervious to the experimental 

attenuation of polar ejection forces on chromosome arms by RNAi against the chromokinesin 

Kif4a. Thus, kinetochore size is an important determinant of chromosome segregation fidelity.
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CHAPTER 2.2. Chromosome segregation is biased by kinetochore size 
 
2.2.1. Introduction 

Deviation from the normal chromosome number in a given species, also known as aneuploidy, 

arises through problems in chromosome segregation during mitosis or meiosis. Gain or loss of 

specific chromosomes can result in stable karyotypes, as in many human trisomies, or represent 

a permanently unstable condition known as chromosomal instability (CIN), as typically observed 

in human cancers (Rutledge and Cimini, 2016). The gain/loss of a particular chromosome is 

believed to be random, with prevalence of particular karyotypes being essentially determined by 

cell viability and selection. However, we currently do not know whether all chromosomes have 

the same probability to missegregate. 

The kinetochore is a vital component required for chromosome segregation in eukaryotes 

because it establishes the interface with mitotic spindle microtubules. In mammals, the initial 

contacts between mitotic spindle microtubules and kinetochores take place during prometaphase, 

after nuclear envelope breakdown (NEBD). Scattered chromosomes then align at the spindle 

equator by a process known as chromosome congression (Maiato et al., 2017). When 

chromosomes are favorably positioned between the spindle poles, they establish end-on 

kinetochore-microtubule attachments and congress after bi-orientation. More peripheral 

chromosomes are laterally transported along spindle microtubules toward the equator by the plus-

end-directed kinetochore motor CENP-E (kinesin-7) (Barisic et al., 2014; Kapoor et al., 2006). 

Intriguingly, some metazoans, such as C. elegans, congress all their chromosomes in the absence 

of a CENP-E ortholog, but their kinetochores extend along the entire chromosome length 

(Maddox et al., 2004). How kinetochore size impacts the mechanisms of chromosome 

congression and segregation remains unknown. 

Kinetochore size varies among different animal and plant species (Comings and Okada, 1971; 

Maddox et al., 2004; Maiato et al., 2006; Malheiros and De Castro, 1947; McEwen et al., 1998; 

Neumann et al., 2015; Ribeiro et al., 2009) between different chromosomes within a given species 

(including humans) (Cherry et al., 1989; Cherry and Johnston, 1987; McEwen et al., 1998; Nixon 

et al., 2017a; Peretti et al., 1986; Sanchez et al., 1991; Tomkiel et al., 1994), and in response to 

microtubule attachments throughout mitosis (Hoffman et al., 2001; Magidson et al., 2015). 

Kinetochore size is primarily determined by the length of α-satellite DNA, the presence of CENP-

B boxes, and the extent of incorporation of CENP-A at centromeres (Fachinetti et al., 2015; Irvine 

et al., 2004; Magidson et al., 2015; Sullivan et al., 2011). Additionally, vertebrate kinetochores 

have an expandable module formed by proteins involved in spindle assembly checkpoint (SAC) 

signaling, motor proteins (e.g., CENP-E and cytoplasmic dynein), and microtubule regulating 

proteins (e.g., CLASPs) located in the fibrous corona (Hoffman et al., 2001; Maiato et al., 2003a; 
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Tomkiel et al., 1994; Wynne and Funabiki, 2015). How the different centromere and kinetochore 

functional layers scale with centromere size has not been elucidated. 

More recently, computational modeling predicted that adaptive changes in kinetochore size 

and shape play a critical role in chromosome orientation and error prevention during spindle 

assembly in human cells (Magidson et al., 2015). However, the physiological relevance of 

kinetochore size in chromosome segregation has not been experimentally evaluated due to 

technical limitations, as even the largest human kinetochores are not resolvable by conventional 

light microscopy in living cells. 

To overcome these limitations, here we took advantage of the unique cytological features of 

the Indian muntjac, a small deer whose females have the lowest known chromosome number 

(2n = 6) in mammals (Wurster and Benirschke, 1970). Due to centromere-telomere and 

centromere-centromere tandem fusions during evolution (Chi et al., 2005a), Indian muntjac 

chromosomes are large and morphologically distinct, with one pair of acrocentric chromosomes 

(chromosomes 3+X) containing an unusually large compound kinetochore (Brinkley et al., 1984; 

Comings and Okada, 1971; Wurster and Benirschke, 1970). We show that Indian muntjac cells 

are amenable for both pharmacological inhibition and genetic manipulation by RNAi. These 

capacities, combined with high-resolution live-cell and fixed-cell microscopy, allowed us to 

demonstrate that chromosome congression and segregation in this placental mammal are not 

random and are strongly biased by kinetochore size. The implications for chromosome 

segregation fidelity in metazoans are discussed. 

 

2.2.2. Results 

2.2.2.1.  Indian Muntjac Centromere and Kinetochore Functional Layers 

Scale Proportionally with Centromere Size 

To characterize the Indian muntjac kinetochores we started by measuring their centromere length 

using chromosome spreads (no microtubules present) from female hTERT-immortalized primary 

fibroblasts (Zou et al., 2002).  In agreement with previous reports (Brinkley et al., 1984; Comings 

and Okada, 1971), chromosome 3+X contained a distinctively large centromere, measuring 1.87 

± 0.47 µm (mean ± standard deviation (S.D).; n=85 kinetochores, 40 cells) (Figure 2.2.1. A, A’). 

The centromeres of chromosomes 1 and 2 were significantly smaller, measuring 0.68±0.20 µm 

(n=90 kinetochores) and 0.45 ± 0.15 µm (n=77 kinetochores), respectively (Figure 2.2.1. A, A’). 

To determine how different structural and functional centromere/kinetochore proteins scale with 

linear centromere length we used fluorescence microscopy in chromosome spreads from 

nocodazole-treated Indian muntjac fibroblasts. Namely, we quantified the total levels of inner and 

outer kinetochore proteins involved in kinetochore assembly and end-on kinetochore-microtubule 

attachments (CENP-A and Ndc80/Hec1, respectively), SAC response (Mad2), as well as fibrous 
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corona motor proteins (CENP-E). Additionally, we have also quantified the levels of active 

Aurora B on centromeres (Yasui et al., 2004) and of one of its phosphorylated kinetochore 

substrates (pKNL1; (Welburn et al., 2010)). We found that all these proteins scaled proportionally 

with centromere size in the absence of microtubules (Figure 2.2.1. B-G and B’-G’).  

Figure 2.2.1. Centromere and Kinetochore Functional Layers Scale Proportionally with Centromere Size. 

A, normal karyotype of female Indian muntjac fibroblasts. A′, Centromere length of Indian muntjac chromosomes 

(box-whisker plots, n = 40 cells, ∼80 kinetochores per chromosome type, Mann-Whitney rank-sum test, p<0.001 for 

all comparisons). B–G, Immunofluorescence of Indian muntjac chromosome spreads (blue) and the centromere and 

kinetochore proteins (green) CENP-A (B), Ndc80 (C), CENP-E (D), Mad2 (E), pAurora B (F), and pKNL1 (G). Scale 

bars: 5 μm. B′–G′, Respective quantification of protein levels at Indian muntjac kinetochores, relative to chromosome 

3+X (C3X) for CENP-A (B′), Ndc80 (C′), CENP-E (D′), Mad2 (E′), pAurora B (F′), and pKNL1 (G′) (mean ± SD, n 

≥ 37 cells per condition, ∼100 kinetochores per chromosome type, ∗∗∗p<0.001 relative to controls, Mann-Whitney 

rank-sum test). 
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2.2.2.2.  Indian Muntjac Kinetochores Show Standard Structural 

Organization and Their Microtubule Binding Capacity Scales with 

Kinetochore Size 

To further characterize the structural organization of Indian muntjac kinetochores we compared 

intra-kinetochore distances (also known as Delta (Wan et al., 2009)) in small and large 

kinetochores by measuring the corresponding distances between CENP-A and Ndc80/Hec1 on 

aligned bi-oriented chromosomes (Figure 2.2.2. A). We found that DCENP-A-Ndc80 in small and 

large kinetochores of the Indian muntjac was identical, suggesting similar molecular organization 

(Figure 2.2.2. A’ and A’’). Noteworthy, scanning each large kinetochore in three different places 

resulted in a Delta range that was similar to the one observed in small kinetochores. These findings 

support the notion that large kinetochores in Indian muntjac result from the tandem organization 

of a series of repetitive linear sub-units (Zinkowski et al., 1991).  

 

(figure legend on the next page) 
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Next, we performed serial-section electron microscopy of metaphase-aligned bi-oriented 

chromosomes from Indian muntjac fibroblasts and inspected the ultrastructure of the respective 

kinetochores and centromeric heterochromatin. We found that both small and large kinetochores 

display expected trilaminar plates adjacent to centromeric heterochromatin, and end-on attached 

microtubules (Figure 2.2.2. B and Figure 2.2.3.). Manual tracing and projection of all 

microtubules whose ends terminate at the kinetochores demonstrated that the large kinetochores 

from chromosome 3+X bind more microtubules than smaller kinetochores in Indian muntjac 

(Figure 2.2.2. C and Figure 2.2.3). 3-D surface-rendering of entire kinetochore volumes indicated 

that the size differences among metaphase Indian muntjac chromosomes are maintained upon 

microtubule attachments (Figure 2.2.2. D). Furthermore, it suggested that the evident differences 

in kinetochore shape are intrinsically coupled with kinetochore size variability in Indian muntjac, 

with large attached kinetochores often found slightly bent in response to spindle forces (Figure 

2.2.2.D). 

 
 
 
 
 

A, selected optical planes from an Indian muntjac fibroblast stably expressing Centrin-1-GFP to label the centrioles 

(green), showing kinetochore pairs for C3X (A′) and neighbor chromosome with smaller (A″) centromere. The inner 

and outer parts of the kinetochores were delineated by CENP-A (green) and Ndc80/Hec1 (red). DNA was 

counterstained with DAPI (blue). A′ and A″, Higher-magnification views of C3X (A′) and smaller kinetochores (A″). 

Dashed lines denote where intra-kinetochore distances were measured. Scale bars: 5 μm (A) and 1 μm (A′ and A″). 

Differences between large and small kinetochores were not statistically significant (t test). KT, kinetochore. B, single 

electron microscopy section from consecutive series highlighting the standard organization of the Indian muntjac 

centromere and kinetochore plates. L1 and L2 correspond to the plates on chromosome C3X; S1 and S2 correspond to 

the plates on a neighboring chromosome with smaller kinetochores. Scale bar: 2 μm. C, Z projection of the entire 

volume of the corresponding series shown in Figure 2.2.3.. K fibers on the C3X chromosome comprise a larger number 

of microtubules (green). Kinetochore plates (magenta) and chromosomes (blue) are indicated. Scale bar: 1 μm. 

microtubule, microtubule. D, Surface-rendered model of the volume shown in Figure 2.2.3.. C3X kinetochores are 

approximately twice as large as in chromosomes with smaller kinetochores. E, Quantification of the number of attached 

microtubules as a function of the approximate kinetochore area. Plot shows serial-section electron microscopy data 

from 26 kinetochores from 13 chromosomes and 3 cells. 

Figure 2.2.2. Indian Muntjac Kinetochores Show Typical Structural Organization and Their Microtubule 

Binding Capacity Scales with Kinetochore Size. 



EXPERIMENTAL WORK – CHAPTER 2.2. 
 

90 

 

 
2.2.2.3.  The Molecular Landscape Required to Establish Functional 

Kinetochore-Microtubule Attachments Is Conserved in Indian Muntjac 

To investigate whether Indian muntjac kinetochores are functionally equivalent to other placental 

mammals, such as humans, we used RNAi to deplete representative centromere and kinetochore 

components involved in the establishment of end-on kinetochore-microtubule attachments 

(Ndc80 complex), SAC response (Mad2 and Mps1), the regulation of kinetochore-microtubule 

Plates of C3X kinetochores are marked with yellow arrows. Smaller kinetochores plates on an adjacent non-compound 

centromere are marked with orange arrows. Notice multiple discontinuities within the plate of C3X kinetochore 

(arrowheads) likely reflecting their bent state in response to spindle forces and their modular organization. A surface-

rendered model of the kinetochore plates and a Z-projection depicting manually-segmented chromatin, kinetochore 

plates and microtubules are shown in Figure 2.2.2.. Depth occupied by each section within the volume is shown in 

nanometers. Scale bar: 1 µm. 

 
Plates of C3X kinetochores are marked with yellow arrows. Smaller kinetochores plates on an adjacent non-compound 

centromere are marked with orange arrows. Notice multiple discontinuities within the plate of C3X kinetochore 

(arrowheads) likely reflecting their bent state in response to spindle forces and their modular organization. A surface-

rendered model of the kinetochore plates and a Z-projection depicting manually-segmented chromatin, kinetochore 

plates and microtubules are shown in Figure 2. Depth occupied by each section within the volume is shown in 

nanometers. Scale bar: 1 µm. 

Figure 2.2.3. Serial electron microscope sections spanning two adjacent centromeres in a metaphase Indian 

muntjac fibroblast. 
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dynamics (CLASP1), and error correction (chromosomal passenger complex). To visualize 

chromosomes and microtubules in living cells, we stably expressed histone H2B-GFP and used 

20–50 nM SiR-tubulin (Lukinavicius et al., 2014), which did not interfere with normal mitotic 

progression and chromosome segregation (Figures 2.2.4. A-B). Depletion of Ndc80 resulted in 

massive chromosome missegregation (Figures 2.2.4. A, C). As expected, Mad2 or Mps1 depletion 

accelerated the onset of anaphase and led to the formation of lagging chromosomes, whereas 

CLASP1 RNAi resulted in short spindles (Figures 2.2.4. A, C). Finally, depletion of the 

chromosomal passenger complex protein Survivin caused an overall defect in spindle assembly 

and incapacity to segregate chromosomes during anaphase, followed by cytokinesis failure and 

polyploidy (Figures 2.2.4. A, C). Overall, these results suggest that the molecular landscape 

required to establish functional kinetochore-microtubule attachments is conserved between Indian 

muntjac and humans. 

 

 

(figure legend on the next page) 
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2.2.2.4.  Any Chromosome May Use Either the CENP-E-Dependent or -

Independent Pathway to Congress, Regardless of Kinetochore Size 

Next, we investigated whether chromosome congression in Indian muntjac fibroblasts also relied 

on motor-dependent and -independent pathways. To do so, we inhibited the kinetochore motor 

CENP-E for 1 hour with 20 nM GSK923295 (Wood et al., 2010), which more than doubled the 

normal frequency of mitotic cells with chromosomes at the poles, consistent with inhibition of 

CENP-E (Figure 2.2.5. A-B) (Barisic et al., 2014). Importantly, increasing the amount of CENP-

E inhibitor by an order of magnitude did not result in further increase of mitotic cells with 

chromosomes at the poles, suggesting full inhibition of CENP-E motor activity at 20 nM, without 

displacing endogenous CENP-E from kinetochores (Figure 2.2.5. A-B). 

A, live-cell imaging of Indian muntjac fibroblasts stably expressing H2B-GFP to visualize the chromosomes (green) 

and treated with 50 nM SiR-tubulin to label spindle microtubules (magenta). Ndc80, Mad2, Mps1, Clasp1, and Survivin 

were knocked down by RNAi. Scale bars, 5 μm. Time: h:min. B, mitotic timing of Indian muntjac fibroblasts stably 

expressing H2B-GFP with or without addition of 50 nM SiR-tubulin. There is no statistically significant difference in 

mitotic timing from NEB to anaphase onset (ANA) in the presence or absence of SiR-tubulin (Mann-Whitney rank-

sum test, p = 0.591). n.s., not significant. C, protein lysates obtained after RNAi were immunoblotted with an antibody 

specific to each protein of interest. GAPDH was used as loading control. 

Figure 2.2.5. CENP- E inhibition does not affect its kinetochore localization. 

A, immunofluorescence of control Indian muntjac fibroblasts and after CENP-E inhibition, showing chromosomes 

(DAPI, white in merged image), CENP-E motor protein (green in merged image) and microtubules (α-tubulin, magenta 

in merged image). Scale bar: 5 μm. B, GSK923295 titration. Percentage of mitotic cells with chromosomes at the pole, 

after 1h incubation with increasing concentrations of CENP-E inhibitor. Control cells (0) were treated with DMSO 

only. 

Figure 2.2.4. The Molecular Landscape Required to Establish Functional Kinetochore-Microtubule 

Attachments Is Conserved in Indian Muntjac. 
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To directly test the implications of kinetochore size for chromosome congression we treated 

Indian muntjac fibroblasts stably expressing CENP-A-GFP with 20 nM CENP-E inhibitor for 1 

hour and followed cells as they progressed through mitosis (Figure 2.2.6. A-B). We found three 

different scenarios: 1) very few cells showed all chromosomes at the poles (2/28 cells, 6 

independent experiments); 2) some cells aligned all their chromosomes at the metaphase plate 

soon after NEBD (6/28 cells, 6 independent experiments); and 3) most cells showed at least one 

chromosome, either with a small or large kinetochore, which remained at the poles (20/28 cells, 

6 independent experiments). These data demonstrate that any chromosome may use either the 

CENP-E-dependent or -independent pathway to congress, regardless of kinetochore size. 

 

 

A, control Indian muntjac fibroblasts stably expressing CENP-A-GFP (green) and treated with 20 nM SiR-tubulin 

(magenta). Scale bar: 5 μm. Time: h:min. B, Indian muntjac fibroblasts stably expressing CENP-A-GFP (green) and 

treated with 20 nM SiR-tubulin (magenta) after CENP-E inhibition with 20 nM GSK923295. Scale bars, 5 μm. Time: 

h:min. n = 28 cells, pool of six independent experiments. The arrows indicate the position of large kinetochores from 

C3X chromosomes. 

Figure 2.2.6. Any Chromosome May Use Either the CENP-E-Dependent or CENP-E-Independent Pathway to 

Congress, Regardless of Kinetochore Size. 
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2.2.2.5. Chromosome Congression and Bi-orientation in Indian Muntjac Are 

Biased by Kinetochore Size 

To determine the number of chromosomes with small or large kinetochores at the pole after 

CENP-E inhibition we performed immunofluorescence in fixed cells (Figure 2.2.7. A). We found 

that the number of chromosomes with small and large kinetochores at the pole followed an almost 

perfect binomial distribution (Figure 2.2.7. B). This indicated that the fate of each individual 

chromosome was largely independent of the other chromosomes of the same class and that the 

state of the chromosomes with small kinetochores did not influence the state of the chromosomes 

with large kinetochores and vice-versa. Most strikingly, the probability of each individual 

chromosome with small kinetochores to stay at the pole was approximately twice the probability 

of a chromosome with a large kinetochore: 0.19 ± 0.034 vs. 0.11 ± 0.048, respectively (mean ± 

S.D.) (Figure 2.2.7. C).  

In human cells, >96% of the chromosomes relying on CENP-E for congression are normally 

excluded from the spindle region and locate closer to one of the spindle poles at NEBD (Barisic 

et al., 2014). To exclude that the observed bias for Indian muntjac chromosomes with large 

kinetochores to align independently of CENP-E was due to a tendency to localize in the spindle 

region and/or equidistantly to the spindle poles at NEBD, we performed four-dimensional (4D, 

x,y,z,t) tracking of chromosomes with large kinetochores after CENP-E inhibition in living cells 

(n = 23 large kinetochore pairs, 13 cells). We found that 22/23 Indian muntjac chromosomes with 

large kinetochores were excluded from the spindle ellipsoid region and were nearly randomly 

positioned along the spindle axis at NEBD (45% of the kinetochores were closer to the poles vs. 

55% of the kinetochores that were closer to the spindle equator; Figure 2.2.7. D). Overall, these 

data indicate that chromosomes with a larger kinetochore rely less on CENP-E motor activity and 

are biased to congress after bi-orientation, independently of chromosome positioning relative to 

the spindle region and poles at NEBD. 
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A, immunofluorescence of an Indian muntjac fibroblast after CENP-E inhibition showing chromosomes (DAPI; white 

in merged image), kinetochores (ACA, white; green in merged image), and microtubules (α-tubulin; magenta in merged 

image). Scale bar: 5 μm. B, quantification of the number of chromosomes with small or large kinetochores at the pole 

after CENP-E inhibition by immunofluorescence in fixed cells (magenta and green lines) and respective theoretical 

prediction based on a binomial distribution (gray bars). C, probability of each individual chromosome with small or 

large kinetochores to stay at the pole upon CENP-E inhibition (arbitrary units) (mean ± S.D., n = 621 cells, six 

independent experiments, p = 0.0067, t test). D, 4D (x, y, z, t) tracking of chromosomes with large kinetochores after 

CENP-E inhibition to determine their position relative to the poles at NEBD and the forming mitotic spindle (see dashed 

box in A for reference). Note that chromosomes with large kinetochores are randomly distributed relative to the equator 

and the spindle poles. 

Figure 2.2.7. Chromosome Congression and Bi-orientation in Indian Muntjac Are Biased by Kinetochore Size. 
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2.2.2.6. Chromosomes with Larger Kinetochores Are More Prone to Establish 

Erroneous Merotelic Attachments that Result in Non-random 

Missegregation 

To directly investigate whether chromosomes with large kinetochores are more prone to establish 

erroneous attachments with spindle microtubules we set up a monastrol treatment/washout assay 

in Indian muntjac fibroblasts (Figure 2.2.8. A-B, Figure 2.2.9. A-B). After monastrol washout, 

cells were released into fresh medium with 1 µM of the Aurora B inhibitor ZM447439 and 2 µM 

of the proteasome inhibitor MG-132 (to prevent anaphase onset), to partially inhibit error 

correction without interfering with bipolar spindle assembly, and subsequently fixed (Figure 

2.2.8. C, Figure 2.2.9. A-C, Figure 2.2.10.). Calculation of the fraction of each chromosome group 

(with small or large kinetochores) with merotelic or syntelic (microtubules from the same pole 

attached to both sister kinetochores) attachments revealed a low frequency of syntelic attachments 

for chromosomes with either small or large kinetochores (1.9% vs. 1.4%, respectively) (Figure 

2.2.8. C). However, the frequency of chromosomes with large kinetochores that established 

erroneous merotelic attachments was several fold higher when compared with chromosomes with 

small kinetochores (7.0% vs. 1.6%, respectively) (Figure 2.2.8. C). 

(figure legend on the next page)  
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To further evaluate the significance of the previous observations and increase our sample size, 

we promoted the formation of erroneous kinetochore-microtubule attachments by monastrol 

treatment/washout. As expected, this treatment doubled the frequency of anaphase cells with 

lagging chromosomes relative to unperturbed controls (6.62 ± 1.91 %, mean ± S.D.) (Figure 2.2.8. 

D). Stimulated Emission Depletion (STED) super-resolution microscopy indicated that the large 

kinetochores on anaphase lagging chromosomes were often found stretched and deformed due to 

the formation of merotelic attachments (Figure 2.2.8. E). Most strikingly, we found that 73% of 

the anaphase cells after monastrol treatment and washout showed at least one lagging 

chromosome with a large kinetochore, whereas only 30% of the anaphase cells showed at least 

one lagging chromosome with small kinetochores (Figure 2.2.8. F), corresponding to a much 

higher probability of chromosomes with large kinetochores to lag in anaphase, when compared 

with chromosomes with small kinetochores (pL=0.44; pS=0.085) (see Materials and Methods). 

In fact, if chromosomes with small or large kinetochores had equal probabilities to lag behind in 

anaphase, one would predict a much higher frequency of chromosomes with small kinetochores 

to lag in anaphase, than the one observed experimentally (94% vs. 30%, respectively; Figure 

A, error correction after monastrol washout in live Indian muntjac fibroblasts stably expressing CENP-A-GFP (green) 

and treated with 20 nM SiR-tubulin (magenta). Dashed boxes highlight a region with a chromosome with large 

kinetochores (arrows in lower panels that show 1.5× zoom images, plus additional time frames). Scale bar: 5 μm. Time: 

min:s. B, STED/confocal image of a prometaphase Indian muntjac fibroblast after monastrol washout showing syntelic 

attachments. Microtubules (α-tubulin, magenta), chromosomes (DAPI, white), and kinetochores (ACA, green) are 

indicated. Scale bar: 5 μm. C, quantification of erroneous attachments on chromosomes with small or large kinetochores 

(KTs) (n = 207 cells, pool of 3 independent experiments). D, frequency of anaphase cells with lagging chromosomes 

in controls and after monastrol washout (mean ± S.D.; each data point indicates an independent experiment; 2,099 

control anaphase cells scored; 3,739 anaphase cells scored after monastrol washout; Mann-Whitney rank-sum test). E, 

STED/confocal image of an Indian muntjac fibroblast in anaphase after monastrol washout. Microtubules (α-tubulin, 

magenta), chromosomes (DAPI, white), and kinetochores (ACA, green) are indicated. Dashed boxes indicate a lagging 

chromatid (C3X(a)) containing a large kinetochore with merotelic attachments and the corresponding sister (C3X(b)). 

Scale bar: 5 μm. The images and graphical sketches on the right highlight the type of attachments in the two sisters 

(2×zoom). F, drequency of anaphase cells with at least 1 lagging chromosome with small or large kinetochores after 

monastrol washout (n = 32 cells from nine independent experiments). Dashed bar represents theoretical values for the 

frequency of lagging chromosomes with small kinetochores, if the probability to lag was equal for chromosomes with 

large or small kinetochores. G, Live-cell imaging of an Indian muntjac fibroblast stably expressing H2B-GFP (green) 

and treated with 50 nM SiR-tubulin (magenta) illustrating missegregation of lagging chromosomes after monastrol 

washout. Scale bars, 5 μm. Time: h:min. The green and magenta arrows indicate two lagging chromosomes that failed 

to integrate and reintegrated the main nucleus, respectively. H, percentage of cells (from live-cell imaging) with lagging 

chromosomes incorporating or forming micronuclei after monastrol washout (n = 59 cells, pool of five independent 

experiments). 

Figure 2.2.8. Chromosomes with Larger Kinetochores Are More Prone to Establish Erroneous Merotelic 

Attachments that Result in Non-random Missegregation 
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2.2.8. F; see Materials and Methods). Importantly, because chromosome 3+X in female Indian 

muntjac is smaller than chromosome 1 (which has a smaller kinetochore), but larger than 

chromosome 2 (also with a smaller kinetochore), these work as internal controls to exclude that 

the measured bias for chromosome 3+X to lag behind in Indian muntjac was related with 

chromosome size (Spence et al., 2006). Finally, we tracked the fate of lagging chromosomes after 

monastrol washout in living fibroblasts and found that ~50% resulted in the formation of 

micronuclei, a bona fide indicator of chromosome missegregation that has been implicated in 

chromosome rearrangements in human cancers (Zhang et al., 2015) (Figure 2.2.8. G-H). We 

concluded that, despite robust error correction mechanisms during a normal mitosis, 

chromosomes with large kinetochores have a higher tendency to establish persistent merotelic 

attachments, resulting in a strong bias to lag in anaphase, potentially leading to missegregation.   

 

 

 

 

 

A, immunofluorescence of two Indian muntjac fibroblasts with monopolar spindles upon monastrol treatment, showing 

chromosomes (DAPI, white), kinetochores (ACA, green) and microtubules (α-tubulin, magenta). Scale bars, 5 μm. B, 

Live-cell imaging of two Indian muntjac fibroblasts stably expressing CENP-A-GFP and treated with 20 nM SiR-

tubulin (magenta) after monastrol washout. Scale bar: 5 μm. Time: min:sec. 

 

 
Figure 2.2.10. Titration of the Aurora B inhibitor in Indian muntjac fibroblasts.A, immunofluorescence of two 

Indian muntjac fibroblasts with monopolar spindles upon monastrol treatment, showing chromosomes (DAPI, white), 

kinetochores (ACA, green) and microtubules (α-tubulin, magenta). Scale bars = 5 μm. B, Live-cell imaging of two 

Indian muntjac fibroblasts stably expressing CENP-A-GFP and treated with 20 nM SiR-tubulin (magenta) after 

monastrol washout. Scale bar: 5 μm. Time = min:sec. 

 

Figure 2.2.9. Monastrol treatment/washout in Indian muntjac fibroblasts. 
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2.2.2.7.  Preventing error correction also generates a missegregation bias 

towards chromosomes with large kinetochores 

To test whether chromosomes with large kinetochores also missegregate at higher frequency 

when error correction is prevented, we inhibited SAC activity with the Mps1 inhibitor, Mps1-IN-

1 (Kwiatkowski et al., 2010). Similar to its depletion by RNAi (Figure 2.2.4. A, C), Mps1 

inhibition with 20 µM Mps1-IN-1 forced cells to prematurely enter anaphase, resulting in a 

marked increase of cells with lagging chromosomes (10.3%, scored from fixed material) (Figure 

2.2.11. A-C). Interestingly, we found that after Mps1 inhibition, 50% of the anaphase cells 

showed at least one lagging chromosome with a large kinetochore, whereas 56% of the anaphase 

cells showed at least one lagging chromosome with small kinetochores (Figure 2.2.11. D). This 

corresponded to a higher probability of chromosomes with large kinetochores to lag in anaphase, 

when compared with chromosomes with small kinetochores (pL=0.31; pS=0.21) (see Materials 

A-C, immunofluorescence images of Indian muntjac fibroblasts in control and when treated with 1 or 2 µM of the 

Aurora-B inhibitor ZM 447439. Cells were incubated for 40 minutes before fixation. Kinetochores are in white, 

pH3(S10) in red, α-tubulin in green, chromosomes in blue. Scale bar: 5 μm. 

Figure 2.2.10. Titration of the Aurora B inhibitor in Indian muntjac fibroblasts. 
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and Methods). In other words, if chromosomes with small or large kinetochores had equal 

probabilities of lagging behind in anaphase after Mps1 inhibition, one would predict a frequency 

of 81% of anaphase cells with at least one lagging chromosome with small kinetochores (Figure 

2.2.11. D; see Materials and Methods). Thus, preventing error correction also generates a 

missegregation bias towards chromosomes with large kinetochores. 

 

Figure 2.2.9. Preventing error correction also generates a missegregation bias towards chromosomes with 

large kinetochores. 

A, live-cell imaging of Indian muntjac fibroblasts stably expressing H2B-GFP (green) in controls and after treatment 

with 20 μM Mps1-IN-1. Scale bar: 5 μm. Time: h:min. B, quantification of mitotic duration from NEBD to anaphase 

onset (ANA) in control (DMSO) or Mps1-IN-1-treated Indian muntjac fibroblasts with increasing concentrations. 

***p<0.001 relative to controls (t-test, each data point represents one cell). C, frequency of anaphase cells with 

lagging chromosomes in control or Mps1-IN-1-treated (20 μM for 15 minutes prior to fixation) Indian muntjac 

fibroblasts (n=696 cells, pool of 6 independent experiments). D, frequency of anaphase cells with at least 1 lagging 

chromosome with small or large kinetochores (KTs) after Mps1 inhibition (n=18 cells from 3 independent 

experiments). Dashed bar represents theoretical values for frequencies of lagging chromosomes with small 

kinetochores if the probability to lag was equal for chromosomes with small or large kinetochores. 
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2.2.2.8.  Polar Ejection Forces on Chromosome Arms Ensure Mitotic Fidelity 

but Are Not Implicated in the Observed Missegregation Bias for 

Chromosomes with Large Kinetochore 

Previous reports in C. elegans have shown that loss of polar ejection forces after depletion of the 

Kinesin-4 Klp-19 caused missegregation of holocentric chromosomes (Powers et al., 2004). To 

test whether polar ejection forces acting on the long chromosome arms of Indian muntjac account 

for the observed missegregation bias, we have investigated chromosome segregation fidelity in 

fixed and living cells after RNAi against the chromokinesin Kif4a/kinesin-4 in Indian muntjac 

fibroblasts (Figure 2.2.12. A-C). We found that experimental attenuation of Kif4a led to a striking 

increase in the frequency of lagging chromosomes in anaphase (Figure 2.2.12. D-E), consistent 

with an important role of polar ejection forces in the modulation of kinetochore-microtubule 

attachments and chromosome segregation fidelity (Cane et al., 2013; Powers et al., 2004; Wandke 

et al., 2012). However, and most important for our purposes, chromosomes with large 

kinetochores still showed a strong bias to lag in anaphase after Kif4a RNAi (pL=0.43; pS=0.13) 

(Figure 2.2.12. C, F). Conversely, if chromosomes with small or large kinetochores had equal 

probabilities to lag behind in anaphase after Kif4a RNAi, one would predict a frequency of 96% 

of anaphase cells with at least one lagging chromosome with small kinetochores, and not the 

experimentally observed value of 44% (Figure 2.2.12. F; see Materials and Methods). These 

results exclude the role of arm-associated forces in the observed missegregation bias and support 

that kinetochore size is the critical variable. 

(figure legend on the next page) 
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2.2.3. Discussion 
Here we show how kinetochore size impacts chromosome congression and bi-orientation, error-

formation, and correction, as well as chromosome segregation fidelity during mitosis. 

Accordingly, we found that chromosomes with large kinetochores bi-orient and congress more 

efficiently, and depend less on the kinetochore motor CENP-E. Because chromosomes with large 

kinetochores have an increased surface (and possibly a more favorable shape) for potential 

interaction with microtubules, these results help to explain why certain species with holocentric 

chromosomes, such as C. elegans, can complete congression in the absence of a CENP-E 

orthologue (Maddox et al., 2004). Noteworthy, this does not seem to be a peculiarity of C. 

elegans, since 9/14 unrelated species with holocentric chromosomes and sequenced genomes also 

lack a bona fide CENP-E orthologue (our unpublished observations).  

Importantly, having a large kinetochore surface that facilitates chromosome bi-orientation 

comes with a price: chromosomes with large kinetochores have a much higher tendency to 

establish erroneous merotelic attachments and missegregate during anaphase. This implies that 

chromosomes that use the CENP-E pathway for congression are less prone to missegregate, 

offering a plausible explanation for why the CENP-E pathway emerged during evolution. On the 

other hand, species with holocentric chromosomes would be expected to be highly prone to 

chromosome missegregation, but in C. elegans only ~1% of wild-type anaphases show lagging 

chromosomes (Stear and Roth, 2002). In agreement, electron microscopy reconstructions of the 

C. elegans spindle failed to reveal merotelic attachments, against what would have been 

intuitively predicted for a species with the highest possible kinetochore/chromosome ratio 

(O'Toole et al., 2003; Redemann et al., 2017). Thus, chromosome segregation fidelity might be 

ensured by a species-specific optimal kinetochore size. 

A, live-cell imaging of Indian muntjac fibroblasts stably expressing H2B-GFP to visualize the chromosomes (green) 

in control (top) and Kif4a RNAi (bottom) cells treated with 50 nM SiR-tubulin to label spindle microtubules (magenta). 

Scale bar: 5 μm. Time: h:min. White arrows point to the chromosome arms facing the spindle poles. B, western blot to 

monitor Kif4a levels after RNAi. GAPDH was used as loading control. C, chromosome missegregation after Kif4a 

RNAi (fixed cells). Kinetochores (anti-ACA), α-tubulin, and DNA (DAPI) are indicated. Scale bars, 5 μm. D and E, 

Comparison of the frequency of anaphase cells with lagging chromosomes in live (D) and fixed (E) material after Kif4a 

depletion and/or monastrol washout. F, frequency of anaphase cells with at least 1 lagging chromosome with small or 

large kinetochores after monastrol washout in Kif4a-depleted fibroblasts. Dashed bar represents theoretical values for 

frequencies of lagging chromosomes with small kinetochores if the probability to lag was equal for chromosomes with 

small or large kinetochores. 

Figure 2.2.10. Polar Ejection Forces on Chromosome Arms Ensure Mitotic Fidelity but Are Not Implicated in 

the Observed Missegregation Bias for Chromosomes with Large Kinetochores. 
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Because chromosomes with large kinetochores also establish more errors, this would work as 

a negative selective pressure to maintain chromosomes with large kinetochores during evolution, 

suggesting that the errors resulting from incorrect merotelic attachments are unlikely to be 

propagated. Indeed, error correction mechanisms during normal mitosis appear to be very robust, 

in agreement with our findings of very low missegregation rates in unperturbed cells. Moreover, 

based on direct live-cell imaging, we found that, even when cells were challenged, lagging 

chromosomes in Indian muntjac fibroblasts were able to re-integrate the main nuclei in ~50% of 

cases. This likely results from error correction mechanisms that are in place during anaphase and 

involve mechanical forces that stretch and deform merotelic-attached kinetochores, as shown in 

other systems (Cimini et al., 2004; Cimini et al., 2003). Noteworthy, any potential loss of a single 

chromosome in Indian muntjac females would represent the loss of 1/3 of the haploid genome, 

which would seriously compromise cell viability. In agreement, previous work reported that 

chromosome missegregation and aneuploidy in Indian muntjac primary fibroblasts was 

essentially limited to the smallest Y2 chromosome in males (Vig and Henderson, 1998).  

A legitimate question is whether size differences in human kinetochores have any functional 

implications for chromosome segregation. The length of α-satellite DNA arrays on human 

centromeres also varies more than 25-fold, ranging from 200 kb in the Y chromosome, to >5 Mb 

in chromosome 18 (Rudd and Willard, 2004) and this has been proposed to contribute for CENP-

A incorporation, at least in some chromosomes (Sullivan et al., 2011). In agreement, the Y 

chromosome, which carries very little genetic information, was shown to recruit significantly less 

CENP-A compared with any other chromosome (Bodor et al., 2014; Irvine et al., 2004; Sullivan 

et al., 2011) and to missegregate at elevated frequencies in human cells (Fachinetti et al., 2015). 

Moreover, the loss of the Y chromosome is the most common somatic alteration in men and is 

associated with shorter survival and higher risk of cancer (Forsberg et al., 2014). Thus, in addition 

to the low genetic pressure to keep the Y chromosome in men, its smaller kinetochore might 

compromise the establishment of competent microtubule attachments and contribute for the high 

missegregation rate. On the other extreme, CENP-A domain expansion and overexpression have 

been linked with chromosome missegregation and genomic instability in human cancer cell 

models (Shrestha et al., 2017a; Sullivan et al., 2011; Tomonaga et al., 2003). Our finding that all 

functional centromere/kinetochore layers and respective microtubule binding capacity scale with 

centromere size suggests that any alterations at the foundations of kinetochore assembly will 

translate into architectural changes with functional implications for chromosome segregation. 

Because the level of CENP-A incorporation into human kinetochores also correlates with 

chromosome size (Irvine et al., 2004), one prediction from our studies is that (with the exception 

of the Y chromosome) larger human chromosomes might missegregate at higher frequencies. 
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The microtubule binding capacity of human kinetochores in metaphase has been reported to 

range between 12-24 microtubules in one study (Wendell et al., 1993) and 13-22 microtubules in 

another study (McEwen et al., 2001) (both studies from HeLa cells that lack the Y chromosome). 

This has been interpreted as if all kinetochores on human chromosomes, on average, bind to 17 

microtubules. However, this two-fold variability might instead reflect the structural variability in 

kinetochore size among different human chromosomes (Bodor et al., 2014; Cherry et al., 1989; 

Cherry and Johnston, 1987; Irvine et al., 2004; Nixon et al., 2017b; Peretti et al., 1986; Sanchez 

et al., 1991; Tomkiel et al., 1994). The development of correlative light-electron microscopy 

techniques, combined with labeling techniques (e.g., using CRISPR-Cas9) in which specific 

human chromosomes could be unequivocally identified and their microtubule binding capacity 

determined at the ultra-structural level, will be required to clarify this issue. More recently, 

adaptive changes in kinetochore architecture as cells progress into metaphase were also proposed 

to play a critical role in chromosome orientation and error prevention during spindle assembly in 

human cells (Magidson et al., 2015). These conclusions were supported by combining 

experimental observations of size and morphological changes of human kinetochores in response 

to microtubule attachments, with predictions derived from computational modelling. In the future, 

it will be important to define experimental conditions in which kinetochore size and shape could 

be modulated (e.g., by constitutively maintaining or preventing the expansion of the fibrous 

corona throughout mitosis), while investigating the respective consequences for chromosome 

segregation fidelity. A remarkable human condition in which constitutive differences in 

kinetochore size might bias chromosome missegregation is the occurrence of dicentric 

chromosomes that remain active during mitosis. As in the Indian muntjac, these chromosomes 

have a ‘compound’ centromere/kinetochore and were shown to have a much higher tendency to 

lag behind in anaphase when compared with their normal counterparts, but rarely missegregate 

or give rise to viable cells (Sullivan and Willard, 1998). Taken together, we believe there is solid 

ground to generalize our findings about the role of kinetochore size in non-random chromosome 

(mis)segregation, at least for specific human conditions with strong clinical implications. Our 

work further highlights the power of Indian muntjac cells to address fundamental biological 

questions that simply cannot be answered in human cells due to current technical limitations. 

 

2.2.4. Materials and Methods 

2.2.4.1.  Cell transfection and transduction 

Indian muntjac fibroblasts were transfected either with human H2B-GFP (from Geoff Wahl lab, 

Addgene plasmid #11680) or pSV-IRESneo3-CENP-A-EGFP (kind gift from Patrick Meraldi, 

University of Geneva) plasmids using Lipofectamine 2000 (Invitrogen) to generate stable cell 
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lines. For this purpose, at day 1 cells were seeded in 6-well plates at 60-70% confluence in MEM 

containing 20% FBS. The day after, cells were washed 3x with PBS and incubated with Optimem 

medium (Gibco, Life Technologies) containing Lipofectamine 2000 (Invitrogen) and the 

respective DNA for 4 h. Optimem with DNA and Lipofectamine 2000 were previously mixed and 

incubated for 20 minutes before adding to the cells. After 4 h Optimem medium was exchanged 

to MEM supplemented with 20% FBS and transfected cells were selected with G418 (Merck 

Millipore) after 48 h. For centriole labelling, EGFP was fused to the C-terminus of human 

Centrin-1 and cloned in the Lentilox 3.1 vector. Cells were subsequently infected with the virus, 

without selection, as previously described (Magidson et al., 2016). 

2.2.4.2.  Identification of Indian muntjac orthologue sequences for human 

proteins  

The protein sequences of human Ndc80, Mad2, Mps1, CLASP1, Survivin and Kif4a were 

obtained from NCBI and used as query for tblastn (version 2.2.29; (Morgulis et al., 2008)) using 

the Indian muntjac genome scaffold sequences and predicted coding sequences as targets (Farré 

et al., manuscript in preparation). Sequence alignments with at least 80% identity, highest 

coverage of human genes, and with matching scaffold intervals from both tblastn runs were used 

to identify Indian muntjac orthologues of gene human sequences. 

2.2.4.3.  Design of siRNAs for RNA interference (RNAi) 

The design of the siRNA sequences was performed using the application BLOCK-ITTM RNAi 

Designer (ThermoFisher Scientific). We provided the nucleotide sequence of the genes of 

interest, selected an ideal CG percentage between 35%-55% and the recommended default motif 

pattern for the RNAi design. From the 10 designs generated, we selected the one with higher 

probability of knock-down.  

2.2.4.4.  RNAi experiments 

In day 0, Indian muntjac cells were cultured at 60%-70% confluence in 6-well plate/35 mm dishes. 

In day 1, the medium was changed to MEM supplemented with 5% FBS. Simultaneously, 5 µL 

of Lipofectamine RNAi Max (Invitrogen) and 50 nM of the respective siRNAs. The following 

target sequences were used: 5’-GCAGACAUUGAGAGAAUAA-3’ (Ndc80), 5’-

GCAGAAUGGUUAUACAAGU-3’ (Mad2), 5’-CCAAGCAGUCACCACCAAU-3’ (Mps1), 

5’-GCUGCUGUUGCUGAUGCUU-3’ (CLASP1), 5’-GCGUCUCCACGUUUAAGAA-3’ 

(Survivin), 5’-GGAACCGUCAGCAAGACAA-3’ (Kif4a) (Sigma-Aldrich). All siRNAs were 

diluted in 500 µL of Optimem and added to the cells. Mock transfection was used as control. The 

cells were analysed 24h, 48h or 72h after depletion. Depletion efficiency was monitored by 

western blotting and phenotypic analysis. 
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2.2.4.5.  Immunofluorescence 

Indian muntjac fibroblasts were seeded on poly-L-lysine-coated coverslips 2 days before the 

experiment. After fixation with ice-cold methanol (Invitrogen) for 4 minutes at -20ºC or 4% 

paraformaldehyde (Electron Microscopy Sciences) for 10 minutes at room temperature (RT), cells 

were washed with PBS-0.05%Tween 20 (Sigma-Aldrich) or cytoskeleton buffer pH 6.1 (274 mM 

NaCl, 10 mM KCl, 2.2 mM Na2HPO4, 0.8 mM KH2PO4, 4 mM EGTA, 4 mM MgCl2, 10 mM 

Pipes, 10 mM Glucose). Extraction after paraformaldehyde fixation was performed using PBS-

0.1%Triton (Sigma-Aldrich). Cells were incubated with primary antibodies in blocking solution 

(10% FBS diluted in PBS-0.05%Tween 20 (Sigma-Aldrich) or in cytoskeleton buffer pH 6.1) for 

1 hour. The following primary antibodies were used: human anti-centromere antibodies (ACA) 

(1:2000; Fitzgerald), mouse anti-CENP-A (1:200, kind gift from Lars Jansen, Instituto 

Gulbenkian de Ciência, Lisbon, Portugal), mouse anti-α-tubulin (1:2000; B-512 clone, Sigma-

Aldrich), rabbit anti-pH3(S10) (1:800, Santa Cruz Biotechnology), rabbit anti-pKNL1 58A (32) 

(1:1000; kind gift from Iain Cheeseman, Whitehead Institute, MIT, Cambridge, MA, USA), sheep 

anti-CENP-E (1: 1000, kind gift from William C. Earnshaw, Welcome Trust Centre for Cell 

Biology, The University of Edinburgh, UK ), mouse anti-c-Mad2 (1:500; Santa Cruz), rabbit anti-

pAuroraB (pT232) (1:1000; Rockland), mouse anti-Hec1/Ndc80 (9G3) (1:500, Abcam). 

Subsequently, cells were washed 3x with PBS-0.05% Tween or cytoskeleton buffer and incubated 

45 minutes    with the corresponding secondary antibodies Alexa-488, 568 and 647 (Invitrogen) 

or Abberior STAR 580 and Abberior STAR 635p (Abberior Instruments) for STED microscopy. 

For STED microscopy, both primary and secondary antibodies were used at 1:100 concentrations. 

After adding 1 μg/ml 4’6’-Diamidino-2-phenylindole (DAPI) (Sigma Aldrich) for 5 minutes, 

coverslips were washed in PBS and sealed on glass slides mounted with 20 mM Tris pH8, 0.5 N-

propyl gallate, 90% glycerol. 

2.2.4.6.  Chromosome spreads 

Indian muntjac fibroblasts were incubated with 3.3 μM of nocodazole (Sigma-Aldrich) for 6-7 h, 

then trypsinized and centrifuged for 5 minutes at 1200 rpm. The pellet was resuspended in 500 

μL of the supernatant, and a hypotonic solution (medium:water 1:1 and 3.3 μM nocodazole) was 

added drop by drop until the final volume of 5 mL. The mixture was incubated at 37oC for 20 

minutes.   After centrifugation the supernatant was discarded, and the cells were fixed with Carnoy 

solution (methanol (AppliChem Panreac): acetic acid (Millipore Corporation) 3:1) overnight at -

20oC. The following day, the Carnoy fixation was repeated, and cells were subsequently spread 

drop-by-drop onto a glass slide. DNA was counterstained with 1 μg/ml DAPI (Sigma-Aldrich) 

for 10 minutes and the preparations were mounted on 20 mM Tris pH8, 0.5 N-propyl gallate, 90% 

glycerol. For chromosome spreads with antibody staining Indian muntjac fibroblasts were 

incubated with 3.3 μM nocodazole for 6-7 h, then trypsinized and centrifuged for 5 minutes at 
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1200 rpm. The pellet was resuspended in 500 μL of the hypotonic solution containing sodium 

citrate (Sigma-Aldrich) and 10% BSA (Sigma-Aldrich) and incubated for 30 minutes at 37oC. 

Cells were then placed on glass slides using a Cytospin 4 centrifuge (Thermo Scientific). Glass 

slides containing chromosome spreads were fixed with 4% paraformaldehyde and 

immunofluorescence was performed as indicated in section 2.2.4.5.. 

2.2.4.7.  Measurement of intra-kinetochore distances 

Selected centromeres with co-planar kinetochores (intensity peaks separated by no more than 1 

plane in series recorded at 200-nm Z-steps) were line-scanned. Two Gaussian peaks were detected 

in the scans via a Matlab function developed by Dr. O’Haver 

(https://www.mathworks.com/matlabcentral/fileexchange/23611-peakfit--command-line-peak-

fitting-function). Delta values were calculated by subtracting the distance between the centers of 

CENP-A peaks from the distance between the centers of Ndc80/Hec1 peaks and dividing the 

result by 2. This approach automatically compensates potential chromatic aberrations (Wan et al., 

2009). CENP-A was visualized with 3-19 mouse monoclonal antibody (Abcam) and Ndc80/Hec1 

with the 9G3 monoclonal antibody (Abcam), both at 1:200 dilution. Although both 3–19 (CENP-

A) and 9G3 (Ndc80/Hec1) antibodies were mouse monoclonal, they have different isotypes. 3–

19 was followed by a γ1b-specific secondary antibody conjugated to Alexa Fluor 488, and 9G3 

was followed by a γ2a-specific secondary antibody conjugated to Alexa Fluor 594, both at 1:100 

dilution (Life Technologies). 

2.2.4.8.  Error formation and prevention of error correction assays 

To promote error formation, Indian muntjac fibroblasts were seeded on poly-L-lysine-coated 

(Sigma-Aldrich) coverslips 2 days before the experiment. Cells were incubated for 12 hours with 

100 μM monastrol (Tocris bioscience) and subsequently washed out into MEM medium or MEM 

containing 1 μM Aurora B inhibitor (Selleckchem) and 2 μM MG-132 (Calbiochem) for the next 

50 minutes before fixation, based on previous reports (Lampson et al., 2004). To prevent error 

correction, cells were incubated with 20 μM Mps1-IN-1 (Kwiatkowski et al., 2010) (kind gift 

from N. Gray, Dana-Farber Cancer Institute, Boston, MA, USA) for 15 minutes, prior to fixation. 

This concentration was previously assessed for the formation of lagging chromosomes in Indian 

muntjac fibroblasts by live cell imaging. When indicated, cells were fixed with ice-cold methanol 

(Invitrogen) for 4 minutes at -20 °C or 4% paraformaldehyde (Electron Microscopy Sciences) for 

immunofluorescence analysis. 

2.2.4.9.  CENP-E inhibitor titration 

Indian muntjac fibroblast stably expressing H2B-GFP were seeded in 96 well plates (10.000 cells 

per well) two days before imaging and kept in culture medium at 37°C in humidified conditions 

with 5% CO2. On the day of imaging, CENP-E inhibitor, GSK923295 (Selleckchem), was added 
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in triplicates at the following concentrations: 5 nM, 10 nM, 20 nM, 40 nM, 80 nM, 160 nM and 

320 nM. Control cells were treated with DMSO only. Live cell imaging was performed using In 

Cell Analyzer 2000 (GE Healthcare Life Sciences) 1 hour after addition of the inhibitor. Images 

were analysed with CellProfiler 2.2.0. and CellProfiler Analyst. In accordance with the results 

obtained from the CENP-E inhibitor titration, Indian muntjac fibroblasts were treated with 20 nM 

GSK923295 1 hour before fixation or live-cell imaging. 

2.2.4.10.  Live-cell imaging 

Indian muntjac fibroblasts stably expressing human CENP-A-GFP or H2B-GFP were plated on 

fibronectin (Sigma-Aldrich) coated 35 mm glass-bottom dishes (14 mm, No 1.5, MatTek 

Corporation) 2 days before imaging. Before live-cell imaging, cells were cultured in Leibovitz ́s-

L15 medium (Gibco, Life Technologies). For tubulin staining, we used 20-50 nM SiR-tubulin 

cell-permeable dye (Lukinavicius et al., 2014) (Spirochrome) and incubated cells for 6-12 hours. 

Live-cell imaging was performed on a temperature-controlled Nikon TE2000 microscope 

equipped at the camera port with a modified Yokogawa CSU-X1 spinning-disc head (Solamere 

Technology), an FW-1000 filter-wheel (ASI) and an iXon+ DU-897 EM-CCD (Andor). The 

excitation optics are composed of two sapphire lasers at 488 nm and 647 nm (Coherent), which 

are shuttered by an acousto-optic tuneable filter (Gooche&Housego, model R64040-150) and 

injected into the Yokogawa head via a polarization-maintaining single-mode optical fiber (OZ 

optics). Sample position is controlled by a motorized SCAN-IM stage (Marzhauser) and a 

541.ZSL piezo (Physik Instrumente). The objective was an oil-immersion 60x 1.4 NA Plan-Apo 

DIC CFI (Nikon, VC series), yielding an overall (including the pinhole-imaging lens) 190 

nm/pixel sampling. A 1.5x tube lens (optivar) was also used (126 nm/pixel sampling). Eleven 1 

μm separated z-stacks were acquired every 2 minute while recording Indian muntjac fibroblasts 

stably expressing H2B-GFP. For 4D kinetochore tracking we used Indian muntjac fibroblasts 

stably expressing CENP-A-GFP, recorded at 30 seconds or 60 seconds interval and 0.75 μm 

separated z-stack. The system was controlled by NIS-Elements via a DAC board (National 

Instruments, PCI-6733). 

2.2.4.11.  STED super-resolution microscopy 

For STED imaging we used a pulsed gated-STED microscope (Abberior Instruments) with 

excitation wavelengths at 561 nm and 640 nm doughnut-depleted with a single laser at 775 nm. 

All acquisitions were performed using a 1.4 NA oil-immersion and a pixel size set to 35 nm. 

2.2.4.12.  Serial section electron microscopy 

Cells were fixed with 2.5% glutaraldehyde (Sigma) in PBS, pH 7.4 for 30 minutes, rinsed with 

PBS (3x5 minutes), and mounted in Rose chambers. Multimode (DIC and 3-color fluorescence) 

datasets were obtained on a Nikon TE2000 microscope equipped with PlanApo 100x 1.45 NA 
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objective lens. 3-D LM volumes of metaphase cells selected for EM analyses were recorded on a 

Zyla 4.2 sCMOS camera (Andor) at 65-nm X-Y pixel size and 200-nm Z-steps. All LM images 

were deconvolved in SoftWoRx 5.0 software (Applied Precision) with lens specific PSFs. Post-

fixation, embedding, and sectioning were done as previously described (Rieder and Cassels, 

1999). Thin sections (70-80 nm) were imaged on JEOL 1400 microscope operated at 80 kV using 

side-mounted 4.0 Megapixel XR401 sCMOS AMT camera (Advanced Microscopy Techniques 

Corp). Full series of images recorded at 12K magnification were used to reconstruct the volume 

of the cell and match orientation and superimpose this volume on the corresponding LM dataset. 

Higher-magnification images (30-40K) were then collected for individual kinetochores. These 

high-magnification images were subsequently used to trace microtubules end-on attached to the 

kinetochores. For 3-D models, contours of kinetochores, adjacent chromatin, and end-on attached 

microtubules were manually traced. Volumes occupied by the kinetochores were visualized as 

isosurface models in Amira 5.3.3 (Visage Imaging). 

2.2.4.13.  Western Blotting 

Indian muntjac fibroblasts were collected after trypsinization and centrifuged at 1200 rpm for 5 

minutes.   The pellet was resuspended in PBS and centrifuged, the cells were resuspended in 30-

50 µL of Lysis Buffer (NP-40: 20 nM Hepes/KOH pH 7.9; 1 mM EDTA pH 8; 1 mM EGTA; 

150 nM NaCl; 0.5% NP40; 10% glycerol, 1:50 protease inhibitor; 1:100 Phenylmethylsulfonyl 

fluoride). The samples were flash frozen in liquid nitrogen and kept on ice for 30 minutes.   After 

centrifugation at 14000 rpm for 15 minutes    at 4 °C, protein concentration was determined by 

Bradford protein assay (Bio-Rad). Protein lysates were run on 7.5/10/15% SDS-PAGE (25-40 

µg/lane) and transferred to a nitrocellulose Hybond-C membrane using an iBlot® Gel Transfer 

Device (Thermo Scientific). Membranes were blocked in PBS 0.05% Tween with 5% milk and 

the primary antibodies were incubated overnight at 4 °C at the following dilutions: anti-

Hec1/Ndc80 mouse anti-Hec1/Ndc80 (9G3); anti-Mad2 (rabbit, 1:500, Bethyl Laboratories); 

anti-CLASP1 (rat, 1:100, (Pereira et al., 2006)), anti-Survivin (rabbit, 1:1000, Novus 

Biologicals), anti-Aurora A (rabbit, 1:1000, Novus Biologicals); anti-Kif4a (rabbit, 1:1000, 

Thermo Fisher Scientific); anti-GAPDH (mouse, 1:15000, Proteintech). After successive washes, 

the membrane was incubated with the secondary antibodies for 1 hour at RT (α-mouse-HRF; α-

rabbit-HRF; α-sheep-HRP 1:5000). Detection was performed with Clarity Western ECL Substrate 

(Bio-Rad). Quantification of blots was performed with a Bio-Rad ChemiDoc XRS system using 

the IMAGELAB software and immunosignals were normalized to GAPDH expression. 

2.2.4.14.  Fixed image analysis and acquisition 

Image acquisition (0.22 µm thick z-stacks) was performed on a Zeiss AxioObserver Z1 wide-

field microscope equipped with a plan-apochromatic (1.46 NA 60x) DIC objective and a cooled 
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CCD (Hamamatsu Orca R2). Autoquant X (Media Cybernetics) was used for blind deconvolution. 

All images show maximum intensity projections. For classification of kinetochore-microtubule 

attachments, microtubules were traced through z-stacks and the position of their ends determined 

relative to the kinetochore signal. In the case of merotelic attachments, kinetochore deformation 

and/or orientation were also used as a secondary criterion. Protein levels (CENP-A, Ndc80/Hec1, 

CENP-E, Mad2, pKNL1 and pAuroraB) on chromosome spreads were analysed using ROI 

manager in Fiji (ImageJ). For quantification of kinetochore protein levels in all chromosomes, 

fluorescence intensity for each protein was background subtracted and normalized for the levels 

obtained for chromosome X+3 in the same cell. Adobe Photoshop CS4 and Adobe Illustrator CS5 

(Adobe Systems) were used for histogram adjustments and panel assembly for publication. 

2.2.4.15.  Frequency analysis and joint probability tables 

Custom-made scripts were developed in MATLAB 8.1 (The MathWorks Inc.) to perform the 

frequency analysis for the number of chromosomes with small and large kinetochores staying at 

the pole upon CENP-E inhibition. Joint probability tables were calculated for six independent sets 

of mitotic cells, each with at least 100 cells. The tables were used to calculate the marginal and 

the conditional probabilities of the number of chromosomes with small/large kinetochores found 

at the pole. The random variables considered for the joint probability table were ‘S’, for the 

number of chromosomes with small kinetochores that stay at the pole, and ‘L’, for the number of 

chromosomes with large kinetochores that stay at the pole. Binomial distributions were fitted to 

both random variables, using information about the number of independent components (2 for 

large kinetochores, and 4 for small kinetochores) and the respective experimental values. All data 

are represented as the mean ± S.D. Additional custom-made MATLAB scripts were developed to 

perform the frequency analysis on the number of lagging chromosomes during anaphase, 

according to the kinetochore size. Following a similar methodology as above, joint probability 

tables were calculated and used to obtain the marginal and the conditional probabilities of the 

number of lagging chromosomes with small and with large kinetochores. Experimental data was 

used to parameterize the associated probability distributions (binomial). The distributions were 

used to calculate the probability of having lagging chromosomes of a certain type, given that there 

was at least a lagging chromosome, under two different conditions: a) imposing equal values for 

the individual lagging probability, independently of the kinetochore size; and b) estimating the 

individual lagging probability for each chromosome type, constrained to the mean values of 

lagging chromosomes (of each type) observed experimentally. For control cells where the total 

number of chromosomes was not always 6 (4 chromosomes with small kinetochore and 2 with 

large kinetochore) the frequency analysis for the lagging chromosomes was not performed using 

joint probability tables. Given that a varying number of total chromosomes imposes important 

constraints to this approach, the frequency analysis was performed instead in terms of calculation 
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of mean values for the fraction of chromosomes of each type that become lagging. This way, for 

each experiment, the total number of chromosomes with small and large kinetochores was 

accounted to calculate a descriptive measurement, which is independent of the number of 

chromosomes. 

2.2.4.16.  Kinetochore tracking 

Live-cell imaging of Indian muntjac fibroblasts stably expressing CENP-A-GFP was performed 

as indicated, every 60 seconds, and analysed after CENP-E inhibition using TrackMate Tool in 

Fiji (Image J). Initial kinetochore and pole positions at nuclear envelope breakdown were 

manually tracked in four dimensions (x,y,z,t) using Manual Tracking Tool. Further analyses and 

plotting were performed using MATLAB to assess the initial position of the chromosomes with 

large kinetochores relative to the spindle and spindle poles/equator. Data from different cells was 

pooled together by applying geometric affine transformations (without shear) to generate overlap 

for the pole’s location. Initial positions of the chromosomes with large kinetochores were plotted 

on a standardized geometrical representation of the mitotic spindle ellipsoid. 

2.2.4.17. Statistical analysis 

Statistical analysis was performed using SigmaStat 3.5 software. All data represent the mean ± 

S.D.. Statistical significance of differences between the population distributions was determined 

by Student t-test. For data that did not follow a normal distribution, statistical analysis was 

performed using a Mann- Whitney Rank Sum test. 
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CHAPTER 2.3. Dissecting the relationship between kinetochore size 

and CENP-E motion dependency for chromosome congression 
 
2.3.1. Introduction 

Efficient chromosome congression to the spindle equator is essential for faithful mitotic 

progression (Maiato et al., 2017).  At the onset of mitosis, DNA is packed into chromosomes, the 

nuclear envelope breaks down and scattered chromosomes start to interact with spindle 

microtubules, via proteinaceous structures that localize on the centromeric region of each sister 

chromatid, called kinetochores (Musacchio and Desai, 2017). When chromosomes are favourably 

positioned between the spindle poles, they establish end-on kinetochore-microtubule attachments 

and congress after bi-orientation (Auckland and McAinsh, 2015). In contrast, more peripheral 

chromosomes are first brought to the vicinity of spindle poles along laterally attached astral 

microtubules by the microtubule minus-end directed motor protein Dynein at kinetochores (Li et 

al., 2007; Vorozhko et al., 2008; Yang et al., 2007), and subsequently transported towards the 

equator by the microtubule plus-end directed kinesin motor CENP-E (kinesin-7) (Barisic et al., 

2014; Kapoor et al., 2006). Regulation of kinetochore motors with opposite activities is controlled 

by tubulin posttranslational modifications (PTMs). Microtubule detyrosination favors CENP-E-

mediated chromosome alignment, while inhibiting dynein-driven transport (Barisic and Maiato, 

2016; Barisic et al., 2015).  

How kinetochore size impacts the mechanisms of chromosome congression remains unclear. 

Previous work demonstrated that mammalian chromosomes can either congress using CENP-E-

dependent or -independent pathways, regardless of their kinetochore size (Drpic et al., 2018; 

Tovini and McClelland, 2019). However, chromosomes with a larger kinetochore relied less on 

CENP-E motor activity to congress to the spindle equator. Interestingly, some metazoans, such 

as C. elegans, whose kinetochores extend along the entire chromosome length (holocentric 

kinetochore), lack a bona fide CENP-E ortholog (Maddox et al., 2004). Proper orientation of sister 

kinetochores before stable microtubule attachment occurs via ‘direct congression’, a process that 

is facilitated by the non-kinetochore motor protein Klp-19 (Kinesin-4) that provides polar ejection 

forces (PEFs) (Powers et al., 2004). 

The nematode C. elegans is a powerful model for genomic and cell biological studies since a 

vast array of genetic approaches and live imaging assays are available to study mitotic processes 

and their key components. During early embryogenesis, mitotic spindle microtubules are vastly 

composed of 2 of the 9 a-tubulin isoforms, tba-1 and tba-2 (Hurd, 2018). These two isotypes 

show some degree of redundancy. Depletion of both a-tubulins results in embryonic lethality, 

while RNAi or deletion of one of them causes only mild effects on embryonic viability (Honda et 
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al., 2017; Lu and Mains, 2005; Phillips et al., 2004). In vitro reconstitution and cell/embryo-based 

assays showed that tubulin PTMs confer different affinities to motor proteins along microtubules 

(Barbosa et al., 2017; Barisic et al., 2015), however the physiological relevance of microtubule 

tyrosination and detyrosination for chromosome congression is still to be investigated. 

Here, we generated C. elegans embryos stably expressing human CENP-E to determine 

whether its activity can rescue chromosome congression defects. To do so, we attenuated the 

contribution of direct congression due to rapid bi-orientation of the holocentric kinetochores by 

depleting the chromokinesin Klp-19. Interestingly, expression of human CENP-E did not affect 

the normal course of mitosis and it was sufficient to partially rescue the alignment defects imposed 

by the loss of PEFs on chromosome arms. In future studies, we propose to confirm the role of 

CENP-E motor-dependency for chromosome alignment, while investigating whether tubulin 

detyrosination directly affects chromosome congression in vivo.  

 

2.3.2. Results 

2.3.2.1. Expression of human CENP-E in C. elegans 

To directly test this hypothesis, we expressed human CENP-E (hCENP-E) in C. elegans embryos. 

We initially optimized the gene sequence codons to maximize the probability of hCENP-E 

expression in the worms. This way, the codon frequency probabilities and adaptation index for 

this species were taken into consideration, while the translated protein remained unaltered (see 

Materials and Methods). In vertebrates, CENP-E localizes at the kinetochore expandable module 

throughout mitosis (Craske and Welburn, 2020; Yen et al., 1991). To ensure the correct 

localization of the motor protein, we isolated the kinetochore protein Kbp-3 (Spc25 orthologue) 

from C. elegans genomic DNA and fused it with hCENP-E. The fragments were assembled into 

a pRG777 expression backbone tagged with mKate2 fluorescent protein. A construct containing 

only Kbp-3 was used to rule out any unspecific effect due to its ectopic expression (Figure 2.3.1. 

A). The correct localization of Kbp-3 (control) and hCENP-E-Kbp-3 (control C-E) at the 

kinetochores during the first embryonic division was confirmed by live-cell imaging (Figure 

2.3.1. B). Interestingly, no phenotype associated with the expression of either construct was 

detected, thereby validating our approach. Despite the expression levels in the control CENP-E-

Kbp-3 worms was reduced to approximately 2/5 of control Kbp-3 levels (Figure 2.3.1. C-D), we 

further continued our analysis.  
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Worms stably expressing hCENP-E-Kbp-3 and Kpb-3 were crossed with TH32 worms 

expressing GFP::histone H2B (to visualize chromosomes) and GFP::g-tubulin (to visualize 

spindle poles). Live-cell imaging of the well-established one-cell C. elegans embryos unveiled 

that both hCENP-E-Kbp-3 and Kbp-3 expression did not affect normal mitotic progression 

(Figure 2.3.2. A). Two different parameters were quantified over time: spindle length/pole 

separation, defined as the distance between the two spindle poles; and chromosome span, defined 

as the maximal distance between the outermost chromosomes within the spindle axis (Figure 

2.3.2. B, C). These remained unaltered compared with the control embryos (Figure 2.2.2. B, D), 

thus ruling out unspecific effects associated with transgene expression. 

 

 

 

 

Figure 2.3.1. Expression of human CENP-E (C-E) in C. elegans. 

A, schematic representation of the transgenes used in this study: Kbp3 and hCENP-E-Kbp3 were fused with mKate2 

fluorescent protein in order to see kinetochores (control and control C-E). B, selected stills from time-lapse sequences 

of the first embryonic division showing the kinetochore localization of the two constructs (kpb3, inverted gray scale). 

Scale bar: 5 µm. Time-lapse is shown in seconds (s). C, normalized fluorescence intensity of Kbp3 at kinetochores. D, 

normalized fluorescence intensity of the cytoplasmic signal. ****p<0.0001; ***p<0.001; unpaired t-test.  
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2.3.2.2.  hCENP-E expression partially rescued congression defects associated 

with defective kinetochore-microtubule attachments 

To generate embryos with defective end-on kinetochore-microtubules attachments and 

consequently, problems in chromosome congression, we knocked-down the C. elegans 

chromokinesin Klp-19 (Powers et al., 2004). As expected, after nuclear envelope breakdown 

(NEBD) chromosomes became scattered in the cytoplasm and took longer to congress at the 

spindle equator (Figure 2.3.3. A). This ultimately led to an increase of lagging chromosomes in 

anaphase. In the first mitotic division, a premature pole separation prior to anaphase is indicative 

of an impairment in the formation of load-bearing kinetochore-microtubule attachments capable 

of sustaining tension (Desai et al., 2003; Gassmann et al., 2008; Oegema et al., 2001). As 

predicted, Klp-19-depleted embryos displayed premature pole separation starting around 30 s 

A, representative live cell-imaging examples of the first embryonic division of control and control C-E embryos stably 

expressing GFP::H2B to visualize chromosomes, and GFP::g-tubulin to label spindle poles. Scale bar: 5µm. B, 

schematics of the two quantitative measurements extracted from the live-cell recordings. C, spindle pole separation 

and D, chromosome congression kinetics in one-cell embryos, showing the same unperturbed effect in the absence 

(control) and presence (control C-E) of hCENP-E. Distances were measured in images acquired every 10 s, averaged 

for the total number of embryos, and plotted against time. Error bars represent the 95 % C.I.  Grey dashed line represents 

NEBD. 

Figure 2.3.2. Expression of hCENP-E did not compromise the normal progression of mitosis. 
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after NEBD. Pole-to-pole distance (spindle length) started to decrease ~110 s upon NEBD and 

remained shorter than controls at anaphase onset (Figure 2.3.3. B). Initial pole separation roughly 

overlapped with the moment when chromosomes scattered along the spindle poles, suggesting 

that chromosomes had not stablished proper bipolar attachments with the spindle microtubules, 

capable of resisting the cortical pulling forces exerted on the poles (Figure 2.3.3. C). To test 

whether hCENP-E rescues the severe alignment defects, we imaged one-cell C. elegans embryos 

stably expressing hCENP-E-Kbp3 (C-E) after depletion of Klp-19 by RNAi (Figure 2.3.3. A). 

The same quantitative parameters were determined under this condition. The lack of end-on 

microtubule attachments was still detected by the premature pole separation observed 30 s after 

NEBD. Strikingly, chromosome span was partially rescued in hCENP-E expressing embryos 

which resulted in a significantly milder phenotype (chromosomes remained closer to the spindle 

equator) (Figure 2.3.3 B-C).  

 

A, representative live cell-imaging stills of the first embryonic division of control and control C-E embryos stably 

expressing GFP::H2B to visualize chromosomes, and GFP::g-tubulin to label spindle poles, depleted of chromokinesin 

Klp-19. Klp-19 RNAi induces (B) a premature pole separation at ~120 s after NEBD (time zero on the plots) and (C) 

chromosome scattering on embryos. Phenotypes on embryos expressing hCENP-E (control C-E) were partially rescued. 

Distances were measured in images acquired every 10 s, averaged for the total number of embryos, and plotted against 

time. Error bars represent the 95 % C.I. Grey dashed line represents NEBD. Scale bar: 5µm. 

 
A, representative live cell-imaging stills of the first embryonic division of control and control C-E embryos stably 

expressing GFP::H2B to visualize chromosomes, and GFP::a-tubulin to label spindle poles, depleted of chromokinesin 

klp-19. Klp-19 RNAi induces (B) a premature pole separation at ~120 s after NEBD (time zero on the plots) and (C) 

chromosome scattering on embryos. Phenotypes on embryos expressing hCENP-E (control C-E) were partially rescued. 

Distances were measured in images acquired every 10 s, averaged for the total number of embryos, and plotted against 

Figure 2.3.3. Expression of hCENP-E partially rescues the congression defects associated with the loss of polar 
ejection forces 
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2.3.3. Discussion and future perspectives 

Most eukaryotic cells use two alternative pathways to congress their chromosomes to the spindle 

equator. Despite chromosome positioning at NEBD, how chromosomes prioritize one pathway 

over the other is still poorly understood. This process has been suggested to be biased by 

kinetochore size (Drpic et al., 2018; Tovini and McClelland, 2019). We speculated that larger 

kinetochores, which have a higher surface (and possibly a more favorable shape) to interact and 

to be captured by spindle microtubules, would depend less on CENP-E activity to bi-orient and 

congress. Accordingly, certain species with holocentric chromosomes, such as C. elegans can 

complete congression in the absence of a CENP-E ortholog (Maddox et al., 2004). This does not 

seem to be peculiarity of C. elegans, since ~65% of the analyzed species with holocentric 

chromosomes lacked a bona fide CENP-E ortholog (unpublished data). Whether species with 

holocentric chromosomes lost CENP-E during evolution or if they never had it remains unclear. 

The fact that CENP-E is present in the branches of all major lineages strongly suggests that it was 

present in the last eukaryotic common ancestor (LECA) and was selectively lost in certain 

branches, supporting the first hypothesis. C. elegans embryos rapidly bi-orient and congress all 

chromosomes within approximately 120 s after NEBD, and only ~1% of anaphases show lagging 

chromosomes (Stear and Roth, 2002). However, when experimentally challenged, they can have 

high rates of alignment defects and missegregation events. Here, we evaluated the physiological 

relevance of having a second congression pathway when rapid bi-orientation of chromosomes is 

compromised. Worms engineered to express human CENP-E fused to the docking kinetochore 

protein Kbp-3 did not show any problems throughout mitosis. Strikingly, the congression defects 

associated with the loss of PEFs upon depletion of Klp-19 were significantly rescued by CENP-

E expression. This partial-phenotype might be explained by the fact that CENP-E-Kbp3 embryos 

showed a significantly lower intensity of Kbp-3 at kinetochores, which might translate in a milder 

expression of CENP-E protein in the worms (Figure 2.3.1. B). Moreover, we cannot exclude that 

the levels of tubulin detyrosination in one-cell embryos is almost exclusive to the spindle poles 

region (see supplemental material 2.3.5), which accordantly to previous reports (Barisic et al., 

2015), might not be enough to ensure the fully CENP-E function.  

In the future we have planned (1) to confirm that the observed rescue is a direct consequence 

of CENP-E motor domain/activity and (2) to test the hypothesis that CENP-E-mediated transport 

is enhanced on detyrosinated microtubules. To address the first goal, we generated a motor-dead 

CENP-E mutant (the last threonine of CENP-E ATP-binding pocket was mutated to an asparagine 

- it binds to microtubules in a rigor state, which prevents motor activity) (Nakata and Hirokawa, 

1995). In parallel, we designed a strategy to increase tubulin detyrosination in C. elegans embryos 

by engineering a CRISPR/Cas9 KO worm for tba-1 and tba-2 C-terminal tyrosine residue. So far, 

we successfully generated homozygote worms for tba-1.  
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Overall, this work underscores the physiological relevance of having a kinetochore-motor to 

assist chromosome congression, while granting the technical tools to test how microtubule 

detyrosination, as part of the ‘tubulin code’, works as a navigation system that guides kinetochore 

motors during cell division, ultimately contributing to faithful chromosome segregation in vivo.  

 

2.3.4. Supplemental Material 

(This set of experiments were included for the sake of the PhD thesis but will not be part of the 

manuscript in preparation). 

Following on previous studies that suggested that CENP-E ability to transport chromosomes 

is inhibited by tubulin tyrosination (Barisic and Maiato, 2016; Barisic et al., 2015), we took 

advantage of an engineered animal available in the lab, whose C-terminal tyrosine of tba-1 and 

tba-2 is mutated to an alanine (YA/YA), thus preventing a-tubulin tyrosination (Barbosa et al., 

2017). Although worms with undetectable levels of tyrosinated tubulin and expressing hCENP-E 

did not show problems during division (data not shown), congression defects derived from Klp-

19 depletion were more penetrant (increased chromosome span) (Figure 2.3.4 A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(figure legend on the next page) 
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Surprisingly, these problems were not significantly rescued by CENP-E expression, suggesting 

that a certain level of tyrosinated tubulin might be necessary to prioritize CENP-E activity. 

Another plausible explanation would be that the mutation of α-tubulin last tyrosine residue to an 

alanine indirectly affected the overall levels of tubulin detyrosination. To test this hypothesis, we 

processed control and mutated worms (YA/YA) for immunofluorescence and labelled them for 

detyrosinated-a-tubulin and DAPI, to stain detyrosinated microtubules and chromosomes, 

respectively. Based on a qualitative analysis of different cell-stage embryos, detyrosinated a-

tubulin, which is mostly confined to the spindle poles in control embryos (Figure 2.3.5.), is more 

dispersed in the mutated strain, arguing that the less-efficient rescue of congression defects may 

be a result of a lower fraction of detyrosinated-microtubules, and consequently, a reduced CENP-

E motion.  

The fact that there is no change on the overall levels of detyrosinated tubulin in the embryos 

after YA/YA mutation, comprehends that this set of experiments is not adequate to tackle the (2) 

goal. Instead, we will address this question by using a CRISPR/Cas9 KO worm for tba-1 and tba-

2 C-terminal tyrosine residue. 

Representative immunofluorescence images of control and mutated (YA/YA) embryos, labelled for detyrosinated-

tubulin (magenta) and DAPI (cyan). Scale bars, 5 µm.   

A, Time-lapse sequences of one-cell embryos expressing GFP::H2B to visualize chromosomes, and GFP::g-tubulin to 

label spindle poles, depleted of chromokinesin Klp-19 on embryos with the C-terminal tyrosine mutated to an alanine 

(YA/YA). B, agarose gel showing the different amplification of tba-1 and tba-2 mutated worms (YA/YA) vs wild-type 

(WT) worm stain. Plots of spindle pole separation (C) and chromosome span profile (D) in one-cell embryos showing 

that depleting klp-19 in C-E YA/YA mutant does not rescue the chromosome scattering phenotype in the same extent. 

Note that the phenotype after Klp-19 depletion in control YA/YA worms is also more severe. Distances were measured 

in images acquired every 10 s, averaged for the total number of embryos, and plotted against time. Error bars represent 

the 95 % C.I. Grey dashed line represents NEBD. Scale bar: 5µm. 

 
A, Time-lapse sequences of one-cell embryos expressing GFP::H2B to visualize chromosomes, and GFP::g-tubulin to 

label spindle poles, depleted of chromokinesin klp-19 on embryos with the C-terminal tyrosine mutated to an alanine 

(YA/YA). B, agarose gel showing the different amplification of tba-1 and tba-2 mutated worms (YA/YA) vs wild-type 

(WT) worm stain. Plots of spindle pole separation (C) and chromosome span profile (D) in one-cell embryos showing 

that depleting klp-19 in C-E YA/YA mutant does not rescue the chromosome scattering phenotype in the same extent. 

Note that the phenotype after Klp-19 depletion in control YA/YA worms is also more severe. Distances were measured 

in images acquired every 10 s, averaged for the total number of embryos, and plotted against time. Error bars represent 

the 95 % C.I. Grey dashed line represents NEBD. 

Figure 2.3.4. Expression of hCENP-E in YA/YA worms does not recue congression defects associated with the 

loss of polar ejection forces. 

Figure 2.3.5. Detyrosinated microtubules are mostly localized at the spindle poles of C. elegans one-cell embryos. 
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2.3.5. Materials and Methods 

2.3.5.1.  Codon bias optimization 

In order to increase the probability of human gene expression in C.elegans we performed a codon 

bias optimization of CENP-E sequence (isolated from 883-CENP-E 620 plasmid, a gift from 

Michael Lampson (Zhang et al., 2017)) using the GenScript OptimumGeneTM service. 

Accordantly, the codon adaptation index (CAI) and the frequency of optimal codons (FOP) were 

calculated to enhance gene expression in this organism (see above the tables provided by 

GenScript). 

 

 

 

 

 

 

 

 

 

 

The optimized CENP-E sequence used for this study was the following (optimized sequence 

length:1906, GC %: 36.70): 

GGAGCCGTCGCCGTCTGCGTTCGTGTCCGTCCATTGAATAGTCGTGAAGAAAGTCT
GGGAGAAACAGCACAAGTCTACTGGAAAACAGATAACAACGTTATCTACCAAGTT
GATGGATCTAAATCATTCAACTTCGATAGAGTTTTCCATGGAAACGAAACAACTAA
GAACGTTTACGAAGAAATTGCTGCACCAATCATCGATTCTGCTATCCAAGGATACA
ACGGAACTATCTTTGCTTACGGACAAACAGCATCTGGAAAAACATATACTATGATG
GGATCAGAAGATCATTTGGGAGTTATTCCACGAGCAATCCATGATATTTTCCAAAA
GATTAAGAAATTCCCAGATAGAGAATTCCTTTTGCGAGTTTCATACATGGAAATCT
ACAACGAAACAATTACTGATCTTTTGTGTGGAACACAAAAGATGAAGCCACTTATC
ATCAGAGAAGATGTTAACCGAAACGTTTACGTTGCTGATTTGACTGAAGAAGTTGT
TTACACATCTGAAATGGCACTTAAGTGGATCACTAAGGGAGAAAAGTCAAGACATT
ACGGAGAAACAAAGATGAACCAAAGATCATCTCGATCTCATACTATCTTCAGAATG
ATCTTGGAATCTCGAGAAAAAGGAGAACCATCAAATTGTGAAGGATCTGTTAAAGT
TTCACATCTTAACTTGGTTGATTTGGCTGGATCAGAACGAGCTGCACAAACTGGAG
CTGCAGGAGTTAGACTTAAGGAAGGATGCAACATCAACCGATCTCTTTTCATCTTG
GGACAAGTTATTAAGAAACTTTCAGATGGACAAGTTGGAGGATTCATCAACTACAG
AGATTCTAAGCTTACACGAATCTTGCAAAACTCACTTGGAGGAAACGCTAAGACTA
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GAATCATCTGCACAATCACTCCAGTTTCTTTCGATGAAACACTTACTGCATTGCAAT
TCGCTTCAACTGCAAAGTACATGAAGAACACACCATACGTTAACGAAGTTTCTACA
GATGAAGCTCTTTTGAAAAGATACCGAAAGGAAATCATGGATTTGAAAAAACAACT
TGAAGAAGTTTCATTGGAAACTAGAGCTCAAGCAATGGAAAAAGATCAACTTGCAC
AACTTTTGGAAGAAAAGGATCTTTTGCAAAAGGTTCAAAACGAAAAGATCGAAAA
CTTGACAAGAATGCTTGTTACTTCATCTTCACTTACATTGCAACAAGAATTGAAAGC
TAAACGAAAAAGACGAGTTACATGGTGTCTTGGAAAGATCAACAAGATGAAGAAC
TCAAACTATGCAGATCAATTCAATATTCCAACTAATATTACAACTAAAACACATAA
ATTGTCTATTAATCTTTTGAGAGAAATTGATGAATCAGTTTGCTCTGAATCAGATGT
TTTCTCAAACACACTTGATACTTTGTCAGAAATCGAATGGAATCCAGCTACTAAGCT
TTTGAACCAAGAAAACATCGAATCTGAACTTAACTCATTGAGAGCAGATTACGATA
ACCTTGTTTTGGATTACGAACAATTGCGAACAGAAAAGGAAGAAATGGAACTTAAG
TTGAAGGAAAAGAATGATTTGGATGAATTCGAAGCTCTTGAAAGAAAGACTAAAA
AAGATCAAGAAATGCAACTTATCCATGAAATTTCAAACCTTAAGAACTTGGTTAAG
CATGCAGAAGTTTACAACCAAGATTTGGAAAACGAACTTTCTTCAAAGGTTGAACT
TTTGCGAGAAAAGGAAGATCAAATTAAGAAACTTCAAGAATACATCGATAGTCAA
AAACTGGAGAACATCAAAATGGATCTGTCCTACTCGCTGGAA 

The sequence was cloned into a standard cloning pUC57 flanked by two EcoRV (GATATC) 

cutting sites.  

2.3.5.2.  Molecular Cloning 

Pmex5_mKate2_KBP-3 and Pmex5_mKate2_CENP-E_KBP-3 plasmids were generated in this 

study from genomic DNA isolated from C. elegans, pRG777 (kind gift of Reto Gassman) and 

pUC57-CENP-E (codon optimized). Gibson assembly was used to assemble the two or three 

DNA fragments, respectively (Gibson, 2009). The primers used for Polymerase Chain Reaction 

(PCR) amplification and Gibson assembly are described below: 

Table 5. Primers used to assemble the plasmids generated in this study. 

Template Primer FW Primer Rv Product size (bp) 

Plasmid pRG777-

hCENP-E 

(backbone) 

AACATCTTGGTCTAAatg

caagatcctttcaagcattcccttcttctc

tatcac 

CGCCCCCTCTTCCGCCA

TgcttccaccagatccACGGTG 
9138 

Plasmid pUC57-

CENP-E 
  1894 

Genomic DNA 

from C. elegans 

AAGACCCGGGATCTGG

TGGAAGCATGGAGTCA

CTCAACGAGTATATGGA

CAAGATTATTAATCGTC 

gaaaggatcttgcatTTAGACC

AAGATGTTGGAGAGGT

TCGATctgaaaaaaatacac 

806 
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pRG777-kbp-3 

(backbone) 

AACATCTTGGTCTAAatg

caagatcctttcaagcattcccttcttctc

tatcac 

GTTGAGTGACTCCATgct

tccaccagatccACGGTG 
9135 

Genomic DNA 

from C. elegans 

(mKate2-kbp-3) 

ggatctggtggaagcATGGAGT

CACTCAACGAGTATATG

GACAAGATTATTAATCG

TC 

gaaaggatcttgcatTTAGACC

AAGATGTTGGAGAGGT

TCGATctgaaaaaaatacac 

798 

 

After isolating the DNA fragments amplified by PCR using Phusion polymerase, they were 

confirmed by electrophoresis on a 1% agarose gel. Green Safe (NZYtech) was added to the gel 

before electrophoresis to a final dilution of 1:34.000, followed by separation at 100 V for ~40 

minutes.   The gel was exposed to UV light and the image acquired with GelDoc system (Bio-

Rad). Subsequently, Gisbon Assembly Master Mix (Gibson, 2009) was added to the DNA 

fragments and incubated at 50ºC for 1 hour. After transforming Top10 competent bacteria with 

4-6 uL of the Gibson assembly reaction products, the bacteria were plated in Luria-Bertani (LB) 

agar plates with Ampicillin (ForMedium AMP25). The following day, colonies were picked to 

perform a colony PCR. A premixed ready-to-use solution containing DNA polymerase, Green 

Master Mix (NZYtech), and the specific primers were added to the bacteria. After the initial 

denaturation at 95ºC for 7 min, the annealing temperature was set to 64ºC. The reaction products 

were loaded on a 1% agarose gel. The positive colonies were selected, and the DNA extracted 

using NZYMiniprep kit (NZYtech). After determined the plasmid concentration using a 

NanoDrop spectrophotometer, a test digestion was performed. The enzymes were selected using 

SnapGene software. 

Table 6. Enzymes used to test digest the plasmids used in this study. 

Plasmid Enzymes Buffer Expected bands (bp) 

Pmex5_mKate2_CENP-E_KBP-3 
MluI (NEB) 

ApaI (NEB) 
CutSmart (NEB) 

2356 

5465 + 3927 

Pmex5_mKate2_KBP-3 XmaI (NEB) CutSmart (NEB) 
6933 

2940 

 

The Sanger sequencing reaction was performed by GeneCore (i3S) according to manufacturer’s 

instructions with the following components: BigDye ® Terminator v3.1 Cycle Sequencing Kit 

(Applied Biosystems); BigDye® Terminator v1.1, v3.1 5x Sequencing Buffer (Applied 
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Biosystems); Primer (10µM); Nuclease-free water (Ambion); Plasmid (~100ng). The results were 

then analysed in SnapGene. 

2.3.5.3.  Worm Strains 

A Mos1 transposon-based strategy (MosSCI) was used to generate a strain stably expressing 

mKate2::KBP-3 and mKate2::CENP-E_KBP3 under the control of the mex-5 promotor and and 

tbb-2 3′ UTR for expression in germline cells (Frokjaer-Jensen et al., 2012; Frokjaer-Jensen et 

al., 2008). Other fluorescent markers were subsequently introduced by mating. GCP and GCP 

strains created in this study were maintained at 20°C on standard nematode growth medium 

(NGM) plates seeded with OP50 bacteria.  

2.3.5.4.  RNA interference  

dsRNAs for Klp-19 were delivered by injecting L4 hermaphrodites. After injection, animals were 

incubated as follows before embryos were isolated for live-cell imaging: 48 h at 20°C for a 

penetrant depletion. 

Table 7. Oligos used for double-stranded RNA production. 

 
2.3.5.5. Immunofluorescence  

For immunofluorescence of C. elegans embryos, 10–12 adult worms were dissected into 3 μL of 

M9 buffer (86 mM NaCl, 42 mM Na2HPO4, 22 mM KH2PO4, 1 mM MgSO4) on a poly-L-lysine-

coated slide. A 18x24 mm coverslip was placed on the 3 μl drop, and slides were plunged into 

liquid nitrogen. After rapid removal of the coverslip (‘freeze-cracking’), embryos were fixed in 

−20°C methanol for 20 minutes.   Embryos were re-hydrated for 2 x 5 minutes    in PBS (137 mM 

NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, and 1.47 mM KH2PO4), blocked with AbDil (PBS with 

2% BSA, 0.1% Triton X-100) in a humid chamber at room temperature for 30 min, and incubated 

with primary antibodies [mouse monoclonal anti-α-tubulin B-5-1-2 (1:1000) and rabbit 

monoclonal anti-detyrosinated α-tubulin (1:1000)] for 2 hours at room temperature. After 

washing for 4 x 5 minutes    in PBS, embryos were incubated with secondary antibodies 

conjugated with fluorescent dyes [Alexa Fluor 568 goat anti-mouse IgG (1:1000) and Alexa Fluor 

488 goat anti-rabbit IgG (1:1000); Life Technologies—Molecular Probes] for 1h at room 

temperature. Embryos were washed for 4 x 5 minutes    in PBS and mounted in Prolong Gold 

with DAPI stain (Invitrogen). 

Gene ID Gene Name 
Oligonucleotide 1  

(T3 promoter) 

Oligonucleotide 2  

(T7 promoter) 
Template 

Y43F4B.6 Klp-19 
aattaaccctcactaaaggTGAC 
CCAGAAGAACTCTCGC 

taatacgactcactataggTCGGA 
GATCTTCACACAGCC 

gDNA 
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Images were recorded on an AxioImager Z1 (100× Plan-Apochromatic oil differential 

interference contrast objective lens, 1.46 NA, Carl Zeiss Microimaging Inc.) equipped with a 

CCD camera (ORCA-R2, Hamamatsu) operated by Zen software (Carl Zeiss, Inc.). Image files 

were imported into Fiji for further processing. 

2.3.5.6.  Live-cell imaging of embryos  

Adult gravid hermaphrodite worms were dissected in a watch glass filled with Egg Salts medium 

(118 mM KCl, 3.4 mM MgCl2, 3.4 mM CaCl2 and 5 mM HEPES pH 7.4), and embryos were 

mounted on a fresh 2% agarose pad and covered with an 18 mm×18 mm coverslip (No. 1.5H, 

Marienfeld). Embryos co-expressing GFP::histone-H2B, GFP::γ-tubulin and 

mKate2::KBP3/CENP-E_KBP3 for tracking of nuclei, centrosomes and kinetochores were 

imaged on Axio Observer microscope (Zeiss) equipped with an Orca Flash 4.0 camera 

(Hamamatsu), a Colibri.2 light source, and controlled by ZEN software (Zeiss). All other imaging 

was performed on a Nikon Eclipse Ti microscope coupled to an Andor Revolution XD spinning 

disk confocal system composed of an iXon Ultra 897 CCD camera (Andor Technology), a solid-

state laser combiner (ALC-UVP 350i, Andor Technology), and a CSU-X1 confocal scanner 

(Yokogawa Electric Corporation), controlled by Andor IQ3 software (Andor Technology). All 

imaging was performed in temperature-controlled rooms kept at 20°C. Time-lapse sequences 

were processed and analyzed with Fiji software (Image J version 2.0.0-rc-56/1.51 h). 

2.3.5.7.  Pole to Pole Distance and Chromosome Span Measurements 

Embryos expressing GFP::histone-H2B, GFP::γ-tubulin and mKate2::KBP3/CENP-E_KBP3 

were imaged at 10 s intervals, with 9 z-slices spaced 1.5 μm apart for the fluorescence channel, 

and a single central slice per time point for the DIC channel, at 2x2 binning with a 63x NA 1.4 

oil immersion objective (Zeiss) from just prior to NEBD in the one-cell embryo until the onset of 

cytokinesis. Embryo length was defined as the distance between the outermost points of the 

eggshell visible in the DIC image. After maximum intensity projection of GFP z-stacks, the x and 

y coordinates of the centrosomes and of the chromosomes closer to each centrosome were 

recorded over time using the MtrackJ plugin by manually clicking in the center of centrosomes 

and on the outer edge of the chromosomes. 

2.3.5.8.  Statistical Analysis 

Statistical analysis was performed with GraphPad Prism 8.1.2 software. The type of statistical 

analysis (t-test or oneway ANOVA/Bonferroni’s multiple comparison test) is indicated in the 

figure legends. Differences were considered significant at p≤0.05. 
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CHAPTER 3. CONCLUDING REMARKS 

During cell division in eukaryotes, a microtubule-based network undergoes drastic changes and 

remodeling to assemble a mitotic spindle competent to segregate chromosomes. Several model 

systems have been widely used to dissect the molecular and structural mechanisms behind mitotic 

spindle assembly and function. These include budding and fission yeasts, which are ideal for 

genetic and molecular approaches, but show limitations in high-resolution live-cell imaging, 

while being evolutionarily distant from humans. On the other hand, systems that were historically 

used for their exceptional properties for live-cell imaging of mitosis (e.g., newt lung cells and 

Haemanthus endosperm cells) lack the necessary genomic tools for molecular studies. In a 

CRISPR/Cas9 era, human cultured cells have conquered the privilege to be positioned among the 

most powerful genetically manipulatable systems, but their high chromosome number and the 

sub-diffraction size of human cellular structures can represent a significant bottleneck for the 

molecular dissection of mitosis in mammals. We believe that we significantly broaden this 

scenario by establishing a unique placental mammal model system that combines the powerful 

genetic tools and low chromosome number of fission yeast and Drosophila melanogaster, with 

the exceptional cytological features of a rat kangaroo cell. This system is based on hTERT-

immortalized fibroblasts from a female Indian muntjac, a mammal with only six chromosomes. 

The present thesis comprehends a series of methodologies established in our laboratory for the 

study of mitosis in Indian muntjac cells. These include standard techniques such as 

immunofluorescence, western blotting, but also several state-of-the-art methodologies, including 

super-resolution STED microscopy (fixed- and live-cell imaging), laser microsurgery and 

photoactivation (Almeida et al., 2020). By combining Indian muntjac fibroblasts (Zou et al., 2002) 

and a draft genome sequence, we obtained proof-of-principle that the Indian muntjac is a valuable 

system to study different molecular and physiological aspects of mitosis. We show that Indian 

muntjac cells are amenable for both pharmacological inhibition and genetic manipulation by 

RNAi. Most live-cell screenings lack the specific knock-down conditions for every protein of 

interest, and the spatial-temporal resolution of the imaging is not adequate for short processes 

within the cell cycle, such as mitosis. We overcame this caveat by providing optimized conditions 

for the depletion of more than 60 mitotic genes, imaged with high temporal resolution. The results 

indicated a large conservation degree between Indian muntjac and other mammals, including 

humans, thus validating Indian muntjac as a powerful model system. Depletion of Eg5 or the 

Augmin complex subunit HAUS6 exhibited the most dramatic changes in mitosis of Indian 

muntjac fibroblasts. We then focused on the in-depth characterization of Augmin functions. By 

assessing g-tubulin localization, spindle length, HURP fluorescence intensity and localization, 

and overall tubulin levels after a cold-treatment, in control and HAUS6-depleted cells, we 
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validated Augmin’s conserved roles in the muntjac system. Next, we provided experimental data 

that demonstrates that Augmin is required for both interpolar and kinetochore microtubule 

formation. The former was further validated by the direct demonstration that Augmin is required 

to sustain centrosome-independent microtubule growth from kinetochores, while promoting 

microtubule turnover and assisting poleward flux in metaphase cells. Live-cell CH-STED 

microscopy and laser microsurgery offered definitive proof that Augmin plays a key role in 

kinetochore microtubule self-organization and maturation. The fact that we observed microtubule 

growth events with a wide angular dispersion relative to the k-fiber axis is somewhat reminiscent 

of the first drawings of ‘fir-tree’/’tree-like’ microtubule patterns observed in Haemanthus 

endosperm, onion roots spindles, and green plants (Bajer and Mole-Bajer, 1986; Palevitz, 1988; 

Wasteneys and Williamson, 1989). Likewise, Augmin-mediated branched microtubule nucleation 

is well documented in Drosophila S2 cells and by in vitro reconstitution of microtubule nucleation 

(Tariq et al., 2020; Verma and Maresca, 2019). These observations pose the question of what are 

the physiological advantages of having branched-microtubule nucleation within single k-fibers? 

Does that provide wider range for microtubule ‘exploration’? Or otherwise, can this contribute to 

a more rapid microtubule amplification cascade, where daughter microtubules can work as new 

platforms for further microtubule amplification? Importantly, these hypotheses are not 

incompatible with the potential role of motor proteins and microtubules cross-linkers that can 

drive the incorporation of recent-nucleated microtubules in a k-fiber bundle. 

We propose a model where Augmin is required to amplify microtubules from pre-existing 

kinetochore microtubules, regardless of pioneer centrosomal microtubules (Almeida et al., 2022). 

This is consistent with the observation that functional spindles are assembled in several animal 

species, including humans, after perturbation of centrosomes function (Basto et al., 2006; Chinen 

et al., 2020; Debec A., 1982; Khodjakov et al., 2000; Mahoney et al., 2006; Megraw et al., 2001; 

Moutinho-Pereira et al., 2013; Sir et al., 2013). Augmin-dependent microtubule nucleation is 

compatible with the ‘thickening’ of short kinetochore microtubule stubs, that might facilitate the 

interaction of pre-formed k-fibers with astral microtubules (Elting et al., 2014; Khodjakov et al., 

2003; Maiato et al., 2004b; Sikirzhytski et al., 2014) or with an interpolar spindle scaffold (Kajtez 

et al., 2016; Nunes et al., 2020; Renda et al., 2022), thus promoting chromosome bi-orientation.  

Overall, this work provides live-cell evidence of a Augmin-dependent model for k-fiber 

formation and maturation, that had not been fully built upon experimental data before. 

Nonetheless, there are outstanding questions in the field: when does Augmin-dependent pathway 

becomes activated during spindle assembly in animal cells? Does Augmin bind directly to 

microtubules or via other proteins? Where does the Augmin complex bind: to specific predefined 

sites or randomly along the microtubule lattice? Do tubulin PTMs regulate Augmin-microtubule 

binding and affinity? These questions will require further investigation in the future. 
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Interestingly, in non-mitotic cells, Augmin and g-TuRC were also shown to be crucial for 

microtubule organization, specifically for the generation of highly bundled neuronal microtubule 

networks and to ensure a uniform microtubule polarity in axons (Sanchez-Huertas et al., 2016; 

Sanchez-Huertas and Luders, 2015). Moreover, recent findings showed that disruption of Augmin 

in neural stem cells induces a p53-dependent apoptosis and aborts brain development, suggesting 

that Augmin-mediated microtubule nucleation is essential for neuronal development (Viais et al., 

2021). In a different cellular context, Augmin subunit HAUS3 was identified as a potential 

prognostic marker for hepatocellular carcinoma (HCC). High levels of HAUS3 in HCC tissues 

significantly correlated with poor prognosis of patients (larger tumor size and greater number of 

cancer lesions) (Zhang et al., 2019). These works underscore the importance of bridging 

fundamental research with pre-clinical research, thus broadening the current knowledge 

underlying human diseases.  

The morphological differences between Indian muntjac chromosomes and kinetochores 

allowed us to track individual chromosomes throughout mitosis. Measurement of intra-

kinetochore distances, serial-section EM, and RNAi against key kinetochore proteins confirmed 

a standard structural and functional organization of the Indian muntjac kinetochores and revealed 

that microtubule binding capacity scales with kinetochore size. Besides, we found that 

chromosome segregation in mammals is biased by kinetochore size (Drpic et al., 2018). 

Remarkably, our findings were later supported by evidence in human cells. The authors 

demonstrated that inherent properties of individual chromosomes and centromeres, including 

kinetochore size, can bias chromosome missegregation and consequently aneuploidy rates 

(Dumont et al., 2020; Worrall et al., 2018).  

Interestingly, a parallel between cancer evolution and speciation/evolutionary theory has been 

suggested (MacDonald and McClelland, 2021). Although chromosome aneuploidy is rarely 

observed in speciation, chromosome breakage during cytokinesis can lead to genomic 

rearrangements and contribute to karyotypic evolution indirectly. Understanding the underlying 

drivers of CIN in cancer, including the bias in chromosome (mis)segregation and loss, can 

represent an important piece to perceive evolutionary karyotype changes, and vice-versa. Some 

species may be more or less vulnerable to develop cancer-linked karyotypic changes, which can 

be dependent on their chromosomal and centromere structure. Recent analysis identified 

centromere-related genes (CENP-Q and CENP-V) associated with rapid evolutionary 

rearrangements in the Indian muntjac genome (Mudd et al., 2020). However, the driver of the 

increased rate of chromosome fusions in the genus Muntiacus is still unclear. Extending similar 

analyses to major karyotypic events during speciation may provide insights into the genetic 

factors that give rise to and maintain karyotype rearrangements (MacDonald and McClelland, 

2021). From a different perspective, others believe that chromosome fusions on the muntjac 
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lineage differs from those that have been described in cancer. Observation that these events did 

not occur in a single catastrophic event (Huang et al., 2006a; Huang et al., 2006b) and occurred 

without disrupting gene order, is largely distinct from the extensive rearrangements found in 

cancer due to chromothripsis (Stephens et al., 2011). 

Our work also unveiled that chromosome congression to spindle equator is biased by 

kinetochore size. Chromosomes with large kinetochores relied less on CENP-E motor activity to 

congress to the spindle equator. This data, together with the observation that ~65% of species 

with large holocentric kinetochores lack a kinesin-7 orthologue (unpublished data), raised the 

need to dissect if CENP-E-dependent chromosome motion confers any evolutionary advantage. 

During unperturbed mitosis, nematodes C. elegans efficiently congress all chromosomes in a 

matter of seconds due to rapid chromosome ‘direct congression’. However, when kinetochore 

microtubule attachments are challenged, embryos take longer to orient their chromosomes and 

show high rates of lagging chromosomes in anaphase (Powers et al., 2004). We showed that this 

phenotype can be partially rescued when human CENP-E is ectopically expressed. This 

underlines the physiological relevance of having a kinetochore motor to assist chromosome 

congression when kinetochore microtubule end-on attachments are compromised. As a future 

perspective we aim to directly test the prevailing model that suggests that CENP-E-dependent 

chromosome motion towards the cell equator is enhanced by microtubule detyrosination in vivo. 
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