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RESUMO 

A dineína citoplasmática 1 (dineína) é o principal complexo motor que se move na 

direção da extremidade negativa dos microtúbulos em animais e é responsável pelo transporte 

de diversas cargas, desde pequenas proteínas a organelos de grandes dimensões. Como tal, 

a dineína está envolvida numa grande diversidade de funções celulares incluindo os principais 

processos relacionados com a divisão celular. Esta notável diversidade funcional só é possível 

graças à estreita regulação da dineína a múltiplos níveis. A dineína, por si só, não é capaz de 

se mover processivamente ao longo dos microtúbulos e requer a ligação de diferentes 

cofatores que regulam a sua localização, interação com a carga, e atividade motora. 

Tirei partido do facto do adaptador ubíquo de dineína NUD-2, que é o homólogo em 

Caenorhabditis elegans das proteínas humanas NUDE/L, não ser essencial para a viabilidade. 

No entanto, embriões sem esta proteína apresentam a função de dineína comprometida, o 

que pode ser explorado para procurar novos componentes envolvidos em processos 

relacionados com dineína. Para tal, desenvolvi um rastreio genómico para genes que causam 

letalidade sintética no alelo nulo de nud-2 [nud-2(ok949)]. Utilizando bactéria como alimento 

para fornecer dsRNA num formato de 96-poços e uma metodologia semiautomática de 

microscopia de fluorescência, rastreei 19762 clones bacterianos e identifiquei 38 genes cuja 

inibição aumentou a letalidade em animais nud- 2(ok949) relativamente ao controlo nud-2(+). 

Entre os 38 genes identificados, 13 têm funções relacionadas com o citoesqueleto de 

microtúbulos, quatro codificam parceiros conhecidos de dineína, e 19 estão implicados na 

divisão celular embrionária, onde se sabe que a dineína realiza múltiplas funções essenciais. 

A procura de novas funções mitóticas dos genes identificados revelou que SMK-1, o 

homólogo em nematode da subunidade reguladora da proteína fosfatase 4 PP4R3A, tem um 

papel fundamental em mitose. Até ao momento, SMK-1 é principalmente conhecido como 

regulador chave da longevidade em C. elegans, não tendo qualquer função descrita em 

mitose. Através de microscopia em tempo-real de embriões demostrei que a depleção de 

SMK-1 causa defeitos severos na congressão e segregação cromossómica durante a primeira 

divisão mitótica. Estes defeitos mitóticos devem-se à ausência de atividade de PP4, uma vez 

que a co-depleção das duas subunidades catalíticas redundantes de PP4, PPH-4.1 e PPH-

4.2, fenocopia a depleção de SMK-1. 

Uma caracterização mais detalhada da depleção de SMK-1 revelou um atraso na 

formação do cinetocoro exterior e na resolução dos centrómeros irmãos. Além disso, os níveis 

cromossómicos de GFP::KLE-2CAP-H2 encontram-se altamente reduzidos após depleção de 

SMK-1, indicando que os defeitos na resolução dos centrómeros irmãos se podem dever ao 

carregamento comprometido do complexo condensina II. Os defeitos observados na 

resolução dos centrómeros irmãos são similares aos causados pela depleção do componente 
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do cinetocoro exterior KNL-1, sugerindo que a formação do cinetocoro exterior é importante 

para a resolução dos centrómeros irmãos. Curiosamente, os ensaios de ligação in vitro 

utilizando proteínas purificadas demonstraram que o domínio EVH1 de SMK-1 interage com 

a proteína do cinetocoro HCP-4CENP-C. Esta interação pode ser quebrada por mutações nos 

três motivos FxxP presentes em HCP-4CENP-C ou pela mutação de resíduos no domínio EVH1 

cujo envolvimento na ligação a motivos FxxP havia já sido previsto. Descrevo uma estratégia 

de substituição molecular que me irá permitir avaliar a significância da interação SMK-1 - HCP-

4CENP-C in vivo. A caracterização preliminar dos mutantes nos motivos FxxP de HCP-4CENP-C in 

vivo revelou um aumento dos níveis de HCP-4CENP-C nos cinetocoros, idênticos aos 

observados após depleção de SMK-1. Surpreendentemente, descobri que um dos motivos 

FxxP também desempenha um papel na importação nuclear, independentemente de SMK-1. 

A co-depleção de SMK-1 e coesina restabelece a resolução dos centrómeros irmãos, 

mas não os defeitos na congressão cromossómica, sugerindo que SMK-1 desempenha vários 

papéis distintos. Ensaios combinando a co-depleção de componentes do cinetocoro exterior 

e SMK-1 com microscopia quantitativa em tempo-real sugerem que a congressão 

cromossómica em embriões depletados de SMK-1 é caracterizada por três fases distintas. 

Primeiro, as forças de ejeção polar empurram os cromossomas em direção ao equador da 

célula. Cerca de 70 segundos após a desintegração do envelope nuclear, os cromossomas 

estabelecem com os microtúbulos do fuso mitótico ligações mono-orientadas dependentes de 

NDC-80, o que resulta no movimento dos cromossomas em direção aos polos do fuso. 

Subsequentemente, os cromossomas bi-orientam e o complexo SKA estabiliza as ligações, 

resultando na re-congressão dos cromossomas dispersos. No entanto, o atraso na bi-

orientação cromossómica causa a elevada incidência de ligações merotélicas entre 

cinetocoros e microtúbulos, o que compromete a fidelidade da segregação cromossómica. 

Especulo que a causa subjacente à dispersão cromossómica em embriões depletados de 

SMK-1 é o atraso na formação do cinetocoro exterior, que pode, por sua vez, ser uma 

consequência da quebra na interação entre SMK-1 e HCP-4CENP-C. 

Em suma, o trabalho desta tese resultou em duas conquistas principais: primeiro, o 

rastreio por RNAi à escala genómica forneceu um conjunto de genes interatores de nud-2 cujo 

estudo adicional promete fornecer conhecimento sobre os mecanismos regulatórios 

subjacentes à diversidade funcional de dineína. Segundo, a caracterização de novas funções 

de SMK-1/PP4 em mitose, nomeadamente na formação do cinetocoro exterior, na resolução 

dos centrómeros irmãos, e na congressão cromossómica, contribuiu para o avanço da 

compreensão sobre os mecanismos moleculares que asseguram a fidelidade mitótica. 

 

Palavras-chave: Dineína; rastreio por RNAi à escala genómica; SMK-1/PP4; resolução 

de centrómeros irmãos; congressão cromossómica 
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ABSTRACT 

Cytoplasmic dynein 1 (dynein) is the main microtubule minus-end directed motor in 

animals and is responsible for the transport of a variety of cargo, from small proteins to large 

organelles. As such, dynein is involved in a diverse array of cellular functions including major 

cell division-related processes. This remarkable functional diversity is only possible due to 

dynein’s tight regulation at multiple levels. Dynein on its own is not able to move processively 

along microtubules and requires the binding of different co-factors which regulate its 

localization, interaction with cargo, and motor activity. 

I took advantage of the fact that the ubiquitous dynein adaptor NUD-2, which is the C. 

elegans homolog of the human NUDE/L, is not essential for viability. However, embryos 

lacking this protein display compromised dynein function that can be exploited to search for 

novel components involved in dynein-related processes. I performed a genome-wide screen 

for synthetic lethal interactors of the nud-2 null allele [nud-2(ok949)]. Using bacterial feeding 

to deliver dsRNAs in a 96-well liquid format and a semi-automated fluorescence microscopy 

approach, I screened 19762 bacterial clones and identified 38 genes whose inhibition caused 

enhanced lethality in nud- 2(ok949) relative to the nud-2(+) control. Among the 38 identified 

genes, 13 have functions related to the microtubule cytoskeleton, four genes code for known 

dynein binding partners, and 19 are implicated in embryonic cell division, where dynein is 

known to have multiple essential functions.  

A search for novel mitotic functions among the screen hits revealed that SMK-1, the 

worm homolog of the protein phosphatase 4 regulatory subunit PP4R3A, plays a pivotal role 

in mitosis. To date, SMK-1 is mostly known as a key lifespan regulator in C. elegans with no 

described function in mitosis. Through live-imaging in embryos I showed that SMK-1 depletion 

caused severe chromosome congression and segregation defects in the first mitotic division. 

These mitotic defects are attributable to a lack of PP4 activity, as co-depletion of the two 

functionally redundant PP4 catalytic subunits PPH-4.1 and PPH-4.2 phenocopied SMK-1 

depletion. 

A closer characterization of the SMK-1 depletion phenotype revealed a delay in the 

assembly of the outer kinetochore and in sister centromere resolution. Additionally, 

chromosomal levels of GFP::KLE-2CAP-H2 were highly reduced after SMK-1 depletion, implying 

that sister centromere resolution defects could be caused by impaired loading of the condensin 

II complex. The observed sister centromere resolution defects after SMK-1 depletion were 

similar to those caused by depleting the outer kinetochore component KNL-1, suggesting that 

outer kinetochore assembly is important for sister centromere resolution. Interestingly, in vitro 

binding assays with purified proteins revealed that SMK-1’s EVH1 domain interacts with the 

kinetochore protein HCP-4CENP-C. This interaction can be disrupted by mutations in the three 
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FxxP motifs present in HCP-4CENP-C or by mutating residues in the EVH1 domain predicted to 

be involved in FxxP motif binding. I described a molecular replacement strategy that will allow 

me to assess the significance of the SMK-1 - HCP-4CENP-C interaction in vivo. Preliminary 

characterization of HCP-4CENP-C FxxP motif mutants in vivo revealed an increase of HCP-4CENP-

C levels at kinetochores, similar to what was observed after depletion of SMK-1. Surprisingly, 

I found that one of the FxxP motifs also had an SMK-1-independent role in nuclear import of 

HCP-4CENP-C. 

Co-depletion of SMK-1 and cohesin rescued sister centromere resolution but not 

chromosome congression defects, suggesting that SMK-1 has multiple distinct roles. Co-

depletion of outer kinetochore components and SMK-1 combined with quantitative live-imaging 

assays suggested that chromosome congression in SMK-1-depleted embryos is characterized 

by three distinct phases. First, polar ejection forces push chromosomes towards the cell 

equator. Around 70 seconds after nuclear envelope breakdown, chromosomes establish NDC-

80-mediated mono-oriented attachments to spindle microtubules, which results in pronounced 

chromosome movement towards spindle poles. The scattered chromosomes subsequently bi-

orient and the SKA complex stabilizes end-on attachments, which results in re-congression of 

the chromosomes. However, the delay in chromosome bi-orientation causes a high incidence 

of merotelic kinetochore microtubule attachments that compromises the fidelity of chromosome 

segregation. I speculate that the underlying cause of chromosome scattering in SMK-1-

depleted embryos is the delay in outer kinetochore assembly, which may in turn be a 

consequence of disrupting the interaction between SMK-1 and HCP-4CENP-C. 

In summary, the work in this thesis resulted in two main achievements: first, the genome-

wide RNAi screen performed provided a set of nud-2 interacting genes whose further study 

promises to provide insight into the regulatory mechanisms that underlie dynein's functional 

diversity. Second, the characterization of novel roles for SMK-1/PP4 in mitosis, namely in outer 

kinetochore assembly, sister centromere resolution, and chromosome congression, advanced 

our understanding of the molecular mechanisms that ensure mitotic fidelity. 

 

Keywords: Dynein; genome-wide RNAi screen; SMK-1/PP4; sister centromere 

resolution; chromosome congression 
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THESIS OUTLINE 

Understanding how the microtubule minus end-directed motor cytoplasmic dynein 

performs its many functions is a key topic in cell biology. The functional diversity is achieved 

through dynein’s regulation at multiple levels, including its interaction with several different co-

factors and cargo adaptors. To date, several of these proteins have already been identified but 

the list is far from complete. The project developed in this thesis started with the goal of gaining 

molecular insight into how cytoplasmic dynein is regulated in space and time. As the project 

progressed, the focus became the characterization of the protein phosphatase 4 subunit SMK-

1, which functions together with dynein during chromosome segregation, although not 

necessarily in the same pathway. As such, three main goals were addressed in this work: 

 

1) Identify genetic interactors of the dynein co-factor nud-2 by performing a genome-

wide synthetic lethal screen in C. elegans; 

2) Search for possible uncharacterized mitotic roles being performed by the genes 

identified in the genome-wide RNAi screen; 

3) Characterize in more detail the phenotypes observed in the first embryonic division 

of C. elegans after depletion of the screening hit SMK-1. 

 

The thesis is divided into three main chapters: 

 

Chapter 1 contains a comprehensive review about the general state of the art on cell 

division, emphasizing its key components and the different levels of regulation that tightly 

coordinate the complex network of processes that ensure the fidelity of chromosome 

segregation. Additionally, Chapter 1 provides an overview of the current knowledge about the 

cytoplasmic dynein motor complex, its function and regulation by different co-factors, with a 

special focus on dynein’s mitotic functions. The chapter finishes by presenting the model 

organism used in these studies. The nematode C. elegans is a powerful model to perform 

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. 

 

Chapter 2 describes the experimental work that was performed and presents the main 

results obtained in this thesis. In Section 2.1 the genome-wide RNAi screen is presented that 

was performed to search for genetic interactors of the NUD-2 dynein co-factor in C. elegans. 

This study allowed the identification of 38 genes whose inhibition caused enhanced lethality in 

nud-2(ok949) relative to the nud-2(+) control. Among them, 19 genes are implicated in 

embryonic cell division, opening the opportunity to further explore their involvement in mitosis. 
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Section 2.2 describes the mitotic roles of the protein SMK-1, a component of the protein 

phosphatase 4 complex. Live-imaging of embryos depleted of SMK-1 revealed that this protein 

is essential for accurate chromosome segregation by regulating outer kinetochore assembly, 

sister centromere resolution, and chromosome congression. 

 

In Chapter 3, the main conclusions and outlook of the work are presented and 

summarized, bringing together the results obtained and putting them into context. 
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1.1 THE CELL CYCLE 

The term ‘cell’ was first used by the British scientist sir Robert Hooke when, in 1665, 

using the recently invented microscope he was observing thin cuttings of cork and named its 

honeycomb-like structures as ‘pores’, or ‘cells’ because of the resemblance to the monk cells 

in a monastery (Hooke, 1665). Two centuries later, it was discovered that all organisms are 

made of cells (Schleiden, 1838; Schwann, 1839) and in 1855, Rudolf Virchow stated that all 

cells are derived from pre-existing cells (Virchow, 1855). In 1879, Walther Flemming made the 

first detailed description of a cell division. He realized that cell cleavage was invariably 

preceded by the appearance of threads (now known as chromosomes) within nuclei that 

shorten and align in the middle of the cell, after which they split into two and move to opposite 

sides of the cell. Then these threads disappear and the resulting cells look like the pre-existing 

mother cell. He named this process as mitosis (from the Greek word mitos that means thread) 

(Flemming, 1879). Since then, cell division has become one of the most studied processes in 

Biology and it is now commonly accepted that all living organisms on this planet are 

descended, by an unbroken series of divisions, to an ancestral cell that came into being at 

least 3.465 billion years ago (Schopf, 1994). 

Cell division is part of a more complex process called cell cycle, which is characterized 

by a highly ordered and coordinated sequence of periodic events that culminate in the 

formation of two cells from a single pre-existing cell. This process is fundamental in all 

organisms once it is responsible for reproduction (two individual and identical cells or 

organisms arise from each cell division); growth and development (during development of 

multicellular organisms, cell number increases by cell division); and tissue regeneration 

(damaged or old cells are replaced by new ones through cell division and differentiation). 

One of the main features of cell division is the accuracy. For example, it has been shown 

that budding yeasts make only one mistake in about 100,000 divisions (Hartwell and Smith, 

1985), although cultured mammalian cells are considerably less accurate (Bakhoum et al., 

2014). This is crucial since the introduction of genetic errors (either by DNA mutation or 

chromosome mis-segregation) gives rise to the appearance of several defects that could result 

in diseases like cancer or chromosomal syndromes (like trisomies and aneuploidies). 

Understanding how cells control cell division is crucial if we are to understand embryological 

development or why tumor cells divide in an unregulated way and do so in a manner that fails 

to preserve genomic integrity. 

 

1.1.1 Phases of the cell cycle 

The eukaryotic cell cycle can be divided in two major phases (Figure 1.1): Mitosis (or M 

phase) where the ultimate goal of the cell cycle is achieved, i.e. the segregation of the 
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replicated genetic material into two daughter cells; and Interphase, which is the longest phase 

and is when cells grow and DNA is replicated in preparation for mitosis (S phase, that stands 

for Synthesis). Along with DNA, the centrosome, which is the main Microtubule Organizing 

Centre (MTOC) in animal cells, is another cellular structure duplicated during the S phase. In 

many cell types these two stages are separated by two gap stages: Gap 1 (G1) occurs as cells 

exit mitosis, and is characterized by growth of the cells before the next S phase. G2 occurs 

between the end of S phase and the initiation of M phase again characterized by cell growth 

in preparation for mitosis. In addition to G1, S, G2, and M, the term G0 is used to describe 

cells that have exited the cell cycle and become quiescent (Rieder, 2011). 

 

 

Figure 1.1 – The eukaryotic cell cycle.  Schematic representation of the eukaryotic cell cycle stages, 
including the main features of each stage and the three checkpoints that guard the key cell cycle 
transitions. The entry in mitosis is triggered by the increased levels of CDK1/Cyclin B complex and its 
degradation initiates mitotic exit. 

 

1.1.2 Cell cycle progression 

Cell cycle progression is controlled by the activity of a particular class of serine/threonine 

kinases, the Cyclin-dependent Kinases (CDKs) (Nurse and Bissett, 1981; Nurse, 1985; Lee 

and Nurse, 1987). The oscillation in CDKs activity affects the state of activation of several other 
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proteins involved in different cell cycle processes. However, CDK protein levels remain fairly 

constant through the cell cycle, their activity depends on the corresponding oscillations in 

levels of their regulatory subunits, known as cyclins (Evans et al., 1983). 

Different cyclin types are produced throughout the different cell cycle stages, resulting in 

the formation and activation of different CDK/cyclin complexes. In G1, the synthesis of Cyclin 

D stimulates the activation of CDK4 and CDK6. The transition from G1 to S phase is, in turn, 

triggered by the increase in Cyclin E levels and its association with CDK2. The activity of the 

CDK2/Cyclin A complex is required during S phase and its high levels, together with the 

increase in CDK1/Cyclin B complex (also known as Mitosis Promoting Factor - MPF) promote 

mitotic entry.  Then, cyclin A levels decrease allowing the initial stabilization of attachments 

between chromosomes and mitotic spindle (Murray, 2004). 

Apart from the regulation by cyclins, CDKs activity is further modulated by 

phosphorylation and by the inhibitory activity of the so-called CDK inhibitor proteins (CKIs) 

(Morgan, 1995). 

Another layer of cell cycle regulation comes from proteolysis. Addition of ubiquitin-

polymeric chains to specific cell cycle regulators, such as cyclins, targets them for proteolytic 

degradation by the 26S proteasome complex. The best example of this regulation is the 

Anaphase Promoting Complex/Cyclosome (APC/C) which triggers mitotic exit. APC/C is a E3 

ubiquitin ligase that targets Cyclin B for degradation, leading to the gradual decline in cyclin B 

levels, consequent decrease in CDK1 activity and mitotic exit (Vodermaier, 2004). 

 

1.1.3 Cell cycle checkpoints 

To prevent the accumulation of errors during the cell cycle events, their progression is 

monitored by several checkpoints, ensuring that ‘every prerequisites have been properly 

satisfied’ before the cell moves forward to the next stage (Weinert and Hartwell, 1988). The 

prevailing notion that checkpoints are activated by a problem is not true, they are constitutively 

active, always checking for problems. In the presence of errors or stress stimuli checkpoints 

promote a cell cycle delay in order to provide time for error correction. They are composed by 

three different elements: a sensor that detects a mistake or problem, a signal generated by the 

sensor by a signal transduction pathway, and a response element in the cell cycle machinery 

(often a cyclin-dependent kinase) that is targeted to block progression (Rieder, 2011). 

Cell cycle checkpoints guard the key transitions happening during the cell cycle: start of 

the cycle (G1/S transition), entry in mitosis (G2/M transition) and exit from mitosis 

(metaphase/anaphase transition) (Figure 1.1). The first two transitions are allowed when 

similar requirements are satisfied by the respective checkpoints: cells need to reach a 

minimum size and protein levels, and DNA needs to be free of any damage. If DNA damage 
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occurs in G1, cells cannot begin DNA replication, if it is detected in G2, cells cannot enter 

mitosis. Additionally, the G2 checkpoint also has the ability to monitor DNA replication, 

ensuring that cells only enter mitosis with properly replicated DNA (Murray, 1994). The mitotic 

checkpoint (or Spindle Assembly Checkpoint, SAC) delays chromatid separation (anaphase 

onset) in the presence of chromosomes that are not attached to microtubules. These 

kinetochores recruit a protein complex called Mitotic Checkpoint Complex (MCC), that 

prevents progression to anaphase by inhibiting the anaphase-promoting complex from 

targeting securin and cyclin B (which regulates CDK1 activity) for proteolytic degradation. Only 

when all chromosomes are correctly attached to opposing spindle poles and properly aligned 

in the metaphase plate, the SAC is satisfied and degradation of securin results in sister 

chromatid disjunction, while the degradation of cyclin B induces exit from mitosis (Rieder, 

2011). 

 

1.2 MITOSIS 

Mitosis is one of the most fundamental and fascinating processes across all forms of life, 

and can be defined in a simplistic manner as the equal distribution of the genetic material, as 

well as the division and distribution of cellular organelles by two daughter cells. Based in the 

major structural changes that take place during this process, mitosis is traditionally divided into 

five phases: prophase, prometaphase, metaphase, anaphase and telophase (Figure 1.2). All 

these stages are accompanied by structural changes that rely on the cell cytoskeleton that is 

constantly being remodeled as the different structures and organelles are moved and 

repositioned inside the cell throughout mitosis. The two most visible aspects are the formation 

of a microtubule-based mitotic spindle that drives chromosome movement, and the constant 

remodeling of the acto-myosin network that help in the repositioning of the different cellular 

structures and drives the constriction of the cytokinetic ring that physically separates the two 

daughter cells at the end of mitosis (McIntosh, 2016). 

 

1.2.1 Prophase 

The beginning of prophase is usually defined by the onset of visible chromosome 

condensation. During this stage, the replicated chromatin is condensed into “thread-like” 

structures called chromosomes which progressively reduce in length and increase in 

thickness. At the same time, DNA transcription is mostly silenced, in part because transcription 

factors and RNA Polymerase II lose access to their DNA binding sites (Palozola et al., 2018). 

Chromosome condensation relies on the activity of protein complexes called 

‘condensins’, which are able to encircle double-stranded DNA and affect its folding (Thadani 

et al., 2012). The way this process is achieved has been theme of debate for decades but 
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recent progresses had shed some light into the way how chromatin is compacted by 

condensins. Condensins have now been shown to possess the ability of bind DNA and 

processively extrude it to form loops (loop-extrusion) (Nasmyth, 2001; Goloborodko et al., 

2016; Terakawa et al., 2017). Individual condensins eventually collide with each other and the 

allosteric repulsion between loops makes the chromosomes acquire a bottle-brush 

configuration, with condensins aligned in the longitudinal axis of the chromosome and 

chromatin loops radiating around this axis (Goloborodko et al., 2016). Most plant and animal 

cells possess two types of condensin: condensin II is thought to build loops earlier, contributing 

to the initial shortening in chromosome length; whereas condensin I has been proposed to 

extrude shorter loops within those created by condensin II, mostly contributing to the later axial 

compaction of chromosomes (Gibcus et al., 2018). 

After DNA replication, the two newly formed sister chromatids are kept together by 

‘cohesin’. Cohesin complex is similar in structure to condensin complexes, and have been long 

known for its vital role in holding together sister chromatids until mitosis to ensure proper 

chromosome segregation (Guacci et al., 1997; Michaelis et al., 1997; Losada et al., 1998; 

Uhlmann et al., 1999). Similar to condensins, recent work showed that cohesion also plays a 

critical role in the 3D organization of interphase chromosomes due to its loop extrusion activity 

(Gassler et al., 2017; Wutz et al., 2017). During prophase, the two sister chromatids are 

individualized in a process known as sister chromatid resolution. The action of condensin II 

and the abovementioned allosteric repulsion between DNA loops is probably the major driving 

force of the separation between the two replicated DNA strands (Ono et al., 2013; Goloborodko 

et al., 2016). At the same time, cohesin that holds the strands together is selectively removed 

from the chromosomal arms allowing their separation, but is maintained at the centromeric 

region preventing the premature separation of the two sisters prior to anaphase (Uhlmann et 

al., 1999; Waizenegger et al., 2000; Warren et al., 2000). In contrast, in holocentric organisms 

(that have centromeres dispersed along the entire chromosome length) like C. elegans, it has 

been proposed that the selective removal of cohesion from the centromeres is required for 

sister resolution (Moore et al., 2005). 

Another important change that happens during prophase is the assembly of a structure 

that is absolutely required for chromosome segregation – the kinetochore. This multi-protein 

structure is assembled on centromeric DNA and will serve has a platform connecting the 

chromosomes with the microtubules of the mitotic spindle (Musacchio and Desai, 2017). 

Concomitantly, at the cytoplasm, the duplicated and fully maturated centrosomes start 

nucleating microtubules and separate from each other migrating towards opposite sides of the 

cell, defining the two poles of the future mitotic spindle (Petry, 2016). 

In most organisms, the nuclear envelope breakdown (NEBD) marks the end of prophase. 

The disintegration of this structure (that remains inside vesicles that persist around the spindle 
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during mitosis) allows the interaction between the chromosomes and the microtubules, 

marking the entrance into prometaphase. In some organisms, such as fungi, mitosis takes 

place within a closed nucleus, or in a semi-closed nucleus, when NEBD is only partial as is the 

case for Drosophila or C. elegans (Makarova and Oliferenko, 2016). 

 

1.2.2 Prometaphase and Metaphase 

Prometaphase is characterized by the continuous nucleation of microtubules from the 

centrosomes, which continue to separate from each other until the formation of a bipolar 

spindle. Once released in the cytoplasm, each chromosome randomly interacts with spindle 

microtubules and initially orients to one of the mitotic poles, defined by the centrosomes 

position. The mono-oriented chromosomes are then captured by microtubules emanating from 

the opposite pole becoming bi-oriented. These interactions drive the motion of the 

chromosomes towards the equator of the spindle, a process called chromosome congression 

(Maiato et al., 2017). 

When all chromosomes are aligned in the center of the spindle, the cell is said to be in 

metaphase and is now ready to segregate the duplicated genome. Metaphase chromosomes 

have the two sister chromatids, each one with its own kinetochore, correctly attached to 

microtubules nucleated from opposing poles, what is called an ‘amphitelic’ attachment. Only 

this amphitelic attachment guarantees that the two chromatids of a chromosome will be 

incorporated into different daughter nuclei during anaphase. However, the probability of 

immediately engaging into this type of attachment is very low. For example, sister kinetochores 

can attach to microtubules emanating from the same pole (‘syntelic’ attachment), or one 

kinetochore can be attached to both poles (‘merotelic’ attachment), or be attached just to one 

pole and not the other (‘monotelic’ attachment) (Prosser and Pelletier, 2017). All these errors 

need to be properly corrected before cells segregate the two sisters in anaphase. 

 

1.2.3 Anaphase and Telophase 

Anaphase begins with disruption of the cohesion that holds sister chromatids together 

so that they can be separated and pulled to opposite poles of the cell by the depolymerizing 

microtubules (anaphase A) and later by further separation of the poles and spindle elongation 

(anaphase B). Sister chromatids are released from the cohesin “entrapment” by the protease 

separase which cleaves the kleisin subunit of cohesin. However, separase activity is blocked 

by securin in order to prevent a premature sister separation. Only when chromosomes are 

properly attached and aligned at metaphase plate, securin is ubiquitinated by the anaphase-

promoting complex / cyclosome (APC/C), which targets securin for degradation by the 
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proteasome, thereby allowing separase activation. At the same time, cyclin B, that is also a 

substrate of the APC/C, is degraded initiating the mitotic exit (Kamenz and Hauf, 2017). 

After chromosome segregation, chromosomes start to decondense, kinetochores are 

disassembled and the mitotic spindle is remodeled in preparation for cytokinesis. Nuclear 

envelope reforms around the two sets of chromatids giving rise to two daughter nuclei. 

 

 

Figure 1.2 – Stages of mitotic progression and its major events. Schematics of the different stages 
of mitosis and the main events taking place at each stage. The different phases are numbered according 
to their temporal order. 

 

1.2.4 Cytokinesis 

Cytokinesis completes cell division by physically separating the contents of the mother 

cell between the two daughter cells. This process is tightly coordinated with chromosome 

segregation and starts already in anaphase onset. In animal cells, cytokinesis relies on a 

contractile acto-myosin ring that assembles at the cell equator and constricts towards the 

center of the cell bringing the plasma membrane behind it. The assembly of the cytokinetic 

furrow depends on the appearance of an equatorial zone of active Ras homolog gene family, 

A (RhoA). Active RhoA promotes the recruitment of contractile ring proteins including formin, 

which triggers the assembly of unbranched actin filaments, and Rho kinase as well as citron 

kinase, which promote myosin-II activation, initiating ring constriction. The positioning of 

cleavage furrow is defined by cellular cues emanated from the mitotic spindle. The spindle 
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generates both positive and negative signals that create and pattern cortical contractility: 

overlapping microtubule plus ends of the central spindle are involved in promoting the local 

activation of RhoA at the equator, and dynamic astral microtubules suppress it at poles (Green 

et al., 2012; Thieleke-Matos et al., 2017; Basant and Glotzer, 2018). 

Contractile ring constriction progresses until only a narrow bridge of cytoplasm and 

compacted central spindle connects the two daughter cells. The final step of cytokinesis is 

abscission, and marks the physical separation of the daughter cells by microtubule and 

membrane scission (Mierzwa and Gerlich, 2014). 

 

1.2.5 Phospho-regulation  

Since transcription and translation are reduced during mitosis (Palozola et al., 2018), the 

post-translational modification of proteins assumes an important role on the regulation of 

mitotic processes. A key mechanism controlling the progression through mitosis is the precise 

timing of more than 32,000 phosphorylation and dephosphorylation events (Burgess et al., 

2017) that regulate the activity of mitotic enzymes, their interactions with other proteins, their 

localization and conformations, or their targeting for destruction. The traditional view of protein 

phosphorylation is that kinases and phosphatases work antagonistically to switch individual 

signals on or off. However, in many situations, kinases and phosphatases work together to 

positively drive signal responses. This cooperative activity between several mitotic kinases and 

phosphatases is critical for setting the amplitude, localization, timing, and shape of these 

phosphorylation signals  (Gelens et al., 2018). 

The CDK1/Cyclin B1 complex is the major mitotic kinase being responsible for the 

phosphorylation of thousands of Ser-Pro and Thr-Pro residues in several different mitotic 

proteins. The rise in its activity triggers the entry in mitosis and the degradation of Cyclin B1 at 

metaphase by the APC/C in complex with CDC20 initiates mitotic exit (Pines, 2011). Although 

playing a central role, CDK1 is not the sole mitotic kinase. The list includes, among others, 

kinases from the Aurora (Aurora-A and Aurora-B) and PLK (Polo-like kinase) families, BUB1, 

Haspin and Mps1 (Figure 1.3 A). 

However, on their own kinases are not sufficient to regulate such a dynamic process as 

mitosis is. Indeed, the addition of phosphate groups to protein is very stable which makes the 

activity of protein phosphatases of extreme importance to ensure that these events are highly 

dynamic (Nilsson, 2018). 

 

1.2.5.1 Protein phosphatases take the mitotic stage 

Over the years the importance of protein kinases and their regulation has been 

extensively studied, whereas the activity of protein phosphatases has been largely 
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disregarded. However, in recent years they have attracted more attention and it is now widely 

accepted that they also play a critical role in the regulation of protein function in various cellular 

processes (Kim et al., 2016; Nilsson, 2018; Moura and Conde, 2019). 

There are more than 500 kinases in the human genome, whereas the total number of 

phosphatases is less than 200. From these ~100 are Tyrosine phosphatases and a similar 

number of Tyrosine kinases exist. In striking contrast, there are more than 400 

Serine/Threonine kinases which account for more than 98 % of the total phosphorylation 

events in mitosis. However, the number of genes encoding Serine/Threonine phosphatases is 

only about 30. This apparent paradox can be explained by the fact that Ser/Thr phosphatases 

form diverse complexes of highly different catalytic and regulatory subunits that mediate its 

substrate specificity (Kim et al., 2016), which is in contrast with protein kinases whose catalytic 

domain is usually from a single protein fold and which share common features. Most protein 

kinases have a bilobal catalytic domain: the N-terminal lobe has one β-sheet and one -helix, 

and the C-terminal lobe is -helical. Buried in the interface between the two lobes resides the 

active transfers the -phosphate of ATP to the substrate. The ATP binding pocket is largely 

conserved across kinases. Generally, kinases recognize their substrate through small 

consensus motifs composed by 4-6 amino acids flanking the phospho-acceptor residue 

(Welburn and Jeyaprakash, 2018). 

In the past, the promiscuity observed in vitro for the isolated phosphatase catalytic 

subunits has contributed for the lack of interest on their study. However, in cellular context, 

these are obligate multimeric enzymes, assembled from a small number of catalytic subunits 

combined with many different regulatory subunits. Is this complex regulatory combination of 

subunits that creates the precision essential to coordinate and control highly regulated cellular 

processes (Virshup and Shenolikar, 2009). Usually, phosphatases are divided in three groups: 

the classical tyrosine phosphatases (cTP), dual-specificity phosphatases (DSP) and the 

serine/threonine phosphatase (STP). 

Protein tyrosine phosphatase (PTP) are characterized by the presence of a signature 

motif HCX5R in the active-site. As referred, this class of proteins can be divided into classical 

tyrosine phosphatases (cTP) and dual-specificity phosphatases (DSP), and they have high 

substrate specificity without the need to assemble complexes with other subunits. Instead 

there are more than one hundred genes encoding for a wide range of structurally different 

catalytic units (Tiganis and Bennett, 2007). However, so far only two families of PTPs have 

been implicated in cell cycle regulation: the dual-specificity phosphatases, cell division cycle 

25 (CDC25) and CDC14. The CDC25 family has three different phosphatases important for 

controlling the transition between cell cycle phases. CDC14 has been shown to control mitotic 

exit in budding yeast, but its relevance in metazoans remains to be defined (Trinkle-Mulcahy 

and Lamond, 2006). 
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Figure 1.3 – Protein kinases and phosphatases involved in mitotic regulation. (A) Major mitotic 
processes and activation profile of the main mitotic kinases and phosphatases. Adapted from Kim et al. 
(2016); Gelens et al. (2018); Nilsson (2018). (B) Cartoon depicting the composition of the Protein 
Phosphatase 4 complex and the C. elegans homologues of each subunit. Adapted from Virshup and 
Shenolikar (2009). (C) Major cellular processes which have been shown to be regulated by PP4. See 
for review Cohen et al. (2005); Virshup and Shenolikar (2009); Kim et al. (2016) and Moura and Conde 
(2019). 

 

Serine/threonine phosphates can be divided into three different families based on their 

structure and catalytic mechanism: the phosphoprotein phosphatases (PPP), the metal-

dependent (PPM) and the haloacid dehydrogenases (HAD) (Shi, 2009). The most abundant 

phosphatases in eukaryotes are the PPPs, and seven members of this family are known: PP1, 
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PP2A, PP2B, PP4, PP5, PP6 and PP7. All PPPs share a similar catalytic domain with two 

metal ions at the active site. This active site has poor substrate specificity in vitro and, unlike 

kinases, fails to recognize consensus sequences around the phosphorylated residue. Hence, 

their activity and substrate recognition needs to be modulated through the association with one 

or more regulatory subunits. Resolved crystal structures of PPPs have revealed that the active 

site lacks a clear peptide-binding cleft and that target peptide sequences interact with both the 

regulatory and catalytic subunits (Egloff et al., 1995; Goldberg et al., 1995). Emerging evidence 

is pointing to the idea that distinct binding grooves on the catalytic subunit and on the B 

regulatory subunit recognize short linear-interaction motifs (SLiMs) on the binding partners, 

and these interactions are responsible for the direct binding to substrates, to localize the 

phosphatase to a specific structure or to bind to other proteins that recruit the substrate. SLiMs 

are typically 4-10 amino acids long and examples have been shown to be present in most PP1 

binding partners (RVxF motif) or PP2A interactors (LxxIxE) (Nilsson, 2018). 

In mitosis, several phosphatases have been shown to interact and regulate multiple 

mitotic proteins, with PP1 and PP2A being the most extensively studied. PP1 is the simplest 

of the mitotic phosphatases and consists of only one catalytic subunit which comprises three 

different isoforms (PP1, β and ) that assemble into hundreds of different complexes with 

regulatory subunits (Nilsson, 2018). PP1 complexes have been shown to counteract the 

activity of mitotic kinases like CDK1, Aurora B, MPS1 and PLK1 and its activity has been 

implicated in the regulation of centrosome separation (Meraldi and Nigg, 2001), spindle 

positioning (Lee et al., 2018a), kinetochore-microtubule attachment stabilization (Posch et al., 

2010; Cheerambathur et al., 2017), spindle assembly checkpoint silencing (Moura et al., 2017) 

and nuclear envelope reassembly after mitosis (Vagnarelli and Earnshaw, 2012). 

PP2A acts as a trimeric holoenzyme composed by a catalytic subunit C, a scaffolding 

subunit A and a regulatory subunit B. The PP2A-B55 and PP2A-B56 appear to be the major 

PP2A complexes involved in mitotic regulation (Nilsson, 2018). PP2A-B56 has been shown to 

be required for the protection of centromere cohesion against premature separation prior to 

anaphase (Kitajima et al., 2006). At the kinetochore PP2A-B56 counteracts Aurora B 

phosphorylation of NDC80 contributing to attachment stabilization (Kruse et al., 2013) and also 

dephosphorylates KNL1 contributing for PP1 localization and SAC inactivation (Nijenhuis et 

al., 2014). PP2A-B55, in turn, exerts its activity at later stages where it dephosphorylates 

CDC20 and APC/C triggering mitotic exit (Hein et al., 2017) and it is also involved in the 

‘clearance’ of mitotic phosphorylations in preparation for interphase (Cundell et al., 2016). 

Similar to PP2A, the protein phosphatase 4 usually functions as a heterotrimeric complex 

composed by the catalytic subunit (PP4c) that associates with the structural subunit R2 and a 

regulatory subunit R3 (Cohen et al., 2005) (Figure 1.3 B). The R3 subunit has been suggested 

to be the one interacting with PP4 substrates, through its conserved pleckstrin homology (PH)-



Chapter 1 | State of the art 

14 

 

like/ EVH1 domain at the N-terminus (Lyu et al., 2013; Ma et al., 2014; Lipinszki et al., 2015). 

During cell division, PP4 is enriched at centrosomes and has been shown to be required for -

tubulin accumulation and centrosome maturation in Drosophila and C. elegans embryos, and 

in human cultured cells (Helps et al., 1998; Sumiyoshi et al., 2002; Martin-Granados et al., 

2008). During mouse neuronal differentiation, PP4-dependent dephosphorylation of CDK1 

phospho-sites in the dynein partner NDEL1 is required for its binding to dynein and LIS1 to 

efficiently orient the spindle of neuroepithelial cells (Xie et al., 2013). More recently, a crystal 

structure study has resolved the interaction between the EVH1 domain of Drosophila R3 

subunit and the centromeric protein CENP-C, placing the phosphatase activity of the complex 

at centromere where it would be necessary for centromere integrity (Lipinszki et al., 2015). 

Fission yeast PP4, has also been shown to dephosphorylate the kleisin subunit of cohesion, 

contributing for a partial release of sister chromatid cohesion (Birot et al., 2017) (Figure 1.3 C). 

Protein phosphatase 6 is the less understood of the mitotic PPPs. It also forms a trimeric 

complex composed by PP6C and two regulatory subunits (Nilsson, 2018), and has an 

important role on the regulation of Aurora A activity for proper microtubule growth and spindle 

assembly (Zeng et al., 2010; Rusin et al., 2015). 

 

1.3 THE MITOTIC APPARATUS 

The accurate distribution of the replicated genomes between the two daughter cells 

depends on the engagement of the DNA assembled into chromosomes with the microtubules 

of the mitotic spindle. This complex molecular machine is mostly composed by microtubules 

emanating from the centrosomes and its assembly and maintenance is ensured by the action 

of several microtubule-associated proteins and motor proteins. 

 

1.3.1 Microtubules 

Microtubules (MTs), along with actin and intermediate filaments, constitute the three 

main classes of cytoskeletal filaments in eukaryotic cells. These structures are found across 

all eukaryotic organisms and even most prokaryotes have homologous proteins that form 

similar filaments (Pollard and Goldman, 2018). Such a conserved evolutionary history must 

mean that microtubules play a central role on all organisms’ cell biology. 

Indeed, microtubules play a large span of cellular functions including the assembly into 

mitotic spindles that separate the chromosomes during mitosis (Prosser and Pelletier, 2017); 

they form the core of cilia and flagella being responsible, along with motors, for the movement 

of organisms and cells that rely on these structures (Lindemann et al., 2010); microtubules 

also serve as ‘rails’ for the movement and positioning of diverse cellular structures including 
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organelles and vesicles, which is of particular relevance for neuronal transport (Barlan and 

Gelfand, 2017); and they also regulate cell polarity and morphogenesis. 

Microtubules assemble through the polymerization of β-tubulin heterodimers into 

hollow polymers that are ~25 nm in diameter and range in length from < 1μm and > 100 μm. 

Usually, microtubules are composed by 13 linear protofilaments (PFs) that are associated 

laterally. However, the number of associated PFs can vary from 10 to 16 depending of cell 

types or organisms (Sui and Downing, 2010). The main body of a typical 13-PF microtubule is 

composed of a so-called B lattice, in which -subunits are next to -subunits ( – ) and β-

subunits next to β-subunits (β – β). This conformation changes at the seam because each PF 

in the main body of a microtubule is slightly shifted relative to its neighbor, with the -subunits 

associating laterally with β-subunits ( – β) (Goodson and Jonasson, 2018). Within each 

protofilament, β heterodimers are oriented with their β-tubulin monomer pointing towards the 

plus end. Therefore, β-tubulin is exposed at the plus end and -tubulin is exposed at the minus 

end of the MT. 

Microtubules grow through the addition of soluble β-tubulin heterodimers to the 

exposed β-tubulin at the microtubule plus end, a process that is regulated by Guanosine-5'-

triphosphate (GTP)-hydrolysis. GTP-bound tubulin subunits are added onto microtubule ends 

and the subsequent addition of a new subunit completes the active site for GTP hydrolysis, 

which generates conformational changes in -tubulin, leading to lattice rearrangements and 

generation of strain within the lattice (Hyman, 1995; Alushin et al., 2014). Therefore, the newly 

formed microtubule tip contains a cap of GTP-tubulin (GTP cap), which has stabilizing 

properties, whereas the microtubule shaft is composed of Guanosine 5′-diphosphate (GDP)-

tubulin and is intrinsically unstable (Akhmanova and Steinmetz, 2015) (Figure 1.4 A). 

The dynamic properties of MTs were already apparent to early cytologists. The first 

characterizations of MT dynamics in vitro demonstrated the reversible self-assembly of tubulin 

(Weisenberg, 1972). Later studies revealed that, at the steady state (when microtubule length 

is constant), there is a continuous incorporation of tubulin subunits into microtubules at one 

end and loss of subunits at the other, resulting in a unidirectional flux of tubulin subunits, called 

treadmilling (Margolis and Wilson, 1978). In 1984, a novel mechanism, termed ‘dynamic 

instability’, was postulated for MT dynamics based on an analysis of the length distributions of 

fixed MTs (Mitchison and Kirschner, 1984), and was later confirmed in vivo (Cassimeris et al., 

1988). This term refers to the fact that the ends of individual polymers transition randomly 

between periods of growth and shortening (i.e. microtubule rescues and catastrophes, 

respectively) (Figure 1.4 A). However, these transitions are complex and still poorly 

understood. In vitro studies have revealed that ‘older’ MTs have higher chance of engaging 

into catastrophe events. Although not fully understood, these events might involve the 
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accumulation of microtubule-lattice defects or an increased tapering of the growing end (Odde 

et al., 1995; Gardner et al., 2011; Coombes et al., 2013). Another possibility is that the exertion 

of pushing forces on growing microtubule tips by different obstacles could slow down 

microtubule growth and lead to the loss of the GTP cap (Janson et al., 2003). Microtubule 

rescue might be induced by specific lattice features that would stop its disassembly, such as 

the presence of ‘GTP islands’ that mimic the stabilizing GTP cap (Dimitrov et al., 2008). 

The dynamic nature of microtubules, despite its high energetic cost for the cells, is 

beneficial for several reasons, especially because it facilitates a rapid adaption of the 

cytoskeleton to external changes and, perhaps most importantly, because as microtubules 

grow and shrink, they search the cellular space covering several micrometers and changing 

their trajectories, increasing the chances of establishing contact with different cellular 

structures, such as organelles, vesicles or chromosomes, a mechanism commonly referred as 

‘search-and-capture’ (Goodson and Jonasson, 2018). 

Another important aspect controlling microtubule dynamics comes from the fact that 

tubulin suffers several post-translational modifications (PTM), including phosphorylation, 

polyglutamylation, acetylation and detyrosination. These modifications tend to be more present 

in older microtubules, however no direct observation has been made proving that they cause 

stabilization. Yet, some of these PTMs seem to change microtubule affinity for the binding of 

other proteins. In particular, microtubule detyrosination, which involves the removal of the C-

terminal tyrosine of -tubulin, has been associated with more stable microtubules (Peris et al., 

2009) and was also shown to regulate the affinity of different molecular motors to navigate 

microtubule tracks: minus-end directed dynein has preference for tyrosinated, whereas the 

plus-end directed kinesin CENP-E interacts with detyrosinated microtubules (Barisic and 

Maiato, 2016). 

 

1.3.1.1 Microtubule nucleation 

The spontaneous formation of new microtubules in a solution of purified β-tubulin 

heterodimers, although possible, is rare and requires high concentration of tubulin (Caudron 

et al., 2002). The fact that spontaneous nucleation is not naturally favored gives the opportunity 

for cells to regulate where and when new microtubules are assembled. 

In vitro and mathematical modelling analyses have predicted that the formation of a 

critical nucleus would be the rate-limiting step of the nucleation reaction cascade, and that 

these nucleation intermediates would have to be in the range of 5 to 20 tubulin dimers (Voter 

and Erickson, 1984; Flyvbjerg and Jobs, 1997). However, the initial tubulin-tubulin interactions 

occurring in the transient intermediates would have to be stabilized in order to provide a stable 

template for assembly, and to promote additional tubulin-tubulin interactions to allow 
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microtubule growth with the high efficiency observed in cells. Numerous studies over the years 

have established the -tubulin ring complex (TuRC) as the main microtubule nucleation 

template in cells (Roostalu and Surrey, 2017). This lock-washer-shaped structure specifically 

interacts with the microtubule minus end via its ‑tubulin subunits and act both as a template 

for MT assembly and as a conical cap that stabilizes the minus end (Zheng et al., 1995; Moritz 

et al., 2000; Wiese and Zheng, 2000). 

Additionally, cells also use different mechanisms to control MT template generation 

independently of the TuRC. For example, microtubule-severing enzymes (like katanin) cut 

pre-existing microtubules, creating new microtubule ends that can serve platforms for 

templated microtubule nucleation (Srayko et al., 2006). Recent studies have also pointed to 

the fact that various microtubule-stabilizing proteins may also provide this activity (such as 

XMAP215 or augmin) (Popov et al., 2002; Petry et al., 2013). However, it is not clear whether 

these proteins actually nucleate microtubules in vivo or simply act as stabilizers of already 

nucleated microtubules. 

 

1.3.1.2 Microtubule binding proteins 

 Naked microtubules assembled from pure tubulin are unstable structures that undergo 

catastrophe quite rapidly. This feature allows them to quickly respond to environmental 

changes and to the action of regulatory proteins. There is a large number of these microtubule 

binding proteins (MTBPs) that associate with microtubules and can be categorized based on 

their function (stabilizers, destabilizers, capping proteins, bundlers or molecular motors) or 

based on their localization (lattice-binding or end-binding proteins) (Figure 1.4 B). 

 

1.3.1.2.1 Molecular motor proteins 

One of the main classes of microtubule-associated proteins (MAPs) are the so-called 

molecular motor proteins. These natural nanomachines hydrolyze ATP to processively move 

along microtubule tracks and transport a variety of cellular cargos (from small membranous 

vesicles up to large organelles such as the nucleus). There are two major classes of molecular 

motors walking on microtubule tracks: kinesins, which mostly walk towards microtubule plus 

ends (with some exceptions that are minus end-directed motors); and dyneins which move 

towards the minus end (Vale, 2003) (Figure 1.4 B). 

Kinesins are an evolutionarily conserved class of molecular motors that transport cargo 

along the microtubule or control microtubule end dynamics (Vale et al., 1996; Drummond, 

2011). There are 14 families of kinesins described, and most members possess two distinct 

functional domains: a more conserved motor domain (or ‘head’) responsible for the movement 

powered by ATP hydrolysis and a highly divergent ‘tail’ domain that can associate with cellular 
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structures or cargo. The short ‘neck’ domain, between the ‘head’ and ‘tail’, has been shown to 

be essential for the direction of motility or regulation of activity. Although kinesins are 

conserved between species, the plethora of different kinesins existing in a single organism 

suggests that each kinesin family has evolved to mediate different cellular functions (Miki et 

al., 2005). 

 

 

Figure 1.4 – Microtubules and MAPs. (A) The cycle of tubulin assembly (polymerization) and 
disassembly (depolymerization) is powered by hydrolysis of the GTP bound to β-tubulin, which enables 
microtubules to switch between catastrophes and rescues. (B) Main proteins of the microtubule plus-
end network. Arrows indicate the different protein interactions and the domains involved in binding are 
also shown. Adapted from Akhmanova and Steinmetz (2015). 
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In its turn, dyneins are minus end-directed motors that transport various cargos along 

cytoskeletal microtubules (cytoplasmic dynein 1) or along axonemes of cilia and flagella 

(cytoplasmic dynein 2) (Roberts et al., 2013). Dyneins are large multi-protein complexes (> 1 

MDa) consisting of a catalytic heavy chain (DHC), associated with several non-catalytic 

subunits [intermediate chain (IC), light intermediate chain (LIC), and light chain (LC)]. The 

heavy chain is the largest subunit and has two different functional regions: the ‘head’ harboring 

the ATPase activity capable of generating the driving force for dynein movement; and the ‘tail’ 

required for dimerization of the complex and binding of the accessory chains involved in 

regulating its activity (Cianfrocco et al., 2015). In sharp contrast with kinesins and axonemal 

dynein, there is a single DHC carrying its vast array of functions in the cytoplasm. The large 

variability observed in dynein activity derives from the diversity of accessory dynein subunits 

as well as the interaction with several other adaptor proteins that modulate its processivity, 

localization and cargo specificity (Reck-Peterson et al., 2018). 

The complex mechanisms of dynein activity and regulation will be further discussed on 

section 1.6. 

 

1.3.1.2.2 Regulators of microtubule dynamics 

 The intrinsic dynamic instability of microtubules and the connections they establish with 

different cellular structures is spatially and temporally regulated by numerous MAPs. A large 

number of these proteins can be grouped in a broad cohort of structurally and functionally 

different proteins, the plus-end-tracking proteins (+TIPs), that share the common ability of 

concentrating at the microtubule growing plus-ends. Most of these proteins also have the ability 

to bind or recruit other +TIPs, forming the so-called ‘+TIP network’ of proteins that regulate 

microtubule dynamics (Akhmanova and Steinmetz, 2015) (Figure 1.4 B). 

Among these proteins are several members of the already-mentioned kinesin families 

that act as microtubule tip regulators. For example, the non-motile kinesin-13 (such as mitotic 

centromeric-associated kinesin, MCAK) sits at the microtubule plus-end and uses its ATP 

hydrolysis capability to actively remove tubulin subunits contributing to microtubule 

catastrophe (Desai et al., 1999; Hunter et al., 2003). Kinesin-8 family members have the ability 

to walk towards MTs plus-ends where they destabilize the GTP-cap by removing tubulin 

subunits (Gardner et al., 2011). On its turn, kinesin-4 has the ability to decrease the tubulin 

turnover and reduce catastrophe events, therefore acting as a MT stabilizer (van der Vaart et 

al., 2013). 

The end-binding proteins (EBs) are generally considered as master regulators of the 

+TIP networks, since they are capable of autonomously tracking the MT tips, and recruit 

several other proteins to these structures. EB proteins share some common structural features: 
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they contain a calponin homology (CH) domain at the N-terminus; followed by a linker region 

and a coiled-coil domain that mediates the dimerization of EB monomers. The C-terminal 

region of the coiled-coil has a four-helix bundle and a disordered tail finishing with a EEY/F 

motif (also present at tubulin C-terminal tail); the four-helix bundle and the first part of the tail 

region configure the EB homology (EBH) domain (Hayashi and Ikura, 2003; De Groot et al., 

2010). The CH domain is capable of binding the microtubule ends and the C-terminal domain 

contains binding sites for numerous +TIP partners. For example, the EBH domain is able to 

recognize and recruit to the MT-end other +TIPs that contain SxIP motifs [like CLASP 

(Cytoplasmic linker associated protein)] or a CAP-Gly domain (like CLIP-170 or the p150 

subunit of dynactin) (Honnappa et al., 2006; Kumar and Wittmann, 2012) (Figure 1.4 B). 

Another major family of autonomous tip trackers that actively regulate microtubule 

dynamics are the members of the XMAP215 (Xenopus MAP215) which bind to microtubule 

plus-ends and recruit tubulin dimers to increase the rate of microtubule polymerization 

(Brouhard et al., 2008). A key feature of these proteins is the presence of multiple tubulin-

binding TOG domains [first discovered in the human protein ch-TOG (colonic and hepatic 

tumor-overexpressed gene), homologue of the Xenopus XMAP215]. The analysis of the TOG 

domain crystal structure has revealed that it binds to the curved conformational state of the 

tubulin dimer and thus is likely to recognize curved protofilament configurations of growing 

microtubule ends (Ayaz et al., 2012, 2014) (Figure 1.4 B).  XMAP215 family members also 

contain a disordered basic region with weak affinity for the negatively charged microtubule 

lattice; this interaction is thought to allow XMAP215 to diffuse along MT and reach their plus-

ends (Widlund et al., 2011). The current view for TOG plus-end recognition is that the 

simultaneous binding to both curved tubulin and the microtubule shaft is only possible at the 

plus-end. The association of two TOG domains within a protein has the ability to interact with 

tubulin monomers increasing the local concentration of tubulin near the plus-tip, promoting MT 

polymerization (Ayaz et al., 2014). 

Other families of +TIPs, like CLASPs, also possess TOG-like domains. However, while 

XMAP215 family members promote polymerization, CLASPs are involved in promoting MT 

rescue and suppressing MT catastrophe (Al-Bassam and Chang, 2011). This major functional 

difference between the two families probably resides on the different affinities for the MT lattice. 

Whereas XMAP215 binds weakly to the lattice and localizes to the plus-end by diffusion, 

CLASP proteins have high affinity for the microtubule lattice localizing along the microtubule 

length (Al-Bassam et al. 2010) and concentrate at the plus-ends through the interaction with 

EB1 and CAP-Gly domain-containing linker protein (CLIP-170) via its SxIP motif (Honnappa 

et al., 2009) (Figure 1.4 B). Studies in fission yeast suggest that the presence of CLASP at MT 

lattice stops depolymerization and promotes rescue events, whereas at the plus-end it may 
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promote MT growth by causing repeated rescues that immediately reverse initiated 

catastrophe events (Maiato et al., 2005; Mimori-Kiyosue et al., 2006; Bratman and Chang, 

2007). 

Two other autonomous tip tackers have been identified and are functionally conserved 

across species: the NDC80 (Nuclear division cycle 80) complex and the fungi-specific DAM1 

(DUO1 and MPS1-interacting factor 1) complex. These protein complexes have an important 

role on stabilizing kinetochore-microtubule attachments in the mitotic spindle and transduce 

the force from microtubules depolymerization to kinetochores allowing them to track the 

shrinking plus-ends of microtubules during chromosome segregation (Westermann et al., 

2006; Powers et al., 2009; Schmidt et al., 2012). 

 

1.3.2 Assembly of a mitotic spindle 

The assembly of a bipolar spindle is essential for accurate chromosome segregation 

both in mitosis and meiosis. This process involves a series of highly coordinated steps, 

including nuclear envelope breakdown (NEBD), centrosome separation, reorganization of the 

microtubules and the attachment of sister chromatids to microtubules emanating from 

opposing spindle poles. 

The mitotic spindle mostly consists of a bipolar array of antiparallel microtubules, that 

can be divided in three categories (Figure 1.5 A). First, there is a subset of microtubules that 

are attached to kinetochores (called kinetochore microtubules, K-MTs or K-fibers) and 

contribute to chromosome movement. The second group is composed by the interpolar 

microtubules (or non-kinetochore microtubules, nK-MTs), that interdigitate at the cell equator 

with microtubules from the other spindle pole, confer stability to the spindle, and are capable 

of moving spindle poles relative to one another. Finally, astral microtubules (A-MTs) radiate 

from each spindle pole and establish contacts with the cell cortex, thereby helping to orient 

and position the mitotic apparatus (Prosser and Pelletier, 2017). Early electron microscopy 

studies revealed that K-MTs are organized in bundles of ~25 filaments, with minus-ends 

located close to the spindle poles and the plus-ends interacting with kinetochores (McDonald, 

1992). In turn, nK-MTs have minus-ends distributed throughout the spindle and are longer 

resulting in many filaments extending past the spindle mid-plane. Several bundles of two to six 

microtubules could be observed at metaphase, and could represent the precursors of the 

central spindle microtubules that persist after anaphase (Mastronarde et al., 1993). 

 

1.3.2.1 The centrosome: major microtubule-organizing center 

The centrosome is the major microtubule-organizing center (MTOC), both in mitotic and 

interphase eukaryotic cells. In yeast, the functionally equivalent organelle is called the spindle 
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pole body (Kilmartin, 2014). The centrosome is comprised by two centrioles (open-ended 

cylinders comprised of nine sets of triplet microtubules linked together) wrapped around 

hundreds of different proteins that constitute the pericentriolar material (PCM) (Bornens, 2002). 

The centrosome grows and replicates every cell cycle, ensuring that each new daughter 

cell inherits a complete centrosome. The maturation of the centrosome also ensures that it 

reaches its full potential as a microtubule nucleator (Figure 1.5 A). In agreement, centrosomes 

isolated from mitotic cells were found to generate ~five-fold more microtubules than those from 

interphase cells (Kuriyama and Borisy, 1981). This process is mediated by at least three 

different mitotic kinases: Aurora A, PLK1, and the NEK family of kinases (Meraldi and Nigg, 

2002). 

A major component of the PCM is the -TuRC complex, which is targeted to the 

centrosomes by its subunit NEDD1 (Neural precursor cell expressed, developmentally down-

regulated 1), which in turn recruits -tubulin, allowing microtubule nucleation (Lüders et al., 

2006). -TuRC activation, however, is still poorly understood. The best characterized activator 

factor is CDK5RAP2 (CDK5 regulatory subunit associated protein 2), which binds -TuRC and 

is involved in its centrosomal attachment. In vitro, CDK5RAP2 was shown to increase -TuRC-

mediated microtubule nucleation by ~7-fold (Choi et al., 2010). 

 

1.3.2.2 Non-centrosomal microtubule nucleation 

Several lines of evidence have shown, over the years, that centrosomes alone are not 

enough to build a mitotic spindle. First of all, there are several cell types, like oocytes or plant 

cells, that successfully divide and assemble a mitotic spindle without having centrosomes 

(Wadsworth and Khodjakov, 2004). Additionally, experiments performed more than 30 years 

ago, revealed that the injection of centrosomes in Xenopus unfertilized eggs was not enough 

to promote aster formation (Karsenti, 1984). In Drosophila, mutations in the proteins asterless 

(asl) or centrosomin (cnn) disrupt centrosome function, however, spindles can still assemble 

and function in these mutants (Bonaccorsi et al., 1998; Megraw et al., 2001). Laser 

microsurgery experiments provided the more direct evidence for centrosomes dispensability 

on mitotic-spindle formation. When the centrosomes are laser-ablated during prophase, 

functional bipolar spindles assemble with normal kinetics in mammalian cells (Khodjakov et 

al., 2000). 

The observation that the addition of DNA and chromatin-coated beads to Xenopus eggs 

and extracts lacking centrosomes results in microtubule formation near chromatin, led to the 

conclusion that chromatin might be an alternative source of microtubule nucleation (Karsenti, 

1984; Heald et al., 1996) (Figure 1.5 A). The ability of chromatin to generate microtubules has 

been later linked to the existence of a diffusible Ran-GTP gradient that forms around 
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chromatin. Ran (Ras-like nuclear G protein) is a conserved GTPase mostly studied for it role 

in nuclear import (Moore and Blobel, 1994). Studies in budding yeast revealed that active Ran 

(i.e. bound to GTP) can regulate microtubule organization independently of its role on 

nucleocytoplasmic transport (Nakamura et al., 1998). In mitosis, Ran-GTP is localized to 

chromatin by its exchange factor RCC1 (Regulator of chromosome condensation 1) and 

promotes spindle assembly by releasing several MAPs, including NuMA (Nuclear mitotic 

apparatus protein), TPX2 (Targeting protein for Xklp2) and molecular motors, from inhibition 

by importin  and β (Carazo-Salas et al., 1999; Gruss et al., 2001). Specifically, TPX2 plays 

an important role since it has the ability to promote the formation of small tubulin ‘stubs’ in 

solution that likely work as microtubule nucleation intermediates and, together with chTOG 

(colonic, hepatic tumor overexpressed gene), it strongly promotes microtubule nucleation 

(Roostalu et al., 2015). The CPC component Aurora B and Plk1 kinases also seem to favor 

microtubule nucleation near chromatin by suppressing microtubule catastrophe, namely 

inhibiting the depolymerizing activity of MCAK (Lan et al., 2004). Microtubules emanating from 

chromatin steadily elongate into K-fibers and rapidly become incorporated into the mitotic 

spindle by dynein-mediated transport (Maiato et al., 2004). 

Finally, studies using different plant models, that lack centrosomes, have proposed the 

idea that microtubules themselves could promote microtubule nucleation (Wasteneys and 

Williamson, 1989) (Figure 1.5 A). Supporting this idea came the fact that -tubulin can be found 

within the mitotic spindle in animal cells and along filaments assembled in vitro (Lajoie-Mazenc 

et al., 1994; Stearns and Kirschner, 1994). This microtubule-dependent nucleation relies on 

the activity of a heteroctameric protein complex named ‘augmin’ (Goshima et al., 2008). 

Augmin is believed to bind sideways to microtubules and recruit -TuRC to nucleate a 

‘daughter’ microtubule, however the exact way how augmin works to promote microtubule 

nucleation is still debatable (Kapoor, 2017). 

 

1.3.2.3 Making the spindle bipolar 

Having a spindle with two poles on opposing sides of a cell is a pre-requisite for the 

distribution of the genomic material into the two daughter cells. In a typical eukaryotic cell, this 

conformation is made possible by the fact that cells possess two centrosomes that compose 

the poles of the spindle and nucleate microtubules from opposing directions that will constitute 

the mitotic spindle. If this is not the case and cells enter mitosis with more than two 

centrosomes (like in cancer cells) multipolar spindles can arise (Boveri, 2008). On the other 

hand, cells carrying a single centrosome or with disrupted centrosome duplication end up 

assembling monopolar spindles, with a single array of microtubules surrounded by the 

chromosomes (Sluder, 1985). 
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Figure 1.5 – The mitotic spindle assembly. (A) Schematic representation of the different types of 
microtubules that compose the mitotic spindle and the main sites of microtubule nucleation inside the 
spindle. (B) Mechanisms of centrosome separation that initiate the assembly of the mitotic spindle. (C) 
Different roles of the cytoplasmic dynein motor complex on mitotic spindle positioning. Adapted from 
Tanenbaum and Medema (2010); McNally (2013) and Prosser and Pelletier (2017). 
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Usually, the two replicated centrosomes separate during prophase, initiating spindle 

bipolarity (Figure 1.5 B). The separation of the centrosomes involves the combined action of 

the growing microtubules and molecular motor proteins. Several studies over the years have 

implicated the plus end-directed motor protein kinesin-5 (Eg5 in Drosophila, BMK-1 in C. 

elegans, Cin8 or Kip1 in budding yeast). Kinesin-5 motors are homo-tetrameric proteins with 

two pairs of catalytic motor domains located at opposite sides of the tetramer, allowing them 

to simultaneously bind and walk along two antiparallel microtubules, sliding them apart 

(Kapitein et al., 2005). This antiparallel sliding activity acting on the microtubules between the 

centrosomes, helps to push them apart, promoting spindle elongation and bipolarity. Depletion 

of this protein results in monopolar spindles formation in several different organisms (Ferenz 

et al., 2009). However, additional mechanisms must be involved spindle bipolarity 

maintenance since depletion of kinesin-5 and a minus end-directed motor (like dynein or 

kinesin-12) rescues bipolarity (Ferenz et al., 2009), and kinesin-5 depletion in metaphase does 

not cause a disassembly of the bipolar spindle (Kapoor et al., 2000; Vanneste et al., 2009). 

(Kapoor et al., 2000; Vanneste et al., 2009). Moreover, ectopic expression of Kif15/Hklp2 

(kinesin-12) can fully reconstitute bipolar spindle assembly in the absence of Eg5 activity 

(Tanenbaum et al., 2009). Additionally, in other organisms (such as Dictyostelium and 

Drosophila S2 cells) kinesin-5 activity is only used later to elongate the anaphase spindle and, 

in C. elegans first embryonic division, kinesin-5 is dispensable for spindle formation and even 

acts as a break for premature spindle elongation in anaphase (Sharp et al., 1999; Saunders et 

al., 2007; Tikhonenko et al., 2008). 

At least three different other mechanisms can contribute to centrosome separation. First, 

microtubule polymerization by itself can contribute to centrosome separation. As microtubules 

grow from one centrosome, they will encounter the other one and exert a pushing force on it 

(Cytrynbaum et al., 2003). Second, cytoplasmic dynein sitting on the cell cortex can pull on 

astral microtubules by walking towards their minus ends and helps to pull the centrosomes 

apart (Cytrynbaum et al., 2005). In addition, dynein also localizes to the nuclear envelope 

where it contacts the recently nucleated microtubules and, by walking on them, is able to exert 

a substantial amount of force and pull the centrosomes apart (Gönczy et al., 1999). Third, the 

polarized cortical flows generated by acto-myosin contractility can be transmitted to the 

centrosomes by cortical dynein contributing to their separation (De Simone et al., 2016). 

Although centrosome separation initiates in prophase in almost all systems, the 

establishment of a proper bipolar spindle requires a robust machinery that ensures the 

subsequent centrosome separation and spindle elongation during prometaphase. Apart from 

kinesin-5 and dynein other motors and MAPs have been shown to participate in this process. 

The minus end-directed motors of the kinesin-12 family have been shown to localize 

prominently to the zone of overlapping microtubules where they can crosslink microtubules 
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and produce an outward force on the spindle (Rogers et al., 2000; Tanenbaum et al., 2009). 

Chromokinesins, like kinesin-4 and -10 families, owe this name due to their association with 

chromosomes. While bound to chromosome arms, they walk along towards microtubules plus 

ends and transport chromosomes away from the poles, generating the so-called polar ejection 

forces (Rieder et al., 1986; Rieder and Salmon, 1994). The viscous drag resulting from this 

chromosome movement creates a pushing force of opposing direction on the microtubule track 

that could contribute for centrosome separation (Dumont and Mitchison, 2009). 

These two pathways of spindle assembly seem to cooperate to promote bipolarity in 

different organisms and cell types. Indeed, even if centrosomes completely fail to separate in 

prophase a bipolar spindle can still be formed, demonstrating that some redundancy may 

occur, which could mean that this process has evolved to be highly robust and accurate 

(Tanenbaum and Medema, 2010). 

 

1.3.3 Spindle positioning 

The correct positioning of the mitotic spindle is extremely important for various reasons. 

First of all, the spindle position dictates the site where the cytokinetic ring will be form in 

eukaryotic cells, thus defining the size of each daughter cell (Green et al., 2012). This assumes 

a particular relevance in polarized cells, like the C. elegans embryo, where the asymmetric 

positioning of the spindle ensures the asymmetric distribution of the cell content, dictating the 

distinct cell fate of each daughter cell (Thieleke-Matos et al., 2017). 

Over the years, astral microtubules have been proposed as the major determinants of 

spindle positioning, by generating two different types of forces acting on the spindle: the cortical 

pulling forces and the cytoplasmic pushing forces (Figure 1.5 C). The C. elegans one-cell 

embryo has been the privileged model for studying this process, as it has to orient and position 

a relatively small spindle inside a large cytoplasm. The cortical pulling mechanism advocates 

that cytoplasmic dynein is anchored at the cell cortex and pulls on the astral microtubules plus 

ends that reach the cortex. Dynein localizes to the cell cortex by interacting with its adaptor 

NuMA (abnormal cell lineage, LIN-5 in C. elegans), which is in turn connected to the cortex via 

G (G protein O alpha subunit, GOA-1 and G Protein alpha subunit, GPA-16 in C. elegans) 

and LGN (G protein regulator, GPR-1,2 in C. elegans) (McNally, 2013). At the cortex, dynein 

can exert pulling forces on the spindle either by anchoring the depolymerizing microtubules 

plus ends, with the microtubule depolymerization generating the actual pulling force (Laan et 

al., 2012), or by walking towards the minus ends of the microtubules that bend as they 

approach the cell cortex (Kotak and Gönczy, 2013). Cytoplasmic pulling, in its turn, relies in 

the viscous drag that is created by the dynein transport of large organelles along microtubules 

(Kimura and Kimura, 2011). Organelle movement towards microtubules minus ends works 
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against the viscous cytoplasm generating a force of opposing direction that pushes the 

centrosomes towards the cortex. This mechanism seems to be especially relevant in centering 

the spindle of cells with large cytoplasms where astral microtubules do not reach the cell cortex 

(Mitchison et al., 2012; Barbosa et al., 2017). 

In asymmetric cell divisions, the positioning of the spindle is also controlled by diverse 

polarity cues. In the C. elegans zygote the localization of the cortical LGN-NuMA-G complex 

is determined by the differential localization of the polarity proteins PAR (Abnormal embryonic 

partitioning of cytoplasm). The anterior-posterior axis is defined by the enrichment of PAR-

3/PAR-6 localized anteriorly and PAR-1/PAR-2 on the posterior side (Rose and Gonczy, 2014). 

At early prophase, GPR-1,2 and LIN-5 are more concentrated at the anterior cortex of the 

embryo, resulting in more microtubules being anchored at the anterior cortex and contributing 

to the rotation and centration of the pronuclei (Park and Rose, 2008). At metaphase, local 

inhibition of GPR-1,2 and LIN-5 at the anterior and enrichment at the posterior cortex leads to 

the displacement of the spindle towards the posterior end resulting in the asymmetric 

portioning of the cell (Grill et al., 2001). Additionally, PLK-1 enrichment at the spindle poles 

has been shown to dissociate dynein from the LGN-NuMA-G complex inhibiting the pulling 

forces as the centrosomes approach the cortex, which could help to explain why the 

centrosomes are not pulled until they hit the cortex and maintain a ‘comfortable’ position inside 

the cell (Kiyomitsu and Cheeseman, 2012). 

 

1.3.4 Kinetochores 

The interactions established between chromosomes and spindle microtubules are 

mediated by multi-protein assemblies called kinetochores (KT). The kinetochore is a 

macromolecular complex built on a specific region of the chromosome called centromere, 

where it is known to play several functions required for accurate chromosome segregation: (i) 

it couples chromosome movement to microtubule dynamics; (ii) monitors the KT-MT 

interactions and corrects incorrect attachments; (iii) contributes to sister chromatid orientation 

such that each chromatid faces opposing spindle poles; (iv) enhances the strength of the 

connection between sister chromatids preventing their premature separation before anaphase 

by counteracting the spindle pulling forces (Hinshaw and Harrison, 2018). With more than 100 

different proteins present in multiple copies (Cheeseman, 2014), the kinetochore is, without a 

doubt, one of the most complex cellular structures (Figure 1.6 A). 

 

1.3.4.1 Kinetochore structure and assembly 

The anchor point of the kinetochore is a specific chromosomal region called the 

centromere. Based on the number of centromeres chromosomes can be classified as 
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monocentric (when only one centromere is present, as is the case of most eukaryotes) or 

holocentric (as observed in nematodes, several insects and lower plants, which have multiple 

centromeres distributed along the entire chromosomal length) (Figure 1.6 B). Based on the 

centromere position, monocentric chromosomes can be divided in metacentric (when it is on 

the middle), acrocentric (if they are shifted towards one side originating chromosome arms of 

different sizes) or telocentric (if the centromere is very close to the chromosome end) 

(Musacchio and Desai, 2017). 

The site of centromere assembly is epigenetically specified. Although in budding yeast 

specific DNA segments have been identified as present in all its chromosomes and sufficient 

for kinetochore assembly (Clarke and Carbon, 1980; Fitzgerald-Hayes et al., 1982), in most of 

the species studied to date there is not a common DNA feature that has been identified has 

centromere-specific apart from the fact that they contain highly-repetitive DNA elements, like 

the -satellite repeats found in humans (Musacchio and Desai, 2017). The epigenetic mark 

that specifies centromere position is now known to be a nucleosome-like particle defined by a 

histone H3 variant called CENP-A (Centromeric protein A, also known as CenH3) (Palmer, 

1987; Palmer et al., 1991; Sullivan et al., 1994) (Figure 1.6 A). CENP-A has been shown to be 

required and sufficient for the recruitment and assembly of the remaining kinetochore 

components in various organisms (Oegema et al., 2001; Heun et al., 2006; Liu et al., 2006; 

Kagansky et al., 2009; Fachinetti et al., 2013; Logsdon et al., 2015). 

Early electron microscopy observations described the KT as a trilaminar structure, with 

an electron-dense inner plate close to centromeric chromatin, a 20-30 nm low contrast gap 

and a distal outer layer where the spindle microtubules were apparently embedded (Figure 1.6 

A). Additionally, when microtubules were missing, a fibrous corona was observable externally 

to the outer plate (Brinkley and Stubblefield, 1966; Jokelainen, 1967; Rieder, 1982). More 

recent studies have redefined the trilaminar structure as a rather disordered fibrous mesh in 

which the microtubules plus ends are embedded (Dong et al., 2007; Magidson et al., 2015). 

The first attempts into the identification of the kinetochore components were made when 

sera from CREST patients detected centromeres in cells (Moroi et al., 1980). Subsequent 

studies with these anti-centromere antibodies led to the identification of three antigens which 

were named CENP-A, CENP-B and CENP-C (Earnshaw and Rothfield, 1985). In the following 

years the identification of the identity of these proteins allowed the identification of several 

other CENPs and the advent of proteomic studies allowed to increase this number to almost 

20 different proteins (Earnshaw et al., 1987; Saitoh et al., 1992; Sullivan et al., 1994; Sugata 

et al., 1999; Nishihashi et al., 2002; Foltz et al., 2006; Izuta et al., 2006; Amano et al., 2009). 

The inner kinetochore assembles directly on the CENP-A nucleosome and is also 

referred as constitutive centromere associated network (CCAN) (Figure 1.6 A). This network 

can be subdivided in four different sub-complexes based on their interdependencies and 
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hierarchical organization: the CENP-LN, the CENP-HIKM, the CENP-OPQRU and the CENP-

TWSX complexes (Musacchio and Desai, 2017). At least two different proteins link the CCAN 

to CENP-A, CENP-C and CENP-N, which specifically recognize and bind CENP-A versus 

histone H3 nucleosomes (Carroll et al., 2009, 2010; Kato et al., 2013). The CCAN plays an 

essential role on kinetochore stability and recruitment of outer kinetochore components, 

however its composition is somewhat variable across species, with the most striking fact that, 

with the exception of CENP-C, none of the other subunits have been found in certain lineages 

including the model organisms C. elegans and D. melanogaster (Drinnenberg et al., 2016), 

pointing to the idea that CENP-C is crucial on linking the centromere to the inner and outer 

plates of the kinetochore (Figure 1.6 A). 

CENP-C has been described as a ‘blueprint’ for the assembly of the kinetochore. 

Although the protein is mostly intrinsically disordered it possesses multiple binding sites for 

other kinetochore proteins. Near the N-terminus it has a binding site for the outer kinetochore 

protein MIS12 (Przewloka et al., 2011), followed by a PEST-rich region essential for the 

recruitment of the CCAN components CENP-HIKM (Klare et al., 2015). Additionally, it has two 

short motifs responsible for its targeting to the CENP-A nucleosome (Carroll et al., 2010). The 

very C-terminus has been shown to mediate its dimerization (Sugimoto et al., 1997) 

The CCAN serves also as a platform for the recruitment of the outer kinetochore 

components, which are the ultimate interface for microtubule binding. The core of the outer 

kinetochore is the ten-subunit protein network known as KMN (for KNL1, MIS12 complex and 

NDC80 complex) (Figure 1.6 A). The MIS12 complex (Minichromosome instability 12) serves 

as a hub for the recruitment of the other members of the KMN network. It is composed by four 

paired subunits (DSN1-NSL1 and MIS12-PMF1) that cluster to form a ~20 nm rod, capable of 

binding to CENP-C, NDC80 and KNL1 (Petrovic et al., 2010). KNL1 (Kinetochore null-like 1) 

is the largest outer kinetochore protein and is intrinsically disordered, however it contains a 

series of protein features that mediate is phosphor-regulation (a binding site for PP1 and MELT 

repeats recognized by MPS1 kinase), docking sites for SAC components BUB1-BUB3, and 

the RWD domains present at its C-terminus responsible for binding to the MIS12 complex 

(Petrovic et al., 2014; Musacchio, 2015). The NDC80 is a dumbbell-shaped complex 

composed by four subunits that contain large segments of coiled-coil flanked by globular 

domains. It is the primary receptor for microtubules on the kinetochore through the interaction 

of microtubules with the CH domains present at the N-termini of NDC80 and NUF2 subunits 

and kinetochore targeting through the interaction between MIS12 and the RWD repeats 

present at the C-termini of SPC24 and SPC25 subunits (Wei et al., 2005, 2007; Ciferri et al., 

2008). 

CENP-A and the majority of the CCAN subunits are always present at the centromere 

throughout the cell cycle, with negligible turnover rates (Hemmerich et al., 2008). However, the 
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outer kinetochore assembly is tightly linked to cell cycle progression. The members of the KMN 

network start to be recruited in S-phase, being the NDC80 complex the last one to be localized. 

MIS12 binding to CENP-C is triggered by phosphorylation by Aurora B present at the 

centromere. NDC80 in its turn, is excluded from the nucleus being only able to interact with 

the centromere after NEBD in a CDK1 phosphorylation-dependent manner. At anaphase, the 

KMN network disassembles from the kinetochore (Gascoigne and Cheeseman, 2013; 

Musacchio, 2015). 

 

 

Figure 1.6 – The kinetochore and kinetochore-microtubule interactions. (A) Schematic 
representation of kinetochore assembly on a CENP-A–H3.3 dinucleosome. Adapted from Musacchio 
and Desai (2017). (B) Monocentric chromosomes, as present in humans, assemble a single 
kinetochore, whereas in holocentric chromosomes multiple kinetochores are assembled across the 
entire length of the chromosome, as observed in C. elegans.  Adapted from Vader and Musacchio 
(2017). (C) Simplified schematics of the C. elegans kinetochore-microtubule interface. Adapted from 
Pintard and Bowerman (2019). 
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1.3.4.2 Kinetochore-microtubule attachment 

The interaction between kinetochores and microtubules is critical for a successful cell 

division, once the depolymerization of the kinetochore-associated microtubules provides the 

driving force for chromosome segregation (Musacchio and Desai, 2017). The initial 

attachments between kinetochores and microtubules are established soon after NEBD, and 

the number of microtubules attached to a single kinetochore can vary from one in budding 

yeast (Winey et al., 1995) to 15-20 in human cells (McEwen et al., 2001). 

Several components of the outer kinetochore have been shown to bind directly to 

microtubules, however, the key conserved player in forming robust attachments with 

microtubules is the NDC80 complex that binds directly to microtubule polymers through the N-

terminal calponin homology domains present at NDC80 and NUF2 subunits (Cheeseman et 

al., 2006; Wei et al., 2007; Ciferri et al., 2008; DeLuca and Musacchio, 2012). Disruption of 

NDC80 complex function results in severe chromosome mis-segregation or even complete 

failure due to the inability to form stable KT-MT interactions (Wigge and Kilmartin, 2001; 

DeLuca et al., 2002). However, on its own, the NDC80 complex in solution does not remain 

attached to depolymerizing microtubules (Schmidt et al., 2012) but, if present in sufficiently 

high concentrations it can create load-bearing attachments with the shrinking microtubule ends 

(Powers et al., 2009). Altogether, these observations pointed to the idea that NDC80 

complexes need to cluster in order to establish multiple weak interactions with microtubules 

and generate a sufficient binding capacity to couple with microtubule depolymerization. Indeed, 

more recent works have shown that human kinetochores contain a molecular lawn of 

approximately 200 NDC80 complexes converging on eight complexes per microtubule-binding 

site (Suzuki et al., 2015; Huisin’T Veld et al., 2016; Weir et al., 2016), and these NDC80 

modules tightly bind microtubules and reduce their depolymerization rates (Volkov et al., 

2018). 

Although essential in connecting kinetochores to microtubules, NDC80 is not the sole 

player in this process. Additional MTBPs have been identified as contributing to a robust KT-

MT attachment, including the SKA (Spindle and kinetochore associated) and DAM1 

complexes, Astrin/SKAP (Small kinetochore associated protein), XMAP215 and molecular 

motors such as dynein and CENP-E (Maiato, 2004; Foley and Kapoor, 2012). 

A central player involved in the regulation of these interactions is the RZZ complex, 

formed by ROD1, ZW10 and Zwilch proteins. In human cells, RZZ is recruited to the 

kinetochore by KNL1 and ZWINT (ZW10 interacting protein). ZWINT directly binds ZW10, 

however no clear homologue of this protein has been found outside mammals (Starr et al., 

2000). On the other side, KNL1 recruits the SAC protein BUB1 (Budding uninhibited by 

benzimidazoles 1) which in turn is involved in RZZ recruitment (Caldas et al., 2015; Silió et al., 

2015). RZZ subunits are interdependent for kinetochore localization and Zwilch seems to be 
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the only subunit not involved in kinetochore recruitment, although it is important for the complex 

stability (Gama et al., 2017). At the kinetochore, RZZ plays several important functions: it 

regulates NDC80 binding to microtubules (Cheerambathur et al., 2013); it recruits dynein and 

dynactin via the interaction of ROD1 β- propeller and Zwilch with the dynein adaptor Spindly 

(Starr et al., 1998; Gassmann et al., 2008; Gama et al., 2017; Mosalaganti et al., 2017); and it 

is involved in the SAC through the recruitment of the MAD1/MAD2 complex (Buffin et al., 2005; 

Kops et al., 2005). Alternatively, dynein can also be recruited to kinetochores via its interactors 

NUDE/L (Nuclear distribution protein E / -like), which is recruited by CENP-F.  In C. elegans, 

it has been recently shown that this alternative pathway plays an important role on stabilizing 

KT-MT attachments allowing proper chromosome segregation (Simões et al., 2018) (Figure 

1.6 C). Another key feature of the RZZ complex is its ability to oligomerize into higher order 

complexes, as predicted by Mosalaganti et al. (2017) structural work. This ability has been 

independently proven in humans (Sacristan et al., 2018) and C. elegans (Pereira et al., 2018) 

and provided the molecular explanation for how the kinetochores’ outer plate can expand into 

large crescent shapes when not attached to microtubules and collapse into compact spherical 

structures after MT binding (Magidson et al., 2015; Wynne and Funabiki, 2015). This RZZ 

oligomerization and consequent recruitment of other KT proteins expanding KT area plays two 

major functions: it increases the amount of SAC proteins on unattached KT, increasing the 

strength of the checkpoint signaling; and it distributes MAPs such as CENP-F, CENP-E and 

dynein over a larger surface, facilitating microtubule capture (Magidson et al., 2015; Wynne 

and Funabiki, 2015; Itoh et al., 2018). 

The KT-MT interactions are further stabilized by two sequence and structurally unrelated 

complexes, the SKA complex in higher eukaryotes (Gaitanos et al., 2009; Welburn et al., 2009) 

and the DAM1 complex in yeast (Hofmann et al., 1998). Both complexes have the ability to 

track MT ends and bind NDC80 complex specifically when it is bound to MT (Grishchuk et al., 

2008; Lampert et al., 2010; Tien et al., 2010; Schmidt et al., 2012). This interaction, in its turn, 

is reduced by Aurora B phosphorylation (Tien et al., 2010; Chan et al., 2012). Structural work 

has revealed that the SKA complex is as trimer compose by SKA1, 2 and 3 subunits, arranged 

in a W shape that can dimerize and encircle the curved MT plus tip (Jeyaprakash et al., 2012). 

In is turn, the DAM1 complex is a heterodecamer that can assemble into rings around the MT 

surface (Miranda et al., 2005; Legal et al., 2016). 

 

1.4 CHROMOSOME CONGRESSION 

After the nuclear envelope breakdown, as the mitotic spindle assembles and 

microtubules start interacting with kinetochores, the chromosomes initiate a concerted 

movement that culminates with their alignment at the spindle equator (the metaphase plate) 
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before the separation of the sister chromatids and migration to opposing spindle poles at 

anaphase (Figure 1.7). This chromosome motion occurring during prometaphase has been 

termed ‘chromosome congression’ by Darlington (1937), and means exactly “to come 

together”. This process is essential for faithful chromosome segregation in at least three 

different ways: (1) the formation of the metaphase plate forces all chromosomes to start the 

anaphase poleward movement from the same position, synchronizing this process and 

compacting the chromosome mass, thus avoiding the formation of micronuclei; (2) aligning the 

chromosomes at the equator also increases the chances of chromosome capture from 

microtubules from opposing poles facilitating chromosome bi-orientation and the achievement 

of amphitely; (3) chromosome congression is also important for the stabilization of KT-MT 

interactions, first because the proximity of the chromosomes to the poles promotes microtubule 

depolymerization, and second the tension generated by opposing microtubule pulling forces 

on bi-oriented chromosomes stabilizes the KT-MT attachment (Maiato et al., 2017). 

The first ideas that tried to explain chromosome congression date back to the end of the 

19th century (Drüner, 1895) and two opposing models have emerged conceiving that 

chromosome movement was either driven by a pushing force that repelled the chromosomes 

away from the poles (Darlington, 1937); or it was driven by a pulling force that attracted the 

chromosomes to the poles eventually reaching an equilibrium at the equator (Östergren, 1945, 

1950). 

 

1.4.1 Pushing forces 

In his pioneering observations Darlington suggested that the arrangement of 

chromosomes at the metaphase plate was “due to repulsion from the poles acting on the 

centromeres”. At the spindle equator the repulsion force emanating from opposite poles 

reaches the equilibrium and positions the chromosomes in this region (Darlington, 1937). The 

existence of such pushing forces was further suggested by Bajer and Mole-Bajer (1972) who 

noticed that during transient monopolar spindle formation in newt cells, the chromosomes 

always stood at a minimal distance away from the pole, which could only be explained by the 

presence of a ‘polar ejection force’ (PEF), already proposed a few decades before by Drüner 

(1895). The experimental evidence for the existence of the polar ejection force came from laser 

microsurgery experiments by Rieder et al. (1986). In this study, they showed that the 

generation of acentric chromosome fragments by severing prometaphase chromosomes with 

a laser microbeam, resulted in the ejection of these fragments away from the pole, whereas 

the remaining fragment containing the kinetochore remained closer to the pole, revealing a 

role for chromosome arms on PEFs. Subsequent experiments revealed that this behavior 

could be abolished by the addition of a microtubule-depolymerizing drug (nocodazole), 
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suggesting that the presence of microtubules is required for the generation of the PEF (Ault et 

al., 1991). On this way, PEFs could be simply derived by microtubules polymerization that 

would push chromosomes away from the nucleation point, i.e. the spindle pole. Alternatively, 

chromosome movements away from the pole could be explained by the action of molecular 

motors, like kinesins, that would transport chromosomes towards the microtubule plus tips. 

 

1.4.1.1 The role of chromokinesins on generating polar ejection forces 

Chromokinesins are kinesin-like motor proteins that have the ability to bind DNA and 

associate with chromosome arms during mitosis, an association that could mediate the 

movements necessary for chromosome congression (Vernos et al., 1995; Wang and Adler, 

1995). Two different chromokinesins have been described as having this activity: the kinesin-

4, Kif4A (Vernos et al., 1995) and the kinesin-10, Kid (Tokai et al., 1996). Both these proteins 

have been shown to have plus end-directed motility and participate in chromosome 

congression, arm-orientation and chromosome oscillations (Sekine et al., 1994; Vernos et al., 

1995; Funabiki and Murray, 2000; Levesque and Compton, 2001; Wandke et al., 2012; Barisic 

et al., 2014), but they appear to be weakly processive (Yajima et al., 2003; Bringmann et al., 

2004). In vitro experiments of microtubule gliding over chromatin have revealed that, although 

with a slower motility, kinesin-10 seems to bind more strongly to microtubules and dominate 

over kinesin-4 (Bieling et al., 2010), an observation that has been further confirmed in human 

cells and Drosophila, suggesting a cooperative activity of these chromokinesins, with kinesin-

10 playing a major role on arm orientation and kinesin-4 mainly regulating microtubule 

dynamics (Goshima and Vale, 2003; Wandke et al., 2012). 

However, experiments combining RNAi depletion of chromokinesins together with laser 

microsurgery to generate acentric chromosome fragments revealed that the biggest 

contribution to PEFs comes from the action of chromokinesins rather than the pushing exerted 

by growing microtubules on chromosomes. Most importantly, this study revealed that PEFs 

operating on acentric fragments ejected the DNA in random directions proving that they could 

not be the major driving force that directs chromosomes to the spindle equator (Barisic et al., 

2014). 

 

1.4.2 Pulling forces 

Most of the initial work made on the mechanisms of chromosome congression was based 

on the idea that chromosomes are pulled towards their associated pole with a force that is 

proportional to the length of the K-fiber leading to an equilibrium position that is equidistant 

from both poles, the so-called ‘traction fiber’ model (Östergren, 1945). The experimental 

evidence for the existence of such pulling forces came from laser ablation experiments. First, 
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Izutsu and colleagues showed that when they irradiated one kinetochore of grasshopper 

bivalent chromosomes in metaphase I, the irradiated bivalent engaged in a gradual movement 

towards the pole facing the non-irradiated kinetochore (Izutsu, 1959, 1961; Takeda and Izutsu, 

1960). Similarly, McNeill and Berns (1981) observed the same directed movements on their 

kinetochore ablation experiments during mitosis in cultured PtK2 cells. The functional 

importance for the pulling force exerted on kinetochores was provided by the work of 

Khodjakov and Rieder (1996), where they laser ablated congressing chromosomes near the 

spindle equator between the sister kinetochores and observed that the ‘leading’ kinetochore 

that was moving towards a pole always continued its poleward movement whereas the ‘trailing’ 

kinetochore moving away from the pole always stopped moving and initiated motion towards 

the pole it was originally moving away, suggesting that once kinetochores are engaged in bi-

oriented attachments, pulling forces are exerted on the leading kinetochore, whereas the 

kinetochore moving anti-poleward is trailing and does not undergo significant pushing forces. 

 

1.4.2.1 Microtubule depolymerization generates pulling 

Two different mechanisms for force generation by the leading kinetochore were originally 

proposed. The first is known as the ‘Pac-man’ model and postulates that kinetochores induce 

depolymerization of the plus-ends of K-fiber microtubules. The resulting microtubule 

shortening would then pull the chromatids to the pole through the attachment maintained 

between the kinetochore and the microtubule (Mitchison et al., 1986; Gorbsky et al., 1987). 

The second model has been termed ‘poleward flux’ model and hypothesizes that kinetochores 

undergo poleward movement by the action of two pulling forces: the one generated by minus-

end microtubule depolymerization combined with motor-driven sliding of microtubules that 

pulls the attached kinetochores poleward (Mitchison, 1989). 

Several lines of evidence have led to the conclusion that chromosome movement in 

mitosis is due to depolymerization-coupled pulling (DCP) mainly through ‘Pac-man’. First, work 

in Drosophila embryos concluded that the flux is too slow to generate pulling force during 

anaphase A (Brust-Mascher and Scholey, 2002). Additionally, the suppression of poleward 

flux in human cells had no effect on congression (Ganem et al., 2005), and studies both in 

grasshopper and human cells revealed that the velocity of kinetochore movement during 

congression is faster than flux (Skibbens et al., 1993; Pereira and Maiato, 2012). 

A number of kinetochore-localized proteins play diverse roles that actively control the 

polymerization state of kinetochore microtubules, and therefore regulate chromosome 

movement. Among them are those directly implicated in microtubule depolymerization such as 

the kinesin-13 family of depolymerases and the microtubule-depolymerase kinesin-8 (Howard 

and Hyman, 2007).  Additionally, other +TIPs have also been implicated in this regulation. 

Depletion of CLIP-170 causes defects in chromosome alignment, not because it regulates 
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microtubule dynamics but because it seem to be important for the initial establishment of 

kinetochore-microtubule attachments (Tanenbaum et al., 2006). The XMAP215/Ch-TOG and 

CLASP families of +TIPs have also been implicated in chromosome congression. Depletion of 

the first results in the presence of unattached kinetochores and chromosome alignment defects 

(Gandhi et al., 2011). CLASPs in turn localize to kinetochore in a microtubule-independent 

manner and remain upon KT-MT attachment, where they are thought to regulate microtubule 

dynamics (Maiato et al., 2003, 2005; Cheeseman et al., 2005). Interestingly, perturbation of 

these two families results in the stabilization of KT-MT attachments (Cassimeris et al., 2009; 

Maffini et al., 2009), which may imply that their activity during mitosis is regulated by 

phosphorylation or by binding to other proteins that promote depolymerization (Manning et al., 

2010; Maia et al., 2012). 

The force generated by microtubules while they are depolymerizing must be coupled by 

the kinetochore that needs to remain attached and following the microtubules shrinking 

filaments. Work in budding yeast has identified the 10-subunit Dam1 complex, which forms an 

oligomeric ring around microtubules, as being the microtubule coupler capable of linking the 

kinetochore to the depolymerizing microtubules (Miranda et al., 2005; Westermann et al., 

2006). However, the Dam1 complex is not present outside fungi and is non-essential in fission 

yeast (Sanchez-Perez et al., 2005), raising the possibility of a different mechanism occurring 

in other organisms. The KMN network was initially identified as being required for the 

establishment of these connections, namely the NDC80 subunit was believed to be the key 

player due to its fibrilar structure (Cheeseman and Desai, 2008). However, subsequent in vitro 

studies revealed that NDC80-mediated attachments were not able to sustain the amount of 

tension exerted in vivo, suggesting that they would require the cooperation of an additional 

coupler (Powers et al., 2009). This coupler was later identified has being the SKA complex, 

that has the ability to bind curved protofilaments and track with shrinking microtubules plus 

ends (Welburn et al., 2009; Schmidt et al., 2012). As the Dam1 complex, SKA is also recruited 

to kinetochores via the interaction with NDC80 (Janczyk et al., 2017), and its loss results in 

chromosome alignment defects (Welburn et al., 2009). 

 

1.4.3 The role of kinetochore motors 

The idea that chromosome movement could be mediated by the transport by molecular 

motors was supported by the fact that both plus-end and minus-end directed motors could be 

found at kinetochores (Hyman and Mitchison, 1991), providing an additional mechanism of 

chromosome movement, particularly for those chromosomes that are not stably attached to 

microtubules. 
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The best candidate for this activity was the minus-end directed motor Dynein, since it 

localizes to kinetochores (Pfarr et al., 1990; Steuer et al., 1990) and was proposed to 

counteract PEFs by generating poleward movement (Rieder and Salmon, 1994). However, the 

main role proposed for Dynein occurs before the establishment of end-on attachments. It has 

long been observed that some chromosomes undergo poleward movement before they 

congress to the spindle equator (Schneider, 1933), and the characterization of this rapid 

movements revealed that they were mediated by the tangential interaction between the 

microtubule and the kinetochore fibrous corona and they were independent of microtubule 

depolymerization. Furthermore, the velocity of the movements suggested that they were 

dynein-mediated (Rieder and Alexander, 1990). The proof for the involvement of dynein on 

this poleward movement came from experiments involving RNAi-mediated depletion of its 

kinetochore-targeting factor ZW10, as well as inhibition of dynein activity by injecting 

antibodies against dynein intermediate chain or injecting dynamitin, a protein that disrupts the 

dynein complex (Li et al., 2007; Yang et al., 2007; Vorozhko et al., 2008). These studies 

revealed that dynein was required for the initial poleward movement since these perturbations 

resulted in failure to congress, with some chromosomes remaining outside the spindle pole 

with mono-oriented or unattached kinetochores. 

However, if dynein is required for the initial poleward movement that captures the 

chromosomes dispersed outside the spindle and facilitates their engagement into end-on 

attachments with microtubules, some other mechanism is then necessary to congress these 

chromosomes that are ‘trapped’ close to the spindle poles. The identification of CENP-E, a 

kinetochore-localized kinesin-like motor protein, provided the best candidate for the generation 

of this plus-end directed movement on kinetochores (Yen et al., 1992). Subsequent work 

performed in Xenopus using immunodepletion revealed a role for CENP-E in chromosome 

alignment (Wood et al., 1997). Perturbing CENP-E function in human cells in culture by 

antibody injection showed that those chromosomes undergoing initial poleward movement 

were then unable to complete congression and remained at the spindle poles (McEwen et al., 

2001). CENP-E is therefore responsible for connecting the chromosomes closer to the poles 

to the lattice of already end-on attached microtubules and then glide these chromosomes 

towards the metaphase plate (Kapoor et al., 2006). 

 

1.4.4 Integration between the different forces 

Classical studies of mitosis in PtK1 cells have suggested that the initial positioning of the 

chromosomes after NEBD determines the mode by which they congress: chromosomes that 

were equidistant from the spindle poles would immediately bi-orient and align at the equator 

(‘direct congression’), whereas chromosomes that were closer to one of the poles would first 
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become mono-oriented before congressing (Roos, 1976). These observations were 

corroborated by inhibition of CENP-E function in human cultured cells that only results in the 

failure to congress of about 20 % of the chromosomes, specifically those that were outside the 

interpolar region at NEBD  (Barisic et al., 2014). Additionally, in the C. elegans early embryo, 

chromosome congression is highly stereotypical, with the two spindle poles always well-

separated with the chromosomes in the middle. This organism does not have a CENP-E 

homologue, in turn its chromosomes are holocentric, pointing to the idea that the combination 

of large kinetochores with fully separated centrosomes at NEBD would favor direct 

congression (Maddox et al., 2004), with chromokinesin (KLP-19) mediated PEFs playing an 

important role on mediating congression and facilitating chromosome rotation and bi-

orientation (Powers et al., 2004). Altogether, these findings suggest that the action of 

kinetochore motors is only necessary to align peripheral chromosomes that fail to immediately 

engage into a bipolar attachment state. 

Coordinating the different motor activities requires a tight spatial and temporal regulation. 

On this way, motor activities need to be switched on and off to allow the differential activation 

of minus-end versus plus-end directed movement. CENP-E activity is phosphorylation-

dependent, and it has been shown that it is phosphorylated by Aurora A and B in a conserved 

residue near the motor domain (T422) which reduces the affinity of CENP-E for microtubules 

(Kim et al., 2010). The recent demonstration of the existence of an Aurora A gradient with 

higher activity near the poles (Ye et al., 2015) suggests that there is a spatial regulation of 

CENP-E activity favoring its efficient motion away from the poles. Interestingly, dynein 

intermediate chain is phosphorylated by PLK1 (at T89) and this is necessary for dynein 

localization at kinetochores. Once chromosomes acquire bi-orientation, dynein is 

dephosphorylated by PP1 and initiate a poleward movement leaving the kinetochore (Whyte 

et al., 2008; Bader et al., 2011). 

However, additional regulation mechanisms need to be present in order to coordinate 

the different spatial activation of the molecular motors. One possible source for these spatial 

cues would be the microtubule tracks themselves. Research carried over several decades 

have revealed that tubulin suffers different post-translational modifications (PTMs), and that 

different populations of microtubules within the spindle are ‘decorated’ by different PTMs. For 

instance, the more dynamic astral microtubules are highly tyrosinated, whereas the more 

stable k-fibers and possibly the interpolar microtubules, are detyrosinated, acetylated and 

polyglutamylated (Gundersen et al., 1984; Wilson and Forer, 1997; Bobinnec et al., 1998). 

Therefore, this differential distribution of tubulin PTMs could serve as a navigation system for 

the kinetochore motors. If this is true, dynein-mediated poleward movement would be favored 

on the tyrosinated astral microtubules, whereas anti-poleward movement mediated by CENP-

E would be favored on the tyrosinated microtubules. Experimental support for this model has 
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now came to light: first, the C-terminal tyrosine of tubulin has been shown to be important for 

the initiation of dynein/dynactin mediated transport both in vitro (McKenney et al., 2016) and 

in neuronal transport (Nirschl et al., 2016). Additionally, the dynactin subunit p150 has also 

been shown to have higher affinity for tyrosinated microtubules (Peris et al., 2006). Further 

supporting the model, a recent work revealed that CENP-E has preference for detyrosinated 

microtubules and that this is important to guide chromosomes to the spindle equator (Barisic 

et al., 2015). 

 

 

Figure 1.7 – Mechanisms of chromosome congression. (1) a laterally attached chromosome which 
exhibits rapid poleward movement (gliding) along the surface of a polar microtubule; (2) a mono-oriented 
chromosome oscillating between poleward and away from the pole movements; (3) a properly bi-
oriented chromosome has initiated congression; (4) a fully congressed metaphase chromosome; and 
(5) anaphase chromosomes being pulled towards the pole to which they are attached to. Adapted from 
Rieder and Salmon (1994). 

 

Taken together, all these findings can be summarized in a model that combines two 

different mechanisms that mediate chromosome congression (Figure 1.7). Probably the main 

aspect that determines the mode by which chromosomes congress is their initial position within 

the mitotic spindle: 1) if they are already located between the two spindle poles they are able 

to bi-orient soon after NEBD and use the ‘direct congression’ mechanism that relies on 

opposing pulling forces that reach an equilibrium at the metaphase plate. These forces are 

mediated by the tight coordination between PEFs, that position the chromosomes away from 

the poles and facilitate their bi-orientation, and microtubule depolymerization, that pulls the 

end-on attached kinetochores towards the equator; 2) if chromosomes are initially located 

farther away from the equator, they will engage in a rapid poleward movement mediated by 
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dynein along the tyrosinated astral microtubules. Once at the pole, Aurora A activity prevents 

the formation of end-on attachments and activates CENP-E (while PLK-1 deactivates dynein), 

and this will favor the CENP-E mediated transport of the chromosomes along detyrosinated 

microtubules towards the spindle equator, where chromosome can bi-orient and align. Once 

in the spindle equator region, chromokinesins also promote the conversion from lateral to end-

on attachments, which further down-regulate dynein and CENP-E activity, ensuring the 

positioning of the chromosomes at the metaphase plate (Maiato et al., 2017). 

 

1.5 ERROR CORRECTION AND THE SPINDLE ASSEMBLY 

CHECKPOINT 

Establishing stable kinetochore-microtubule attachments capable of harnessing the 

force released by microtubule depolymerization and transducing it to the chromosomes is a 

non-trivial task. Microtubules must search an immense cytoplasm to locate and bind the 

kinetochores. In addition, correct chromosome alignment and segregation requires the 

attachment of the sister kinetochores to microtubules from opposing spindle poles (referred to 

as amphitelic configuration). During this process, incorrect attachments often occur and cells 

need to have the time and tools to correct them (Figure 1.8 A). The tools are provided by the 

error correction machinery (Lampson and Grishchuk, 2017), while the time is given by the 

spindle assembly checkpoint (SAC) (Lischetti and Nilsson, 2015). 

 

1.5.1 Tension-dependent stabilization of correct attachments 

The work performed over decades by Nicklas and co-workers, focusing on the correction 

of syntelic attachments (i.e. when both kinetochores are attached to the same spindle pole) in 

meiosis I, established the idea that correct attachments are established through Darwinian 

selection [reviewed in Nicklas (1997)]. According to this idea, KT-MT attachments are 

inherently unstable and errors are corrected via trial and error, through multiple runs of 

detachment and reattachment of k-MTs until the correct amphitelic configuration is achieved. 

Nicklas’ work also proposed the idea that the stabilization of the correct attachments would be 

acquired via the tension exerted on sister kinetochores by the MTs pulling on opposite 

directions. Working with grasshoppers’ spermatocytes, they were able to show that syntelic 

attachments are, indeed, unstable unless tension is applied by pulling the chromosomes in the 

opposing direction using a micro-needle (Nicklas, 1969). Tension has been suggested to 

regulate microtubule dynamics of k-MT plus-ends, because applying a pulling force to the 

depolymerizing MT end slows down depolymerization and promotes MT rescue (Grishchuk et 
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al., 2005; Franck et al., 2007). Additionally, applying tension of a few piconewtons via an optical 

trap increases the lifetime of MT-MT attachment in yeast (Akiyoshi et al., 2010). 

At the molecular level, the mitotic kinase Aurora B has been repeatedly proposed as the 

key regulator of KT-MT interactions. Work in several organisms has shown that Aurora B 

phosphorylates the outer kinetochore components involved in MT binding and is essential for 

accurate chromosome segregation (Biggins et al., 1999; Cheeseman et al., 2002; Kallio et al., 

2002; Hauf et al., 2003). Aurora B has been shown to destabilize k-MT in two different ways. 

First, phosphorylation of kinetochore substrates like the NDC80 complex reduces MT-binding 

affinity (Welburn et al., 2010), as well as perturbing other Aurora B substrates like the Dam1 

and SKA complexes (Krenn and Musacchio, 2015). Second, Aurora B promotes microtubule 

catastrophe (Umbreit et al., 2012; Sarangapani et al., 2013), suggesting that, in syntelic 

kinetochores, Aurora B mediate depolymerization pulls the chromosomes towards the spindle 

pole, and the subsequent detachment is a consequence of Aurora A activity at the pole (Ye et 

al., 2015). 

But how is Aurora B activity modulated by inter-kinetochore tension? The spatial 

separation model, first based on experiments performed in budding yeast, proposes that the 

tension created by MT pulling creates a spatial separation between Aurora B, enriched at the 

inner centromere, and its substrates present at the outer kinetochore (Tanaka et al., 2002). In 

support to this model were the observations that phosphorylation decreases with increasing 

tension and that repositioning Aurora B at the outer kinetochore increases phosphorylation 

and destabilizes KT-MT attachments (Liu et al., 2009). This gradient of Aurora B activity is 

thought to be possible since the kinase has the ability to activate itself by autophosphorylation, 

and to become inactive by dephosphorylation by a phosphatase. Accordingly, kinase activity 

is increased at the inner centromere where Aurora B concentration is maximal overcoming the 

phosphatase inhibition. This activity then spreads away from the centromere through multiple 

rounds of auto-activation. As the Aurora B concentration reduces, the phosphatase would then 

inactivate the kinase at the outer KT creating this gradient of Aurora B activity (Zaytsev et al., 

2016). 

 

1.5.2 Tension-independent correction of incorrect attachments 

If correction of syntelic attachments by tension-sensing mechanisms is generally well-

accepted, the correction of merotelic attachments (when one kinetochore is attached to MT 

from both spindle poles) is a more complex issue. Merotelic attachments are bipolar (but not 

amphitelic), so they are also under tension once MTs pull in opposing directions. Under the 

light of the tension-dependent correction mechanisms this type of attachment could be 

gradually corrected as more and more amphitelic attachments are established leading to an 
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increase in tension that slows the detachment MTs from amphitelic KTs and accelerates the 

detachment from the merotelic. Although appealing, this idea relies on the fact that all 

attachments produce tension and are similarly regulated, facts that lack supporting evidence 

(Lampson and Grishchuk, 2017). 

Other factors are known to contribute to avoid and correct erroneous attachments, 

specially merotelic ones. First, the back-to-back organization of sister kinetochores creates 

geometrical constraints that favor amphitelic attachments. On this way, this geometry helps to 

reduce the number of incorrect attachments, rather than correct erroneous merotelic 

attachments already formed (Lampson and Grishchuk, 2017). Additionally, the activity of 

motors like dynein (Varma et al., 2008) and chromokinesin KLP-19 (Powers et al., 2004), in C. 

elegans, help to rotate and orient the chromosomes favoring amphitely. 

This back-to-back geometry combined with the dynamically unstable nature of 

microtubules could provide a basic mechanism through which merotelic attachments are 

corrected independently of tension (Lampson and Grishchuk, 2017). This mechanism relies 

on the idea that merotelic attachments are established in the initial stages of prometaphase 

and their subsequent release leads to a successful bi-orientation. Under this assumption, once 

all chromosomes are positioned at the spindle equator, MT turnover will gradually cause the 

release of the already formed KT-MT interactions and these will be replaced only by correct 

amphitelic interactions due to the geometric constraints caused by bi-oriented chromosomes. 

This idea is supported by the fact that k-MTs turnover in humans is between 2-6 minutes, 

meaning that all these attachments are replaced within the course of metaphase (10-20 

minutes) (Zhai, 1995).  

  

1.5.3 The spindle assembly checkpoint 

As referred in the previous sections, the establishment of stable end-on kinetochore-

microtubule attachments is key in order to achieve a proper chromosome bi-orientation. During 

this process the state of this attachments needs to be monitored and the lack of stable 

attachments needs to be communicated to the cell cycle machinery in order to avoid a 

premature and erroneous chromosome segregation. This signaling is provided by the Spindle 

Assembly Checkpoint (SAC) that is generated by unattached kinetochores and delays 

anaphase onset until all kinetochores are properly attached to the spindle microtubules 

(Sacristan and Kops, 2015) (Figure 1.8). 
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Figure 1.8 – The Spindle Assembly Checkpoint. (A) On the path to amphitely erroneous kinetochore-
microtubule attachments are made and corrected. (B) The SAC is active during prometaphase, when 
chromosomes start attaching to the mitotic spindle. Unattached or improperly attached kinetochores 
trigger SAC signaling which inhibits APC/CCDC20, thus preventing entry into anaphase. When the SAC 
is satisfied on all kinetochores (at metaphase), activation of APC/CCDC20 promotes Cyclin B and Securin 
ubiquitination and proteolysis. Their destruction starts mitotic exit and sister chromatid separation 
through activation of the cohesin-protease separase. (C) At unattached kinetochores BUB1/BUB3 binds 
phosphorylated KNL1 and recruits MAD1 and BUBR1/BUB3. MAD1 in turn recruits c-MAD2 which 
promotes the conversion of o-MAD2 to c-MAD2 which sequesters CDC20 into the MCC preventing 
APC/C activation. (D) At least three modes of SAC silencing co-exist: 1) Dynein is able to strip 
checkpoint proteins out of the kinetochore; 2) p31comet binds c-MAD2 inhibiting o-MAD2 conversion; and 
3) PP1 dephosphorylates KNL-1 preventing the binding of BUB1/BUB3. Adapted from Musacchio 
(2015). 
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1.5.3.1 SAC activation and its components 

The original discovery of the SAC was made during genetic screen experiments in 

budding yeast which identified most of its key components, namely MAD (Mitotic-arrest 

deficient) proteins MAD1, MAD2, MAD3 (known as BUBR1 in humans) and the BUB (Budding 

uninhibited by benzimidazoles) proteins BUB1 and BUB3 (Hoyt et al., 1991; Li and Murray, 

1991). Additionally, the SAC also comprises protein kinases like MPS1 [or PLK1 in C. elegans 

that lacks a MPS1 orthologue, Espeut et al. (2015)] and Aurora B. Aurora B activity is essential 

for the recruitment of MPS1 to the outer kinetochore complex NDC80 (Nijenhuis et al., 2013), 

which in its turn is responsible for phosphorylating the C-terminal MELT repeats of KNL1, 

creating the environment for the binding of SAC proteins (Yamagishi et al., 2012). 

The recruitment of SAC components to the kinetochore is mediated by BUB3 which binds 

the phosphorylated MELT repeats via its β-propeller (Primorac et al., 2013). This BUB3 

interaction brings together its binding partner BUB1 which leads to the recruitment of the other 

SAC components. BUBR1 also forms a stable complex with BUB3 and is recruited to 

kinetochores via heterodimerization with BUB1 (Overlack et al., 2015) (Figure 1.8 C). In 

addition to mediating the localization of different SAC components, the presence of BUB1 and 

BUBR1 at unattached kinetochores also provides a feedback mechanism that coordinates the 

SAC with the error correction machinery. On the one hand, BUB1 phosphorylates histone H2A 

at centromeres increasing Aurora B activity (Watanabe, 2010), on the other hand, BUB1 

recruited BUBR1 has a docking site for PP2A-B56 which dephosphorylates Aurora B 

substrates on the KMN network counteracting its activity on KT-MT attachment stabilization 

(Suijkerbuijk et al., 2012; Kruse et al., 2013). 

The final event that engages the SAC is the recruitment to kinetochores of the tetrameric 

complex formed by MAD1 and MAD2. Indeed, the number of kinetochores positive for MAD2 

localization correlates with SAC strength (Collin et al., 2013; Dick and Gerlich, 2013) and the 

artificial recruitment of this complex to kinetochores where the SAC has already been silenced 

has proven to be sufficient to re-activate the checkpoint (Ballister et al., 2014; Kuijt et al., 2014). 

Although the way how these proteins are recruited to kinetochores still remains debatable, 

work performed on budding yeast reveled that BUB1 central region interacts with MAD1 in a 

MPS1 dependent manner (Brady and Hardwick, 2000; London and Biggins, 2014) and in C. 

elegans, BUB1 kinase domain also interacts with MAD1 (Moyle et al., 2014) indicating that 

BUB1 may be the direct receptor for the complex at the kinetochore. In human cells MAD1-

MAD2 localization is stimulated by BUB1 but it appears to be through a more complex 

mechanism than a simple direct interaction (Kim et al., 2012). The RZZ complex has been 

shown, in human cells and Drosophila, to be required for MAD1 localization however the exact 

interplay between all these proteins is not yet clear (Kops et al., 2005). 
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MAD2 plays a central role on the generation of the SAC signal. It exists in (at least) two 

different conformations: open (O-MAD2) and closed (C-MAD2), being the latter capable of 

binding both MAD1 and CDC20. MAD2 activation is supposed to be driven through the so-

called ‘template model’ that postulates that MAD1-MAD2 complex localized at unattached 

kinetochores recruits O-MAD2 through heterodimerization of MAD2 and the C-terminal domain 

of MAD1 catalyzes its conversion onto C-MAD2 capable of binding CDC20 (De Antoni et al., 

2005). The binding of MAD2 to CDC20 then stimulates the binding of BUBR1 bound to BUB3 

completing the Mitotic Checkpoint Complex (MCC) that constitutes the final effector of the SAC 

capable of inhibiting anaphase onset (Chao et al., 2012; Han et al., 2013). Although central in 

localizing the different components for an efficient complex formation at kinetochores, BUB1 

is not part of the MCC complex (Figure 1.8 C). 

CDC20 is a co-activator of the anaphase promoting complex/cyclosome (APC/C), a large 

E3 ubiquitin ligase responsible for targeting multiple proteins for degradation triggering 

chromosome segregation and mitotic exit. In addition to activating the complex, CDC20 binding 

to the APC10 subunit creates the binding pocket for the substrates to be degraded (Chang et 

al., 2014). Therefore, the incorporation of CDC20 into the MCC inhibits APC/C activation and 

delays mitotic exit by preventing the degradation of two key substrates: securin and cyclin-B1. 

Degradation of securin releases separase from its inhibition and promotes cohesin cleavage 

allowing sister chromatid separation (Ciosk et al., 1998). Cyclin-B1 is an activator of CDK1, 

the major regulatory kinase of cell division, and its degradation triggers the events that lead to 

mitotic exit (Sudakin et al., 1995) (Figure 1.8 B,C). 

 

1.5.3.2 SAC silencing and anaphase onset 

Laser-ablation experiments performed more than 20 years ago showed that a single 

unattached kinetochore is sufficient to delay anaphase onset for hours (Rieder, 1995), raising 

the idea that the SAC as an all-or-nothing type of response. However, subsequent studies 

have revealed that the strength of the SAC signal correlated with the amount of unattached 

kinetochores and the amount of MAD2 that is recruited to a kinetochore is even regulated by 

the number of microtubules attached to that kinetochore (Collin et al., 2013), suggesting a 

more gradual response of the checkpoint. 

However, the activation of the APC/CCDC20 complex is quite fast right after the attachment 

of the last kinetochore suggesting a rapid release of CDC20 from its inhibitory state. One 

possible explanation is that the MCC disassembly is constant even when the checkpoint is 

active, enabling a rapid accumulation of free CDC20 and consequent APC/C activation when 

all kinetochores are attached and MCC production stops (Varetti et al., 2011; Westhorpe et al., 

2011). To stop the production of new MCC several mechanisms seem to be activated (Figure 

1.8 D). One is the dynein-mediated removal of the MAD1-MAD2 complex from kinetochores. 
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Upon microtubule capture, kinetochore-localized dynein is able to ‘strip’ the SAC proteins 

towards the spindle poles (Kops and Shah, 2012). However, this is not the sole, and probably 

not the most important, mechanism of blocking MCC production once removal of kinetochore 

dynein by depleting its adaptor Spindly does not prevent SAC silencing (Barisic et al., 2010; 

Gassmann et al., 2010) and dynein is not even present at kinetochores in all organisms 

(Vleugel et al., 2012). One additional mechanism is the inhibition of O-MAD2 binding to C-

MAD2 by capping of the latter by p31comet (Fava et al., 2011). Additionally, PP1 activity is also 

involved in SAC silencing probably through the dephosphorylation of the KNL1 MELT motifs, 

once when the PP1 binding site is mutated increased levels of BUB1 and BUBR1 are 

observed, suggesting that this phosphatase is required for the removal of these proteins at 

metaphase (Liu et al., 2010; Zhang et al., 2014a).  

Stopping the generation of new MCC at kinetochores is complemented by the elimination 

of the already existing MCC bound to APC/C. Two different mechanisms have been proposed 

to explain this disassembly. One relies on the bind of p31comet to C-MAD2 preventing the 

interaction of MAD2-BUBR1 within the MCC and destabilizing the complex (Westhorpe et al., 

2011). The other mechanism relies on the ubiquitination of CDC20 by APC/C, a process 

regulated by the subunit APC15, once APC15 removal leads to increased levels of CDC20 

and MCC (Foster and Morgan, 2012). 

If the mechanisms that mediated SAC silencing and mitotic exit have been explored and 

some ideas have emerged to explain this process, the signal that triggers this cascade is much 

less understood. The initial idea was that kinetochores could detect the tension exerted on bi-

oriented chromosomes and this would silence the checkpoint response (Li and Nicklas, 1995). 

However, more recent experiments have challenged this idea once using unreplicated 

genomes to generated chromosomes with single kinetochores revealed that the SAC was still 

satisfied in the absence of inter-kinetochore tension (O’Connell et al., 2008). The current view 

believes that microtubule attachments induce local deformations within kinetochores, 

generating an intra-kinetochore tension that silences the SAC (Maresca and Salmon, 2009; 

Uchida et al., 2009). If SAC is sensitive to the attachment state and not to bi-orientation it will 

not detect merotelic attachments, reinforcing the importance of the interplay between SAC and 

the error correction machinery to avoid erroneous attachments. 

 

1.6 CYTOPLASMIC DYNEIN 

The spatial and temporal organization of the eukaryotic cells complex cytoskeleton relies 

on molecular motor proteins to generate forces and transport cargo along cytoskeletal tracks. 

This active and directed movement is crucial for the accomplishment of diverse cellular 

functions including organelle positioning, vesicular transport, protein and mRNA transport, 
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axonal growth, chromosome dynamics, nuclear envelope breakdown, mitotic spindle assembly 

and positioning, cell migration and many others (Figure 1.9 A). The importance of this transport 

is highlighted by the fact that mutations in molecular motors have been associated with several 

neurodevelopmental diseases and neurodegenerative disorders (Franker and Hoogenraad, 

2013). 

Two different classes of motors use microtubule tracks to walk on and transport their 

cargos: the minus-end directed Dyneins and the plus-end directed Kinesins (with the exception 

of the kinesin-14 family that moves towards the microtubules minus-ends). Dyneins were first 

identified more than 50 years ago as the motors responsible for the beating of the Tetrahymena 

pyriformis flagella (Gibbons, 1963), and were named after the unit force, the dyne (Gibbons 

and Rowe, 1965). Subsequent studies found that two different dyneins are differentially 

responsible for movement in the cytoplasm (cytoplasmic dynein 1) and in cilia (cytoplasmic 

dynein 2) (Paschal and Vallee, 1987; Paschal et al., 1987; Pazour et al., 1999; Porter et al., 

1999). The cytoplasmic dynein 1 (hereafter referred to as cytoplasmic dynein or just dynein) is 

a 1.4 MDa complex composed by six different proteins, all present in two copies: the dynein 

heavy chain (DHC), the light intermediate chains (DLIC), the intermediate chains (DIC) and 

other light chains (LC7 or Roadblock, LC8 and Tctex). The DHC contains a N-terminal domain 

(or tail) responsible for the dimerization of the complex and to which the other accessory chains 

bind. The C-terminal portion contains the motor domain composed by a helical linker followed 

by a ring of six AAA+ domains responsible for ATP hydrolysis necessary for the movement of 

the complex. The motor domain is linked to the microtubule track through a small globular 

microtubule-binding domain (MTBD) located at the end of an anti-parallel coiled-coil stalk 

(Figure 1.9 B). 

The DIC contains a C-terminally localized WD40 domain that binds the DHC and a N-

terminal extension that is stabilized by the DLCs. The Roadblock light chain also binds DIC 

closer to its WD40 domain, whereas Tctex and LC8 bind more N-terminally. The DLICs have 

several contact points with the DHC tail and contain extended C-termini that contact with other 

dynein adaptors and possibly also directly with cargo (Schroeder et al., 2014; Zhang et al., 

2017; Lee et al., 2018b; Urnavicius et al., 2018). 

By coupling a nucleotide hydrolysis cycle to conformational changes in its motor domain, 

dynein is capable of converting the energy from ATP hydrolysis into directional movement 

along its microtubule track [extensively reviewed by Kardon and Vale (2009); Roberts et al. 

(2013); Cianfrocco et al. (2015); Carter et al. (2016); Reck-Peterson et al. (2018)]. The average 

step size measured for dynein under load is around 8 nm, which corresponds well to the 8.3 

nm spacing between tubulin dimers. Additionally, dynein has also been described as capable 

of taking longer steps (up to 32 nm), move backwards, and sideways to adjacent protofilaments 

(Mallik et al., 2004; Reck-Peterson et al., 2006; Gennerich et al., 2007; DeWitt et al., 2012; Qiu 
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et al., 2012). The amount of force produced by a single cytoplasmic dynein complex is still 

debatable. While several studies have measured a stall force of ~1 pN (Mallik et al., 2004; 

McKenney et al., 2010; Rai et al., 2013) other have reported higher stall forces (~5-7 pN) (Toba 

et al., 2006; Walter et al., 2012) which may reflect that dynein in different species may be 

capable of producing different amounts of force to fulfill specific needs. 

 

1.6.1 Dynein regulation 

The characterization of the cytoplasmic dynein complex over the years started to bring 

up the idea that although dynein is a molecular motor capable of translocate along microtubule 

tracks and transport cargo, it could not perform its multiple functions on its own. One 

remarkable finding is that while around 40 kinesins are present and required for cargo transport 

towards microtubule plus-ends in eukaryotic cells, only one dynein is responsible for 

performing the same job in the minus-end direction (Schliwa and Woehlke, 2003), suggesting 

the need for a higher degree of regulation for dynein function and interaction with cargos in 

relation to kinesins. Furthermore, purified yeast dynein has been shown to be processive (i.e. 

capable of performing long runs before detaching from the MT) in vitro on its own (Reck-

Peterson et al., 2006), however studies for vertebrate dynein are more inconsistent. Some 

studies have shown that vertebrate dynein bound to beads is processive, whereas studies 

using single molecules in vitro have led to more variable results, with some reporting that 

dynein is processive and others reporting either weak or no processivity [reviewed by Jha and 

Surrey (2015)]. If these discrepancies are due to the different experimental approaches 

employed or reflect species-specific variations on dynein’s function is still debatable, however 

they made clear that dynein activity is dependent on several layers of regulation. 

 

1.6.1.1 Dynactin: an essential dynein adaptor 

The first activator of dynein minus-end directed transport to be identified was dynactin 

(that stands for dynein activator) (Schroer and Sheetz, 1991). Further work revealed that 

dynactin is a 1.1 MDa multi-protein complex composed by 23 different subunits (of 11 different 

polypeptides) (Schroer, 2004). The complex is built around an actin-like filament which 

contains eight copies of the actin-related protein -centractin (ARP1) and one copy of β-actin. 

Similar to actin, the filament has a barbed end and a pointed end, each capped by a different 

protein complex, the barbed end by the F-actin capping protein heterodimer CAPZβ and the 

pointed end by the actin-related protein, ARP11. The pointed end is completed by three other 

proteins, p62, p27 and p25, that bind ARP11. On top of the ARP1 filament sits the shoulder 

domain composed by four copies of p50 dynamitin, two copies of p24 and two copies of 

p150glued that form a long projection, corresponding to dynactin’s largest subunit (Carter et al., 
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2016). This long flexible projection of p150 has two different stretches of coiled-coil (CC1 and 

CC2) separated by a globular domain. The CC1 can be further divided in two halves, CC1a 

and CC1b, which form a hairpin structure and has been shown to interact with DIC (King et al., 

2003). At the very N-terminus of p150 are the basic domain and the CAP-Gly domain which 

bind to microtubules (Waterman-Storer et al., 1995) (Figure 1.9 B). 

 

 

Figure 1.9 – Cytoplasmic dynein: the major minus-end directed microtubule motor. (A) Main 
functions performed by dynein in interphase (left) and during mitosis (right). (B) Structural composition 
of the dynein complex (left) and its main co-factor dynactin (right). (C) Current model of dynein activation. 
In order to move processively on microtubules dynein needs to bind its structural co-factor dynactin and 
a cargo-binding adaptor protein. (D) Dynein regulation by its co-factors NUDE/L and LIS-1. Adapted 
from Roberts et al. (2013); Gama et al. (2017); Reck-Peterson et al. (2018) and Rocha et al. (2018). 
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Dynactin has been found to be essential for nearly all dynein’s functions. It is known to 

increase dynein processivity, participate in cargo binding and targets dynein to specific cellular 

locations (Schroer, 2004). One of dynactin’s most characterized roles is its ability to localize 

dynein to microtubules plus-ends, where dynein can then initiate cargo transport towards the 

opposing-end. The N-terminal CAP-Gly domain of dynactin’s subunit p150 has the ability to 

recognize the C-terminal acidic motif EEY/F present in tubulin and also in plus-end binding 

proteins (like EBs and CLIP-170) (Hayashi et al., 2005; Honnappa et al., 2006). The functional 

relevance of this interaction in animal cells is best known in neurons where the binding of 

dynactin to dynamic MTs in the distal axon enhances the recruitment of dynein, which in turn 

facilitates efficient initiation of retrograde transport (Moughamian and Holzbaur, 2012; 

Moughamian et al., 2013). In yeast, dynein is delivered to the cell cortex from the MTs plus-

tips for subsequent force production, a process that requires dynactin-mediated localization of 

dynein to the plus-ends (Lee et al., 2005; Markus and Lee, 2011). More recently, it has been 

shown that mutations that disrupt CAP-Gly binding to MTs cause defects in nuclear positioning 

as a consequence of defective initiation of dynein-mediated organelle transport, in the C. 

elegans first embryonic division (Barbosa et al., 2017). 

Although several studies indicate that dynactin helps to link dynein to cargo through 

interactions between the ARP1 filament, the p150 or the p50 subunits with cargo proteins 

(Valetti et al., 1999; Holleran et al., 2001; Watson et al., 2005; Johansson et al., 2007), its first 

role to be proposed and probably the most important is its ability to modulate dynein 

processivity. The discovery of the interaction between dynactin and the microtubules via the 

CAP-Gly domain led to the hypothesis that dynactin would tether dynein to the microtubule 

preventing its dissociation and increasing its processivity (Waterman-Storer et al., 1995). 

Subsequently it was shown to increase the processivity dynein adsorbed to beads, however 

later studies with fluorescently-labeled motor complexes isolated from budding yeast provided 

evidence that dynactin enhances processivity independently of its microtubule binding activity 

(Kardon et al., 2009), suggesting a different mechanism of processivity enhancement, probably 

mediated by directly influencing the dynein tail via its DIC subunit to which dynactin binds 

(Vaughan et al., 2001). 

 

1.6.1.2 Dynein regulation by activating adaptors 

Despite the reported effect of dynactin on dynein processivity, in vitro purified dynactin 

from porcine brain showed to interact only weakly with human dynein complex purified from 

cultured cells (McKenney et al., 2014). On the same study, single-molecule imaging failed to 

detect an effect on dynein processivity by the addition of the purified dynactin complex, 

suggesting the need for additional regulators. Processive motion of human dynein (expressed 

either in human or in insect cells) was only achieved when a third dynein regulator was added 
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to the equation (Figure 1.9 C). For example, the addition of a N-terminal fragment of Bicaudal 

D2 [BICD2, best known for its role in dynein-mediated localization of mRNA in Drosophila 

(Bullock and Ish-Horowicz, 2001)] resulted in an extremely processive motility (up to 9 µm) 

(McKenney et al., 2014; Schlager et al., 2014). Other cargo adaptors such as Spindly present 

on kinetochores (Griffis et al., 2007), Rab11-FIP3 on recycling endosomes (Horgan et al., 

2010) and Hook3 on early endosomes (Zhang et al., 2014b), were also shown to activate the 

processive motion of human dynein in combination with dynactin raising the currently accepted 

idea that the dynein transport machinery consists of a ternary complex composed by the dynein 

complex, the dynactin complex and an activating adaptor (Roberts et al., 2014). 

To date, eight activating adaptors have already been shown to promote dynein 

processivity in vitro. Between them there are a few common features: the presence of a long 

coiled-coil region, a binding site for DLIC C-terminus and a binding site for other proteins that 

mediate cargo-binding (Reck-Peterson et al., 2018). Three different types of DLIC binding 

motifs have been found so far. The BICD family of adaptors and the kinetochore-adaptor 

Spindly bind DLIC via the CC1 motif present in the coiled-coil region that contains a AAxxG 

sequence (Gama et al., 2017). In its turn, the HOOK family of adaptors use the small Hook 

domain located N-terminally to the coiled-coils to bind DLIC (Schroeder and Vale, 2016). The 

RAB11 family-interacting protein 3 (RAB11FIP3) also binds DLIC via its N-terminus, a region 

that contains a pair of EF hands (helix-loop-helix domain that often confers calcium binding 

capacity) (Horgan et al., 2010), a feature that is also present in the adaptors ninein (NIN) and 

ninein-like (NINL). 

Cryo-electron microscopy (cryo-EM) studies have now solved the structure of the 

tripartite complex (Urnavicius et al., 2015, 2018). The obtained maps revealed that the ~250 

residues coiled-coil of the adaptor runs along the length of the dynactin filament with the N-

terminus close to the barbed-end and the C-terminus interacting with the pointed-end complex. 

These interactions mediate the recruitment of dynein to dynactin and induce conformational 

changes in dynein allowing its motor domains to align so that both MTBDs can interact with 

microtubules, likely increasing its processivity (Zhang et al., 2017). These interactions have 

also been shown to mediate the recruitment of two dynein complexes to one dynactin at a time 

further enhancing the transport capacity (Grotjahn et al., 2018; Urnavicius et al., 2018). 

There are several other proteins that could also serve as activating adaptors since they 

have been shown to co-immunoprecipitate with both dynein and dynactin and contain long 

coiled-coils. Additionally, many of these putative activating adaptors have domains that could 

possibly bind the DLIC. For example the trafficking kinesin-binding protein 1 (TRAK1), TRAK2 

and huntingtin-interacting protein 1 (HAP1) contain the CC1 box motif (Gama et al., 2017), and 

the nuclear mitotic apparatus protein (NUMA), girdin (CCDC88A), coiled-coil domain-
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containing protein 88B (CCDC88B) and daple (CCDC88C) all contain Hook domains (Reck-

Peterson et al., 2018). 

 

1.6.1.3 Dynein regulation by LIS1 and NUDE/L 

Two other ubiquitous cofactors of dynein are Lissencephaly 1 (LIS1) and Nuclear 

distribution gene E (NUDE) (Figure 1.9 C). LIS1 was first identified due to its association with 

the human disease lissencephaly, characterized by severe brain malformations due to 

impaired neuronal mitosis and migration (Dobyns et al., 1993). Studies of the LIS1 homologues 

in fungi suggested that it may function as a dynein cofactor and identified an important LIS1 

binding partner, NudE in Aspergillus nidulans and the homologue Ndl1 in S. cerevisiae (Xiang 

et al., 1994, 1995; Geiser et al., 1997; Efimov and Morris, 2000), which were later shown to be 

closely related to the metazoan NUDE and NUDEL proteins (Feng et al., 2000; Niethammer 

et al., 2000). Multiple studies have posteriorly related NUDE/L and LIS1 to several dynein 

functions, including organelle and mRNA transport, dynein’s roles at kinetochores and spindle 

positioning, suggesting that they act as ubiquitous dynein cofactors (Cianfrocco et al., 2015). 

LIS1 functionally acts as a dimer capable of binding both NUDE/L and dynein. The LIS1 

monomer contains an N-terminal dimerization domain followed by a coiled coil, a disordered 

loop and a C-terminal β-propeller containing seven WD repeats (Kim et al., 2004) which 

interacts with AAA3 and AAA4 in dynein motor domain (Huang et al., 2012; Toropova et al., 

2014). In turn, NUDE and NUDEL are dimeric, coiled-coil proteins. The N-terminal coiled-coil 

region binds the DIC, whereas the largely unstructured C-terminus binds LIS1 (Wang and 

Zheng, 2011; Zyłkiewicz et al., 2011). 

At the molecular level there is evidence that NUDE/L may tether LIS1 to dynein (Wang 

and Zheng, 2011; Huang et al., 2012) but the exact mechanism by which they regulate dynein’s 

function remains controversial. Biochemical experiments using yeast or mammalian protein 

have suggested that it increases dynein’s affinity to bind microtubules (Yamada et al., 2008; 

McKenney et al., 2010; Huang et al., 2012; Toropova et al., 2014). Binding of LIS1 causes 

dynein to remain attached to microtubules in the presence of ATP, which led to the idea that 

LIS1 may act as a clutch that uncouples the cycles of ATP hydrolysis, rather than ATP binding, 

preventing dynein release from microtubules (Huang et al., 2012; Toropova et al., 2014). 

However, in vitro studies have provided contradictory results about LIS1 effect on dynein as it 

was shown to both increase (Baumbach et al., 2017; DeSantis et al., 2017; Gutierrez et al., 

2017) or decrease (Yamada et al., 2008; Torisawa et al., 2011; Huang et al., 2012) dynein’s 

velocity and NUDE/L has also been shown to both enhance (Huang et al., 2012; Wang et al., 

2013) and oppose (Yamada et al., 2008; Torisawa et al., 2011) LIS1 activity. 

Although a lot of questions remain to be answered about the exact molecular 

mechanisms, at the cellular level the LIS1-NUDE/L complex seems to play at least three, not 
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mutually exclusive, roles: (1) to participate in recruiting dynein to the microtubule plus-ends 

(Roberts et al., 2014), (2) to help in initiating dynein-dependent transport (Egan et al., 2012), 

and (3) to help dynein to bear high loads when transporting large cargos (McKenney et al., 

2010). 

 

1.6.2 Dynein in mitosis 

As previously described, cytoplasmic dynein is a ubiquitous motor protein with a wide 

range of roles in intracellular transport, therefore a role for dynein in mitotic chromosome 

movements has long been considered. However, dynein does not change in abundance during 

cell cycle neither any of its subunits or isoforms is differentially expressed at mitosis, 

suggesting that its involvement requires the differential regulation of its different cellular 

localizations and activities. The interaction of dynein with its different adaptor proteins and 

cofactors mediates its differential targeting to several cellular structures. During mitosis dynein 

has been found to localize to the cell cortex, centrosomes, nuclear envelope, kinetochores and 

spindle microtubules where it mediates multiple processes essential for an accurate cell 

division (Raaijmakers and Medema, 2014). 

As cells transition from G2 into M phase, the first population of mitotic dynein that stands 

out is present at the centrosomes, where it is necessary to focus the microtubule minus-ends 

at the spindle poles. Dynein is able to transport newly synthesized parallel oriented 

microtubules along the pre-existing microtubules towards the spindle poles and cluster them 

together leading to a focused structure (Heald et al., 1996). Concomitantly, dynein also plays 

a role in centrosome separation to initiate the assembly of the mitotic spindle. Dynein anchored 

at the nuclear envelope is able to, on one hand, tether the centrosomes preventing their 

detachment (Splinter et al., 2010) and, on the other hand, slide the nascent microtubules and 

pull the centrosomes apart (Raaijmakers et al., 2012; van Heesbeen et al., 2013). 

The nuclear envelope-associated pool of dynein also participates in the rapid breakdown 

of the nuclear envelope that follows centrosome separation. In addition to the phosphorylation-

dependent disassembly of the nuclear lamina (Foisner and Gerace, 1993), the nuclear 

envelope breaks downs by mechanical sheering of its membranes by the microtubules, a 

process that has a dynein contribution. Growing microtubules are thought to create 

invaginations in the membrane, that are further stretched and lead to the formation of holes 

(Beaudouin et al., 2002). Dynein participates in two possible ways: either by pulling the 

membranes towards the microtubules minus-ends (Salina et al., 2002) or by keeping the 

centrosomes attached to the nucleus increasing the pushing force that is created by the 

polymerizing microtubules that hit the membrane (Georgatos et al., 1997). 



Chapter 1 | State of the art 

54 

 

Another important dynein pool during mitosis is localized at the cell cortex. From there 

dynein can capture the microtubule plus-ends and pull on them to position the spindle (Laan 

et al., 2012). Remarkably, during spindle oscillation in mammalian cells, cortical dynein 

dynamically redistributes throughout the cell cortex (Busson et al., 1998). On one hand, the 

high levels of RAN-GTP around chromatin dissociate dynein and its cortical adaptors from the 

equator region thereby accumulating at the poles, on the other hand if the spindle approaches 

the cortex within ~2 μm, PLK1 mediated phosphorylation disrupts dynein localization from that 

pole resulting in an accumulation at the other pole, thereby facilitating spindle centering 

(Kiyomitsu and Cheeseman, 2012). This redistribution is also relevant in asymmetric cell 

divisions, as in C. elegans embryos, where asymmetrically distributed dynein pulls on astral 

microtubules to displace the spindle towards one side of the cell just prior anaphase onset 

(Nguyen-Ngoc et al., 2007). 

As the spindle assembles, chromosomes start to interact with microtubules and 

kinetochore-localized dynein participates in this process. Dynein is recruited to the kinetochore 

outer plate via its adaptor Spindly, which in turn interacts with the kinetochore protein complex 

RZZ (Starr et al., 1998; Griffis et al., 2007; Gassmann et al., 2008). Additionally, dynein is also 

recruited to kinetochores via its adaptor NUDE and the kinetochore localized protein CENP-F 

(Stehman et al., 2007). At the kinetochore dynein contributes to two different processes. First, 

although with some contradicting observations, dynein perturbations have resulted in defects 

in chromosome congression (Sharp et al., 2000) most probably because it helps with the 

establishment of correct kinetochore microtubule attachments (Varma et al., 2008) and has a 

role on collecting the more outward localized chromosomes and transporting them to the 

spindle poles, where they can initiate congression (Yang et al., 2007). Second, kinetochore 

dynein plays a role on silencing the spindle assembly checkpoint by streaming the outer 

kinetochore proteins including the SAC components towards the spindle poles (Howell et al., 

2001). 

 

1.7 Caenorhabditis elegans: THE MODEL BEHIND THE ORGANISM 

In 1963, Sydney Brenner had the visionary idea to propose the roundworm 

Caenorhabditis elegans as a model organism to perform genetic studies to understand 

development and neurobiology. Nowadays, C. elegans is used in more than one thousand 

laboratories over the world and C. elegans research produces more than 1200 scientific 

articles per year (Corsi et al., 2015). 

This tiny nematode is found worldwide in the soil or in rotten vegetables from where it 

can be easily isolated (Barrière and Félix, 2014). In the laboratory, worms can be easily 

maintained between 15 ºC and 25 ºC on agar plates containing a lawn of the bacterium 
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Escherichia coli, that they use as food supply (Stiernagle, 2006). Once the food is consumed, 

they use their own fat storage to survive a few more weeks. In the absence of food, the younger 

larvae arrest their development entering in a stage called dauer in which they can survive for 

at least one month (if kept at 15º C they can survive for up to six months) (Figure 1.10 A). If 

needed, a piece of the agar containing starved worms can be placed on a new plate with 

bacteria and the worms will move to the bacteria, start eating and resume their development. 

An additional feature that makes it a great laboratory model is the fact that animals can be 

frozen for years and revived when needed allowing the ease and cheap storage of different 

strains without having to keep them running on agar plates (Corsi et al., 2015). 

In addition to its easy maintenance, C. elegans is a great model organism for several 

other reasons. Its small size (the newly hatched larvae have 0.25 mm long and the adult worm 

measures 1 mm) means that there is no need for a lot of space to grow worms. It has a rapid 

life cycle (3 days at 25 ºC from egg to egg-laying adult), with an embryogenesis of ~16 h (at 

20 ºC) that occurs in uterus until the 24-cell stage at which eggs are laid. Post-embryonic 

development divides in 4 larval stages (L1 stage lasts ~12 h and the L2 to L4 are each ~12 h 

long), after which the adult worm is capable of producing new progeny for 2-3 days (each 

hermaphrodite can produce up to ~300 progeny) (Figure 1.10 A). C. elegans exists primarily 

as a self-fertilizing hermaphrodite although males can naturally occur at a <0.2 % rate due to 

rare events of meiotic nondisjunction of the X chromosome (this rate can be increased by 

subjecting the hermaphrodites to a short exposure to 30 ºC). Both states have advantages: 

the self-fertilizing hermaphrodites simplify maintenance and facilitate homozygosity [for 

example of generated mutations, Brenner (1974)] whereas the generation of males allows the 

exchange of genetic material and the combination of different genetic compositions. Because 

the worm is transparent all its cells and subcellular structures can be observed by Nomarski 

microscopy and the introduction of fluorescent tags allows visualization of the cellular details. 

Since the number of somatic cells is invariable, it was possible to map the shape and fate of 

every cell between fertilization and adulthood (Sulston and Horvitz, 1977; Kimble and Hirsh, 

1979; Sulston et al., 1983), including the most detailed map of the nervous system of any living 

animal (Sulston et al., 1983). Moreover, this invariant wild-type cell lineage easily allows the 

identification of mutations that give rise to observable phenotypes in genetic screens. 

Finally, the availability of a vast array of molecular tools including the first multicellular 

organism’s genome to be sequenced [100 Mb containing more than 20000 protein-coding 

genes, C. elegans Sequencing Consortium (1998)]. 38 % of C. elegans genes have a predicted 

orthologue in humans (Shaye and Greenwald, 2011), 60-80 % of human genes have an 

ortholog in C. elegans (Kaletta and Hengartner, 2006) and 40 % of the genes associated with 

human disease also have a clear nematode orthologue (Culetto and Sattelle, 2000). The 

utilization of RNA interference (RNAi) to reduce gene activity (Fire et al., 1998) and the 
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efficiency of genome editing techniques [like CRISPR/Cas9, Waaijers and Boxem (2014)] also 

allow to explore gene function and the development of forward and reverse genome-wide 

genetic screens that are continuously incrementing our knowledge about diverse cellular 

processes. 

 

 

Figure 1.10 – The model organism C. elegans. (A) C. elegans life cycle at 22ºC. 0 min marks the time 
of fertilization. Numbers in blue along the arrows indicate the duration of each stage. The length of the 
animal at each stage is marked next to the stage name in micrometers (μm). Adapted from Altun and 
Hall (2009). (B) The first C. elegans embryonic division. For each stage are depicted the main processes 
occurring, together with a cartoon and an example microscopy image of embryos expressing GFP:β-
tubulin and GFP:histone to simultaneously visualize the microtubule cytoskeleton and the DNA. Time 0 
min marks nuclear envelope breakdown. Adapted from Oegema and Hyman (2006). 
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1.7.1 Mitosis in C. elegans 

The C. elegans embryo is a powerful model-system to study the mechanisms of cell 

division. In the first place, the C. elegans embryo has large and clear cells that are well-suited 

for live-imaging. The characterization of their development led to the observation that the first 

zygotic mitotic divisions are highly stereotypical and relatively fast [the time from the onset of 

chromosome condensation and the completion of cytokinetic furrow ingression is around 14 

minutes, Oegema and Hyman (2006)] (Figure 1.10 B). The invariant nature of these divisions, 

allied to the fact that C. elegans DNA damage and spindle assembly checkpoints are relatively 

weak (Brauchle et al., 2003; Encalada et al., 2005), facilitates the assessment of the 

consequences of molecular perturbations, either introduced by genetic mutations, the use of 

RNAi or drugs. In particular, the RNAi technique has proven to be a powerful technique to 

study and identify cell division genes. The ability to reproducibly deplete target proteins by 

RNAi, which can be performed by feeding, soaking or injection of hermaphrodites (Ahringer, 

2006), led to the development of a series of genome-wide screens that identified more than 

2000 genes required for embryonic viability (Fraser et al., 2000; Gönczy et al., 2000; Piano et 

al., 2000; Maeda et al., 2001; Kamath et al., 2003; Simmer et al., 2003; Rual et al., 2004; 

Fernandez et al., 2005; Sönnichsen et al., 2005). Live-cell imaging defined a set of 660 genes 

whose inhibition results in detectable defects during the first two cell divisions (Gönczy et al., 

2000; Piano et al., 2000; Zipperlen et al., 2001; Sönnichsen et al., 2005), half of which were 

later characterized as required for cell division processes (Sönnichsen et al., 2005). 

The first embryonic division following fertilization has become the object of most intense 

study, since it comprises a complex coordinated series of events and it is easily affected by 

RNAi mediated perturbations. Prior to fertilization, the oocytes are arrested in prophase of the 

first meiotic division. The two rounds of meiotic division are only completed after the sperm 

fertilizes the oocyte, giving rise to the haploid female pronucleus (Figure 1.10 B). The male 

pronucleus enters the oocyte accompanied by two centrioles, and the site of sperm entry 

dictates the posterior side of the embryo (Goldstein and Hird, 1996). As meiosis completes, 

acto-myosin cortical flows drive the beginning of the slow migration of the two pronuclei 

towards each order. At the same time, the two centrioles recruit pericentriolar material forming 

the centrosomes capable of nucleating microtubules (O’Connell, 1999; Pelletier et al., 2004). 

As a consequence, the two centrosomes separate along the paternal nucleus in a dynein-

mediated fashion (Gönczy et al., 1999), and the nucleated microtubules emanate away from 

the centrosomes (Figure 1.10 B). Eventually, dynein located at the female pronucleus starts to 

make contact and to pull on the growing microtubules and this is thought to drive the 

acceleration of the female pronuclear migration and subsequent pronuclear meeting (Schmidt 

et al., 2005). On the other hand, the migration and centration of the male pronucleus has been 
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shown to also be a dynein-dependent process, but rather relies on the active cargo transport 

along the microtubules, which creates a viscous drag on the cytoplasm and pulls the nuclear-

centrosome complex to the middle of the embryo (Barbosa et al., 2017). 

Concomitantly to pronuclear migration, as mitotic prophase occurs, the chromosomes 

start to condense and the sister chromatids resolve, relying on the concerted activity of the 

conserved complexes condensin I and II, cohesin and topoisomerase (Kschonsak and 

Haering, 2015; Lau and Csankovszki, 2015). At the end of prophase, the nuclear envelope 

breaks down and the spindle microtubules start to interact with chromosomes. Spindle 

assembly is completed in a very efficient manner within the next 2.5 minutes (Figure 1.10 B). 

Contributing to this high efficiency are the large C. elegans kinetochores, which are holocentric 

and distribute along the entire length of the chromosome (Maddox et al., 2004). Despite this 

particularity, the kinetochore structure and function is highly similar to other organisms: it is 

built on specialized chromatin regions containing the centromeric protein CENP-A (HCP-3 in 

C. elegans), which then recruits the other kinetochore components. CENP-C (HCP-4 in worms) 

is the only CCAN member present and, therefore is the responsible for the assembly of the 

outer kinetochore and, consequently, for the recruitment of SAC proteins (Drinnenberg et al., 

2016). In addition, it seems to play a specialized role in sister chromatid resolution in C. 

elegans as depleting it results in resolution defects, that can be rescued by cohesin depletion, 

suggesting that cohesin removal necessary for resolution is normally facilitated by CENP-C 

(Moore and Roth, 2001). 

Another particularity of the first embryonic division is its asymmetry. During metaphase 

the mitotic spindle is displaced to the posterior side of the embryo due to cortical dynein 

mediated pulling, and this shifts the spindle equator dictating that the cytokinetic furrow will be 

formed slightly more to the posterior side resulting in the unequal cell division that 

characterizes the C. elegans one-cell embryo (Labbé et al., 2004) (Figure 1.10 B). 

Chromosome segregation in C. elegans is mostly derived by the processes normally 

associated with anaphase B, i.e. sister chromatids separate due to spindle elongation caused 

by the combination of cortical forces that pull the centrosomes apart and the pushing forces 

exerted by the overlapping microtubules of the central spindle that control the rate of separation 

(Oegema et al., 2001). 

C. elegans mitosis also follows similar regulation pathways as other organisms with most 

of the mitotic kinases and phosphatase having worm homologues. The biggest exception is 

perhaps MPS1 kinase which lacks an obvious homologue and seems to be replaced by PLK-

1 (Espeut et al., 2015). 
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Abstract 

Cytoplasmic dynein 1 (dynein) is the predominant microtubule minus end-directed motor in 

animals and participates in a wide range of cellular processes, including membrane trafficking, nuclear 

migration, and cell division. Dynein's functional diversity depends on co-factors that regulate its 

subcellular localization, interaction with cargo, and motor activity. The ubiquitous co-factor nuclear 

distribution gene E (NudE) is implicated in many of dynein's functions, and mutations in NudE cause the 

brain developmental disease microcephaly. To identify genetic interactors of the Caenorhabditis elegans 

NudE homolog nud-2, we performed a genome-wide RNAi screen with the null allele nud-2(ok949), 

which is viable and fertile but partially compromises dynein function. Using bacterial feeding to deliver 

dsRNAs in a 96-well liquid format and a semi-automated fluorescence microscopy approach for counting 

parents and progeny, we screened 19762 bacterial clones and identified 38 genes whose inhibition 

caused enhanced lethality in nud-2(ok949) relative to the nud-2(+) control. Further study of these genes, 

many of which participate in cell division, promises to provide insight into the function and regulation of 

dynein. 
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2.1.1 Background & summary 

 Animal cells rely on molecular motor proteins to generate forces and transport cargo 

along cytoskeletal tracks. Microtubule-based transport is critical for a wide range of cellular 

and developmental processes and its dysfunction is recognized as an important contributor to 

neurological disease (Franker and Hoogenraad, 2013). The mega-Dalton motor complex 

cytoplasmic dynein 1 (dynein) is involved in virtually all processes that require microtubule 

minus end–directed motility, including intracellular trafficking, organelle positioning, and the 

organization of microtubule arrays (Roberts et al., 2013). During cell division, dynein is 

implicated in chromosome movement, assembly and positioning of the bipolar spindle, and the 

control of mitotic checkpoint signaling (Raaijmakers and Medema, 2014). Dynein's functional 

diversity is facilitated by co-factors and cargo-specific adaptor proteins that regulate 

localization and activity of the motor (Vallee et al., 2012; Cianfrocco et al., 2015). For many 

dynein-dependent processes, the inventory of participating adaptors and regulators is likely 

incomplete. 

An important ubiquitous dynein co-factor is the conserved nuclear distribution gene E 

(NudE), which was first discovered in filamentous fungi (Minke et al., 1999; Efimov and Morris, 

2000). NudE and the related protein NudE-like (Nudel) directly bind dynein and the dynein co-

factor Lis1. NudE/Nudel and Lis1 contribute to many cellular functions of dynein, and mutant 

NudE causes the brain developmental disease microcephaly (Alkuraya et al., 2011; Bakircioglu 

et al., 2011). On the molecular level, NudE/Nudel help tether Lis1 to dynein to regulate force 

production of the motor and mediate interactions between dynein and different cargo (Vallee 

et al., 2012; Cianfrocco et al., 2015) (Figure 2.1 A). The nematode Caenorhabditis elegans 

possesses a single NudE/Nudel gene, nud-2, and animals in which nud-2 is inhibited by RNAi-

mediated knockdown or by the genetic deletion nud-2(ok949) display phenotypes consistent 

with compromised dynein function (Locke et al., 2006; Fridolfsson et al., 2010; Simões et al., 

2018). The nud-2(ok949) deletion removes 87 % of the open reading frame and is therefore 

likely a null allele, yet viability and fertility are only mildly affected (Simões et al., 2018). 

Reducing LIS-1 levels in nud-2(ok949) embryos results in enhanced lethality relative to nud-

2(+) animals (Figure 2.1 B,C), suggesting that nud-2(ok949) represents a sensitized 

background that can be exploited for the discovery of dynein pathway genes. We therefore 

implemented an RNAi-based genetic interactor screen by targeting approximately 87 % of 

annotated C. elegans open reading frames in nud-2(ok949) and nud-2(+) control animals using 

the bacterial feeding library from the Ahringer group (Kamath et al., 2003), adapted to a 96-

well liquid format (Figure 2.1 D). The primary screen consisted of two technical replicates per 

bacterial clone for a total of 19762 clones. Synchronized L1 larvae were allowed to grow and 

have progeny by feeding on the bacteria for 92 h. Animals were marked with green fluorescent 
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protein (GFP) expressed in the pharynx (myo-2::GFP), which facilitated automated counting 

of parents and larval progeny on a fluorescence microscopy platform at the end of RNAi 

treatment (Figure 2.1 E,F). The number of progeny per parent, termed reproductive fitness, 

was then calculated for each bacterial clone. Genes that when targeted with dsRNA decreased 

reproductive fitness in nud-2(ok949) animals at least two-fold relative to nud-2(+) animals were 

chosen for secondary screening (1077 clones) (Figure 2.2 A-E). Secondary screening was 

more stringent, consisting of 3 biological replicates, each carried out in 2 technical replicates 

(Figure 2.2 F). We present a final list of 38 genetic interactors (Figure 2.2 F; Table 2.1). The 

list includes 13 genes whose function directly relates to the microtubule cytoskeleton, and 4 

genes that code for known binding partners of dynein. Strikingly, 19 out of the 38 genes are 

implicated in embryonic cell division, where dynein is known to have multiple essential 

functions (Gönczy et al., 1999). Further study of the nud-2 interacting gene set promises to 

provide insight into the regulatory mechanisms that underlie dynein's functional diversity. 

Furthermore, analysis of the screening data using different cutoffs will extend the list of putative 

dynein pathway genes. Finally, the data on reproductive fitness in the control strain may serve 

as a useful reference for other genome-wide RNAi screens. 

  

2.1.2 Methods 

2.1.2.1 Worm strains 

C. elegans strains were maintained at 16 ºC or 20 ºC on nematode growth media (NGM) 

plates seeded with OP50 bacteria. The following strains were used in this study: wild-type (N2 

Bristol isolate), GCP66 [nud-2(ok949) I 6 x outcrossed with N2], GCP68 [nud-2(ok949) I; 

heEx526(myo-2p::GFP)] from crossing GCP66 with SV1069 (Maia et al., 2015), and GCP95 

[heEx526(myo-2p::GFP)] derived from the same cross but selected for the absence of nud-

2(ok949). 

 

2.1.2.2 Worm growth and RNA interference 

The genome-wide RNAi screen was performed using a modified version of the screening 

protocol in the 96-well liquid format developed by Lehner et al. (2006), and an automated 

screening platform was implemented based on the strategy previously reported by Maia et al. 

(2015) (Figure 2.1 D). Bacteria from the Ahringer library glycerol stock (Kamath and Ahringer, 

2003) (Source BioScience) harboring expression vectors for gene-specific RNAi were 

transferred into 100 µL of LB medium [supplemented with 100 µg/mL ampicillin (#MB02102; 

NZYTech) and 12.5 µg/mL tetracycline hydrochloride (#A2228.0025; VWR)] in 96-well plates 

(#82.1582.001, Sarstedt) using a 96-pin replicator (Boekel) and grown overnight. The first 

column of pins was removed from the replicator to leave the first column of each plate free for 
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inclusion of positive and negative controls. The negative controls were empty dsRNA vector 

pL4440 and hil-5 dsRNA vector, which exhibited 10 to 20 % lethality in the nud-2(ok949) 

background. plk-1 dsRNA vector, which causes 100 % embryonic lethality, was used as a 

control for RNAi efficiency, and lis-1 dsRNA vector was used as a positive control for enhanced 

lethality in the nud-2(ok949) background (Figure 2.1 B). 5 µL of the saturated bacterial cultures 

were used to inoculate 400 µL of LB (with ampicillin/tetracycline) in a deep-well 96-well plate 

(#260251, Thermo Scientific Nunc), followed by incubation overnight. After induction of dsRNA 

expression with 4 mM IPTG (#MB02603, NZYTech) for 1 h, bacteria were pelleted and re-

suspended in 400 µL of complete S Medium using the Liquidator 96 Manual Pipetting System 

(Mettler Toledo). 10 µL of a synchronized L1 larval stage suspension, containing approximately 

7 worms in 10 µL of M9 Buffer, were dispensed into each well of a flat-bottom 96-well plate 

(#260836, Thermo Scientific) using a Multidrop Combi Reagent Dispenser (Thermo Scientific), 

and 40 µL of bacterial suspension was added. Plates were incubated at 20 ºC with shaking 

(200 rpm) for 92 h, which was sufficient time for the L1 larvae to grow until adulthood, lay eggs, 

and for these eggs to develop into larvae. Each 96-well library plate with bacteria was assayed 

in two technical replicates per strain. 

 

2.1.2.3 Image acquisition and automated counting of parents and progeny 

Prior to image acquisition, 70 µL of worm paralyzing solution (50 µL complete S Medium, 

20 µL of 0.7 % tricaine [#E10521, Sigma-Aldrich] / 0.07 % tetramisole [#T1512, Sigma-Aldrich]) 

was added to all wells. Brightfield and fluorescence images of each well were acquired with 

the IN Cell Analyzer 2000 (GE Healthcare) using a 2x / 0.1 NA Plan Fluor objective (Nikon). 

This allowed the entire well to be captured in a single image (Figure 2.1 F). Automated counting 

of adult worms (parents, larger pharynxes) and larvae (progeny, smaller pharynxes) was 

performed using IN Cell Investigator Developer Toolbox software (GE Healthcare), and visual 

data inspection was performed with Spotfire DecisionSite (GE Healthcare) (Figure 2.1 F). 

Automated counting involved two steps: (I) recognition of the pharynx by detection of 

objects with an area larger than 0.383 µm2, a mass (sum of all pixels within the shape) smaller 

than 300000 pixels, and a perimeter smaller than 1 mm; (II) distinction between larvae and 

adults by calculating the total intensity of pixels inside the object and applying a threshold. Only 

wells with 3 - 13 parent worms were considered for further analysis, as the number of progeny 

correlates linearly with the number of adults within this range (Figure 2.1 E). 
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Figure 2.1 – Screening strategy. (A) Schematic summarizing the two main roles for the dynein co-
factors NudE and Lis1: regulation of motor activity and recruitment of dynein to cargo. (B) Proof of 
concept experiments. Graph shows the number of larval progeny per adult, termed reproductive fitness 
(RF), in the nud-2(+) control and the null allele nud-2(ok949), after targeting genes with dsRNA using 
the bacterial feeding method in a 96-well liquid format. Empty dsRNA vector and hil-5(RNAi) are 
negative controls, plk-1(RNAi) is a control for the efficiency of RNAi, and lis-1(RNAi) is the positive 
control that results in enhanced lethality in nud-2(ok949) relative to nud-2(+). Error bars represent the 
SEM with a 95 % confidence interval, and n denotes the number of adults whose progeny were counted. 
(C) The RF ratio, defined as the RF of nud-2(ok949) divided by the RF of nud-2(+) for the conditions 
shown in (b). Error bars represent the SEM with a 95 % confidence interval. (D) Flowchart of the 
screening protocol. The primary screen was performed in two technical replicates per dsRNA vector and 
worm strain. The secondary screen was performed in three biological replicates with two technical 
replicates each. An RF ratio of 0.5 was used as a cutoff for genetic interactors of nud-2. (E) The number 
of progeny per well plotted against the number of parents per well for the primary genome-wide screen. 
For 3 - 13 parents treated with empty dsRNA vector the correlation is linear and thus suitable for 
evaluation of reproductive fitness. Error bars represent the mean with SEM. (F) Example image of a 
screening well captured with a 2x objective. Blow up on the right shows GFP-labelled pharynxes, which 
can be automatically assigned to parents (green) and progeny (blue) based on their size. Scale bar, 1 
mm; blowup, 200 µm.  
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2.1.2.4 Data analysis and hit selection 

ScreenSifter software was used to visualize and analyze the data (Kumar et al., 2013). 

Reproductive Fitness (RF) was defined as the number of progeny per parent (Maia et al., 

2015). The RF ratio for each dsRNA vector was calculated by dividing the RF of the nud-

2(ok949) strain (GCP68) by the RF of the nud-2(+) control strain (GCP95) (Figure 2.1 B,C). 

After genome-wide screening with two technical replicates per strain (Data Record 1), a 

threshold for hit selection was defined based on the RF ratios for the positive control (lis-1 

dsRNA vector), which was included in each 96-well plate: 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 𝜇𝑝 + 2𝜎𝑝, where µp is 

the mean and σp is the standard deviation of the positive control RF ratios (Figure 2.2 C,D). 

The resulting threshold RF ratio was 0.43. dsRNA vectors that reduced viable progeny by more 

than 85 % in the control strain were excluded, as the RF ratio could not be reliably calculated. 

Using these criteria, a total of 1077 dsRNA vectors with an RF ratio ≤ 0.5 were selected for 

secondary screening (Data record 2). dsRNA vectors with a mean RF ratio ≤ 0.5 from three 

biological replicates (2 technical replicates each) were included in a final list of genetic 

interactors (Figure 2.2 G; Table 2.1). All dsRNA vectors in the final hit list were sequenced with 

the M13 forward primer (5’ GTAAAACGACGGCCAGT 3’) to confirm the identity of the targeted 

gene (Table 2.1).  

 

2.1.3 Data records 

The data associated with this work is available as two downloadable spreadsheets from 

FigShare (Data Citation). 

 

2.1.3.1 Data record 1 – primary screen 

Raw data from the primary genome-wide RNAi screen is shown in five separate 

worksheets. The “all_data” worksheet shows the results for every bacterial clone. The 

worksheet “controls” contains the data for the positive and negative controls. The worksheet 

“undetermined” identifies the wells whose RF ratio could not be determined due to technical 

reasons. The worksheet “lethal” lists genes that caused more than 85 % embryonic lethality in 

the nud-2(+) control strain. The worksheet “hits” shows the dsRNA vectors selected for 

secondary screening and their location in the re-arrayed plates. 

 

Column headers: 

Plate - Ahringer library plate number. 

Well - Well coordinates. 
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WellType - Content description. ‘S’, dsRNA vector; ‘CN1’, negative control - empty 

vector; ‘CN2’, negative control - hil-5(RNAi); ‘CP’, positive control - lis-1(RNAi); ‘C’, control for 

RNAi efficiency - plk-1(RNAi); ‘E’, empty well. 

Reagent_ID - Gene sequence identification as annotated in the Ahringer library 

database.  

Ad / Prg_R1 / R2 - Number of adults and progeny obtained in each technical replicate 

(R1, R2) for nud-2(+) in blue and nud-2(ok949) in red. 

RF_R1 / R2 / Avg - Reproductive Fitness of each replicate and the mean of both. 

Occasionally the RF of a replicate could not be determined for technical reasons (marked 

“OUT”). In these cases, the value in RF_Avg corresponds to the RF value of the single replicate 

that worked. 

RF_ratio - the RF ratio was obtained dividing the RF_Avg of nud-2(ok949) by the 

RF_Avg of nud-2(+). 

Gene Symbol - Approved name of the gene targeted by the dsRNA vector in each 

bacterial clone. 

 

2.1.3.2 Data record 2 – secondary screen 

Data obtained from the secondary RNAi screen is shown in three different worksheets. 

Analogous to Data Record 1, the worksheet “all_data” shows the results for every bacterial 

clone that was rescreened. The worksheet “controls” contains the data for the positive and 

negative controls. The worksheet “RF ratios” summarizes the RF ratios obtained for all clones 

in each biological replicate, and the average of all replicates. Genes that scored as “enhancers” 

are highlighted in green.   

 

2.1.4 Technical validation 

2.1.4.1 Replicate correlation 

A high correlation between the two technical replicates in the primary and secondary 

screen attests to the reproducibility of the screening procedure. In the primary screen, the 

Pearson correlation coefficient was 0.80 (p < 0.0001) for nud-2(+) and 0.75 (p < 0.0001) for 

nud-2(ok949) (Figure 2.2 A,B). In the secondary screen, the Pearson correlation coefficient 

was 0.76 (p < 0.0001) for nud-2(+) and 0.75 (p < 0.0001) for nud-2(ok949). 

Additionally, pairwise correlations between the three biological replicates performed in 

the secondary screen showed Pearson correlation coefficients of 0.46 [corr(R1,R2)], 0.30 

[corr(R1,R3)] and 0.47 [corr(R2,R3)], with p = 0.0000, for nud-2(+). For nud-2(ok949), the 

Pearson correlation coefficients were 0.46 [corr(R1,R2)], 0.42 [corr(R1,R3)] and 0.55 

[corr(R2,R3)], with p = 0.0000. 
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Figure 2.2 – Results of genome-wide RNAi screen. (A), (B) Correlation plots of the two technical 
replicates in the nud-2(+) strain (A) and the nud-2(ok949) strain (B) from the genome-wide primary 
screen. The Pearson correlation coefficient (r) and p value indicating statistical significance are 
indicated. (C), (D) Global comparison of positive and negative controls. For each 96-well plate, the 
reproductive fitness ratio is plotted for empty dsRNA vector versus lis-1(RNAi) (C) and hil-5(RNAi) 
versus lis-1(RNAi) (D). The dashed line represents the cutoff used for hit selection. (E), (F) RF ratio 
distribution in the primary (E) and secondary (F) screen. Percentages indicate the fraction of negative 
controls (gray and purple), positive controls (blue), and library dsRNA vectors (green) above and below 
the cutoff used for hit selection (dashed line). (G) Secondary screening results. Genes with an average 
RF ratio ≤ 0.5 from three biological replicates performed in duplicate were considered hits. RF is plotted 
for each gene in nud-2(+) and nud-2(ok949) with error bars representing the SEM. Genes in green font 
code for proteins known to directly associate with dynein. 
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2.1.4.2 Controls 

Controls were included in every 96-well plate, and plotting of their RF ratios 

demonstrates high consistency throughout the screening procedure with a clear separation 

between positive and negative controls (Figure 2.2 C,D). The robust performance of controls 

justifies the use of the positive control RF ratios as the basis for setting the threshold for hit 

identification (RF ratio ≤ 0.5; Figure 2.2 C,D). 

 

2.1.4.3 Genes in the final hit list with functional links to dynein 

The final hit list is enriched in genes whose function relates to the microtubule 

cytoskeleton (13 out of 38) and to cell division (19 out of 38), where dynein is known to play 

multiple essential roles (Gönczy et al., 1999). In addition, we found two subunits of the dynein 

complex (dli-1 and dlc-1) and two known dynein regulators (lis-1 and zyg-12). This 

demonstrates that the screen was successful in identifying genes that functionally intersect 

with the dynein pathway. 

 

2.1.5 Usage notes 

The raw data of the two-stage RNAi screen is made accessible for several reasons (Data 

Records 1 - 2). First, it provides a list of genetic nud-2 interactors, whose further study should 

advance our understanding of dynein regulation and function. Second, users can apply their 

own normalization strategies and thresholds to compare the nud-2(+) and nud-2(ok949) 

strains, which may extend the list of candidate dynein pathway genes. Third, while this study 

focused on genes whose inhibition reduces reproductive fitness of nud-2(ok949), some dsRNA 

vectors decreased lethality in nud-2(ok949) (RF ratio > 1; Figure 2.2 E,F). These genes are 

also potential interactors of nud-2. Fourth, the data on reproductive fitness in the control strain 

may serve as a useful reference for other genome-wide RNAi screens. 

 

2.1.6 Data citation 

1. Rocha, H., Maia, A. F. & Gassmann, R. figshare  

https://doi.org/10.6084/m9.figshare.5838222.v1 (2018). 
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Table 2.1 - Genetic interactors of nud-2(ok949). 

Ahringer 
library 

coordinate 
Sequence Name Description (human ortholog) 

III-4C20 K06H7.6 apc-2 
Subunit 2 of anaphase promoting complex 

(APC2) 

II-6A23 F10B5.6 apc-6 
Subunit 6 of anaphase promoting complex 

(APC6) 

III-1K01 F10C5.1 apc-8 
Subunit 8 of anaphase promoting complex 

(APC8) 

I-4F17 C45G3.1 aspm-1 Abnormal Spindles homolog (ASPM) 

IV-2J13 C09B9.4 C09B9.4 Tau tubulin kinase 2 (TTBK2) 

II-5D02 B0495.2 cdk-11.1 Cyclin dependent kinase 11A (CDK11A) 

IV-2N08 B0547.1 csn-5 
Subunit 5 of COP9 signalosome complex 

(CSN5) 

IV-9G19 ZC168.4 cyb-1 Cyclin B 

V-10K05 T06E6.2 cyb-3 Cyclin B 

III-3M05 ZK328.1 cyk-3 Ubiquitin C-terminal hydrolase 

III-3O12 T26A5.9 dlc-1 Dynein light chain (DYNLL1 & DYNLL2) 

IV-7A03* C39E9.14 dli-1 
Dynein light intermediate chain (DYNC1LI1 & 

DYNC1LI2) 

II-10L01 F58G1.2 F58G1.2 Predicted nucleic acid binding activity 

III-5A04 T05G5.9 gcc-2** Golgin A1 (GOLGA1) 

X-3F18* K03A1.6 his-38 H4 histone 

IV-10D16 Y73B6BL.2 htp-2 
Meiosis-specific HORMA domain-containing 

protein 

X-7N15* F26H11.1 kbp-3** Subunit of NDC80 complex (SPC25) 

III-6L07 T03F6.5 lis-1 Lis1 

IV-8J08 Y69A2AR.30 mdf-2 Mitotic arrest deficient 2 (Mad2) 

IV-7I13 Y62E10A.11 mdt-9 RAB interacting factor (RABIF) 

I-4G05 T01G9.5 mei-1 Catalytic subunit of katanin 

I-4D17 ZK858.4 mel-26 
Substrate adaptor of CUL-3-containing E3 

ubiquitin ligase 

II-3F06 B0286.4 ntl-2 
CCR4-NOT transcription complex subunit 2 

(CNOT2) 

III-6P24 Y82E9BR.13 pals-17 
Protein containing ALS2cr12 (ALS2CR12) 

domain 

II-4E16 C54A12.1 ptr-6 Sterol sensing domain protein (PTCHD3) 

III-2A02* R07E5.14 rnp-4 
Putative member of exon-exon junction 

complex 

II-11G09 F54D12.6 rog-1 Ras activating factor (FRS2/FRS3) 

I-5I05* C25A1.9 rsa-1 PP2A regulatory subunit of the B'' class 

II-11F20 Y57A10A.19 rsr-2 SRRM2 (serine/arginine repetitive matrix 2 & 3) 

II-6N13 F42A8.2 sdhb-1 Succinate dehydrogenase subunit B (SDHB) 

V-6K13 F41E6.4 smk-1 
Dictyostelium suppressor of MEK null homolog 

(SMEK) 

IV-1C20* Y55F3C.2 srt-23 Serpentine Receptor, class T 

V-14G09 T05E12.1 str-125 Seven transmembrane receptor 

I-7L01 Y39G10AR.12 tpxl-1 Targeting Protein for Xenopus Klp2-like (TPX2) 

III-3K22 C05D11.3 txdc-9 
Thioredoxin domain-containing protein 

(TXNDC9) 

II-4K17 Y38A8.3 ulp-2 
SUMO specific peptidase (CD180, SENP6, 

TLR4) 

III-7G20 Y55D5A.3 Y55D5A.3 N-acylethanolamine acid amidase (NAAA) 

II-4I13 ZK546.1 zyg-12 Hook protein 

* clones with multiple predicted RNAi targets (based on WormBase v. WS257). 
** sequenced gene was different from the expected gene target. 
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Abstract 

In mitosis, accurate distribution of the replicated genome to daughter cells requires the resolution 

of sister chromatids, the assembly of a kinetochore on each chromatid, and interactions between the 

kinetochore and microtubules such that sister chromatids become correctly attached to opposite spindle 

poles (bi-orientation). All of these dynamic processes are subject to regulation by kinases and 

phosphatases, but the molecular details remain incompletely understood. In this study, we show that 

the Caenorhabditis elegans protein phosphatase 4 (PP4) complex plays a pivotal role in mitotic 

chromosome segregation. Inhibition of SMK-1, the worm homolog of the PP4 regulatory subunit 

SMEK1/PPP4R3A, by RNAi-mediated depletion or genetic knockout leads to multiple mitotic defects 

including a delay in sister chromatid resolution and in outer kinetochore assembly, and, during 

prometaphase, chromosomes fail to immediately bi-orient, resulting in congression defects and mis-

segregation. Co-depleting SMK-1 and cohesin rescues sister chromatid resolution but not chromosome 

mono-orientation, suggesting that these defects reflect distinct functions of SMK-1. In vitro binding 

assays reveal that SMK-1’s EVH1 domain interacts with FxxP motifs present in the kinetochore protein 

HCP-4CENP-C, pointing to a possible involvement of this interaction in the regulation of sister centromere 

resolution. We set up a molecular replacement strategy that will allow us to assess this possibility. 

However, preliminary characterization of the HCP-4CENP-C FxxP motif mutants allowed already to 

separate this interaction from the SMK-1’s role on chromosome congression. Our results suggest that 

SMK-1 seems to contribute for proper chromosome congression by regulating the stability of 

kinetochore-microtubule attachments. In conclusion, our results reveal novel mitotic functions of 

SMK1/PP4 that advance our comprehension about the regulation of chromosome segregation.  
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2.2.1 Introduction 

In mitosis, the accurate distribution of the replicated genome to daughter cells depends 

on a series of processes that need to be completed in a timely fashion. First, cells need to 

condense each chromatid pair into a compact structure such that sister chromatids can be 

separated and transported to daughter cells. Along with compaction, replicated chromatin also 

needs to be resolved into two distinguishable chromatids that can be captured by spindle 

microtubules. Concomitantly, the kinetochore is assembled on each sister centromere to 

provide the attachment interface for microtubules, which need to bind in a way such that sister 

chromatids become attached to opposite spindle poles (bi-orientation) in order to be properly 

segregated in anaphase. 

The structural rearrangements leading to the assembly of mitotic chromosomes rely on 

three major classes of protein complexes: the pentameric condensin complexes are capable 

of extruding DNA loops leading to chromatin compaction (Terakawa et al., 2017). Two types 

of condensins exist in most eukaryotic organisms: condensin I localizes to the central axis of 

mitotic chromosomes in alternate patterns with condensin II and gains access to chromosomes 

only after NEBD. Condensin II, in contrast, accumulates on chromosomes at the beginning of 

prophase and is responsible for the initial axial compaction of chromosomes (Ono et al., 2003; 

Hirota et al., 2004). Topoisomerase II has the ability to resolve DNA catenations by introducing 

a double-strand break into one DNA helix, passing a second helix through the break site, and 

re-sealing the initial break (Schoeffler and Berger, 2005). Cohesin is thought to bring two 

double-stranded DNAs into close physical proximity by topological entrapment, creating 

cohesion between sister chromatids (Farcas et al., 2011). During prophase, the two sister 

chromatids are individualized in a process known as sister chromatid resolution. The action of 

condensin II is the major driving force for the separation of the two replicated DNA strands 

(Ono et al., 2013; Goloborodko et al., 2016). Simultaneously, cohesin is selectively removed 

from the chromosomal arms allowing their separation but is maintained at the centromeric 

region to prevent premature separation of the two sisters prior to anaphase (Uhlmann et al., 

1999; Waizenegger et al., 2000; Warren et al., 2000). In holocentric organisms like C. elegans, 

which have centromeres dispersed along the entire chromosome length, it has been proposed 

that the centromeric protein HCP-4CENP-C plays a central role in recruiting the condensin II 

complex to the centromere, which promotes the selective removal of cohesion from that region 

and drives sister centromere resolution (Moore et al., 2005). 

Timely bi-orientation of sister chromatids on the mitotic spindle not only requires their 

resolution from one another, but also depends on their interaction with spindle microtubules. 

To perform this task, cells assemble a multi-protein structure, the kinetochore, that serves as 

interface for microtubule attachment. Kinetochores hierarchically assemble on centromeres, 
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specifically on CENP-A-containing nucleosomes which directly bind the inner kinetochore 

protein CENP-C. Together with other members of the constitutive centromere-associated 

network (CCAN), CENP-C serves as a scaffold for the recruitment of the outer kinetochore 

consisting of the KNL1 complex, MIS12 complex and NDC80 complex (KMN) network 

(Musacchio and Desai, 2017). 

The initial attachments between kinetochores and microtubules are established soon 

after NEBD, either in an end-on manner, through the interaction between the NDC80 complex 

and the microtubule plus-ends (Cheeseman et al., 2006), or laterally through the action of 

molecular motors such as dynein or CENP-E present at kinetochores, which subsequently 

facilitate the conversion from lateral to load-bearing end-on attachments (McEwen et al., 2001; 

Gassmann et al., 2008; Cheerambathur et al., 2013). Once established, end-on attachments 

are stabilized by the SKA complex which has the ability to bind both the microtubules and the 

NDC80 complex (Grishchuk et al., 2008; Lampert et al., 2010; Tien et al., 2010; Schmidt et al., 

2012). Stable end-on attached chromosomes can then be transported towards the metaphase 

plate (chromosome congression) and engage in bi-polar connections with the mitotic spindle 

(Maiato et al., 2017). After chromosome congression to the metaphase plate, bi-oriented 

(amphitelic) attachments are further stabilized by tension that is created on kinetochores. 

Tension de-activates Aurora B, whose kinase activity destabilizes kinetochore-microtubule 

attachments (Liu et al., 2009; Welburn et al., 2010). 

All of these dynamic processes are subject to regulation by reversible protein 

phosphorylation events that control protein-protein interactions. For decades the activity of 

mitotic protein kinases has been subject of intense study, but the knowledge about the 

counteracting protein phosphatases remains relatively scant. To date several members of the 

phosphoprotein phosphatase (PPP) family of Ser/Thr phosphatases have been implicated in 

mitotic processes (PP1, PP2A, PP2B, PP4 and  PP6) (Moura and Conde, 2019). However, the 

molecular details of this regulation remain poorly understood, especially due to the high 

complexity of the protein assembles in which a few catalytic subunits function in complexes 

with hundreds of regulatory subunits to perform their specific functions (Kim et al., 2016). Most 

of our current knowledge about mitotic phosphatases concerns PP1 and PP2a due to their 

important roles in mitotic entry, centrosome separation, kinetochore-microtubule attachments, 

the spindle assembly checkpoint, and mitotic exit (Kim et al., 2016; Nilsson, 2018; Moura and 

Conde, 2019). 

In sharp contrast, little attention has been devoted to the activity of the protein 

phosphatase 4 (PP4) in mitosis. Over the past two decades PP4 has been shown to be 

essential for the regulation of a variety of processes including chromatin biology (Zhang et al., 

2005), DNA repair (Lee et al., 2012, 2014; Shaltiel et al., 2014) and cell cycle progression 

(Kittler et al., 2004; Chen et al., 2007). In mitosis, PP4 is enriched at centrosomes and has 
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been shown to be required for -tubulin accumulation and centrosome maturation in Drosophila 

melanogaster, C. elegans embryos and human cultured cells (Helps et al., 1998; Sumiyoshi et 

al., 2002; Martin-Granados et al., 2008). Dephosphorylation of CDK1 phospho-sites in the 

dynein partner NDEL1 by PP4 is required for its binding to dynein and LIS1 to efficiently orient 

the spindle of mouse neuroepithelial cells (Xie et al., 2013). More recently, a crystal structure 

study has resolved the interaction between the EVH1 domain of the D. melanogaster R3 

subunit and the centromeric protein CENP-C, placing the phosphatase activity of the complex 

at the centromere where it is necessary for centromere integrity (Lipinszki et al., 2015). Fission 

yeast PP4, has also been shown to dephosphorylate the kleisin subunit of cohesin, which 

contributes to the release of sister chromatid cohesion (Birot et al., 2017). 

The protein phosphatase 4 usually functions as a heterotrimeric complex composed of 

the conserved catalytic subunit (PP4c) that associates with a structural subunit PP4R2 (and 

R1 in mammals) and a regulatory subunit PP4R3 [platinum sensitivity 2 (Psy2) in yeast; Falafel 

(Flfl) in D. melanogaster; suppressor of MEK1 (SMK-1) in C. elegans; and SMEK1 (also known 

as R3A) and SMEK2 (R3B), the two human isoforms] (Cohen et al., 2005). Although few PP4 

substrates have been identified, the R3 subunit has been suggested to be the one interacting 

with them (Lyu et al., 2013; Ma et al., 2014; Lipinszki et al., 2015). Sequence analysis shows 

that this subunit is composed of a N-terminal pleckstrin homology (PH)-like domain, a SMK-

1/DUF625 (domain of unknown function), followed by several ARM (armadillo) repeat domains 

and an unstructured C-terminal tail (Kittler et al., 2004). Structural predictions using threading 

techniques (Kittler et al., 2004) have placed the PP4R3B PH-like domain more closely related 

to a Ran-binding domain, that are usually involved in the regulation of receptor-mediated 

transport between the nucleus and the cytoplasm (Steggerda and Paschal, 2002). However, 

a more recent crystallographic analysis using the D. melanogaster homologue, Falafel, has 

characterized its mode of interaction as a non-canonical EVH1 domain which recognizes a low 

proline content ligand (Lipinszki et al., 2015), in contrast to classical EVH1 domains, which 

recognize proline-rich sequences and usually act as molecular adaptors linking cytoskeletal 

structures to signal transduction pathways (Ball et al., 2002).  

In this study, we have used the C. elegans early embryo to identify and characterize 

novel roles for the protein phosphatase 4 complex in the regulation of kinetochore assembly, 

sister centromere resolution and chromosome congression. Together, our data provide novel 

insights about how mitosis and its key processes are regulated and add PP4 to the long list of 

key mitotic regulators. 

 

 

 

 



Chapter 2 | Experimental work 

78 

 

2.2.2 Methods 

2.2.2.1 C. elegans strains 

Worm strains (Table S1) were maintained at 20˚C on standard nematode growth media 

(NGM) plates seeded with OP50 bacteria. A Mos1 transposon-based strategy (MosSCI) was 

used to generate strains stably expressing mCherry::HCP-4 under the control of the mex-5 

promoter and tbb-2 3′ UTR for expression in germline cells (Frøkjær-Jensen et al., 2008). 

Transgenes were cloned into pCFJ352 for insertion on Chromosome 1 (ttTi4348 locus) or 

pCFJ151 for insertion on Chromosome 2 (ttTi5605 locus), and transgene integration was 

confirmed by PCR and sequencing. Other fluorescent markers were subsequently introduced 

by mating. 

SMK-1::3xFLAG and SMK-1 N-terminal deletion strains were generated by 

CRISPR/Cas9-mediated genome editing, as described previously (Arribere et al., 2014; Paix 

et al., 2014). Genomic sequences targeted by sgRNAs are listed in Table S2. Modifications in 

genomic DNA sequence were confirmed by sequencing, and strains were outcrossed 6 times 

against the wild-type N2 strain to remove potential background mutations. Other fluorescent 

markers were subsequently introduced by mating. SMK-1 mutant worms were maintained as 

heterozygotes using the GFP-marked genetic balancer nT1 [qIs51]. Homozygous F1 progeny 

from balanced heterozygous mothers were identified by the absence of GFP fluorescence 

 

2.2.2.2 RNA interference 

For production of double-stranded RNA (dsRNA), oligonucleotides with tails containing 

T3 and T7 promoters were used to amplify regions from genomic N2 DNA (gDNA) or cDNA 

(Table S3). PCR products were purified (NucleoSpin Gel and PCR Clean-up, Macherey-Nagel) 

and used as templates for T3 and T7 transcription reactions (MEGAscript, Invitrogen). 

Transcription reactions were purified (NucleoSpin RNA Clean-up, Macherey-Nagel) and 

annealed in 3x soaking buffer (32.7 mM Na2HPO4, 16.5 mM KH2PO4, 6.3 mM NaCl, 14.1 mM 

NH4Cl). dsRNAs were delivered by injecting L4 hermaphrodites. After injection, animals were 

incubated as follows before embryos were isolated for live-imaging: penetrant depletions, 48 

h at 20°C; partial CLS-2 depletion (Figure 2.15), 24 h at 16°C. For double depletions, dsRNAs 

of interest were diluted (1:1) with a dsRNA against C09B9.4, which has no detectable defects 

on cell division nor on embryonic viability (Figure S1). 

 

2.2.2.3 Imaging of embryos and image analysis 

Adult gravid hermaphrodites were dissected in a watch glass filled with a 0.7× dilution of 

Egg Salts medium (1× medium is 118 mM NaCl, 40 mM KCl, 3.4 mM MgCl2, 3.4 mM CaCl2, 5 

mM HEPES [pH 7.4]), and embryos were mounted on a 2 % agarose pad and covered with an 
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18 mm×18 mm coverslip (No. 1.5H, Marienfeld). Embryos co-expressing GFP::histone H2B 

and GFP::-tubulin for tracking of centrosomes and chromosomes were imaged on an 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). 

 

2.2.2.3.1 Pole to pole distance and chromosome span measurements 

Embryos expressing -Tubulin::GFP and GFP::histone H2B 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 2×2 binning with a 63× 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 egg shell 

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. 

 

2.2.2.3.2 Quantification of kinetochore levels in one-cell embryos 

Time-lapse sequences of GFP and mCherry (mCh) fusions, consisting of z-stacks of nine 

planes with 1 µm separation captured every 10 s, were recorded at 1×1 binning with a 60× NA 

1.4 oil immersion objective (Nikon) from 40–50 s prior to NEBD until chromosome 

decondensation. Kinetochore fluorescence intensities were determined at two different time-

points: 1) one frame before the onset of nuclear envelope breakdown (NEBD) and 2) two 

frames before the onset of sister chromatid separation, when chromosomes were aligned at 

the metaphase plate. Briefly, before NEBD, a region was drawn around the entire nuclear 

space (defined by the signal of GFP- or mCh-tagged histone H2B) together with three smaller, 

16 pixel2, regions inside the nuclear space not occupied by chromosomes (nuclear 

background) and the integrated fluorescence intensity of each region was measured for the 

kinetochore component (GFP::HCP-3, HCP-4::GFP, KNL-1::mCh, GFP::BUB-1, GFP::SPDL- 

1, mCh::HCP-4, GFP::CAPG-1 or GFP::KLE-2). The background intensity was defined by 

calculating the mean intensity of the three smaller regions and multiplying by the total area of 
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the nuclear region. The integrated intensity for the chromosomal region was calculated by 

subtracting the background intensity to the total intensity of the nucleus. At metaphase, a 

region was drawn around chromosomes (marked by GFP- or mCh- tagged histone H2B), and 

the integrated fluorescence intensity was measured for the kinetochore component. The 

chromosomal region was expanded by 1–2 pixels on all sides, and the difference in integrated 

intensity between the expanded and chromosomal region was used to define the background 

intensity. The final integrated intensity for the chromosomal region was calculated by 

subtracting the background intensity. 

 

2.2.2.3.3 Quantification of sister centromere resolution in one-cell embryos 

Embryos expressing GFP::HCP-3CENP-A were imaged at 10 s intervals, with 9 z-slices 

spaced 1 μm apart, at 1×1 binning with a 100× NA 1.4 oil immersion objective (Nikon) from 

40–50 s prior to NEBD until anaphase onset. Sister centromere resolution was determined at 

two different time-points: 1) two frames before the onset of nuclear envelope breakdown 

(NEBD) and 2) five frames after the onset of nuclear envelope breakdown. To better assess 

the resolution state, the frame immediately before and after were also checked to allow the 

chromosomes to rotate and observe them in a more favorable (end-on) position. A 

chromosome was considered as fully resolved when the two stripes corresponding to both 

sister centromeres were clearly visible and separated. In each time-point was scored the 

percentage of resolved chromosomes from the total of observable chromosomes.  

 

2.2.2.4 Embryonic viability assays 

Embryonic viability was assayed after injecting L4 larvae with dsRNA, leaving them at 

20˚C during 40 h for protein depletion, singling them out to lay embryos on plates placed at 

20˚C during 8 h, before removing the parent worm and leaving the progeny to develop for 24 

h. Embryonic viability was then scored as the percentage of hatched larvae found within the 

progeny. 

 

2.2.2.5 DNA constructs for protein expression 

The cDNAs for expression of C. elegans SMK-1 (UniProt ID: H2KYN6; residues 1–282 

and 146–282) were cloned into 2CT-derived vector containing a C-terminal linker (GSGSG) 

followed by GST. The cDNAs for C. elegans HCP-4 (UniProt ID: G5EDA3) were cloned into a 

2CT-derived vector containing an N-terminal 6xHis::MBP fusion followed by a linker with a 

Tobacco Etch Virus nuclear-inclusion-a endopeptidase (TEV protease) cleavage site and 

containing a C-terminal linker (GSGSGR) followed by the Strep-tag II. 
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2.2.2.6 Protein expression and purification from bacteria 

All bacterial expression vectors were transformed into the Escherichia coli strain BL21. 

Expression was induced with 0.1 mM IPTG at 18 ºC overnight at an OD600 of 0.9, and cells 

were harvested by centrifugation for 20 min at 4000 x g. For SMK-1::GST constructs used in 

pull-down experiments, bacterial pellets were resuspended in lysis buffer A (50 mM HEPES, 

250 mM NaCl, 0.1 % [v/v] Tween 20, 5 mM DTT, 1 mM phenylmethanesulfonyl fluoride 

[PMSF], 2 mM benzamidine-HCl, 1 mg/mL lysozyme [pH 8.0]), disrupted by sonication, and 

cleared by centrifugation at 34000 x g for 45 min. SMK-1::GST constructs were purified by 

affinity chromatography using glutathione agarose resin (Thermo Fisher Scientific). 

Glutathione agarose resin was incubated in batch with the cleared lysate and then washed 

with wash buffer A (25 mM HEPES, 250 mM NaCl, 0.1 % Tween 20, 1 mM DTT, 2 mM 

benzamidine-HCl [pH 8.0]), and proteins were eluted on a gravity column with elution buffer A 

(50 mM HEPES, 150 mM NaCl, 10 mM reduced L-glutathione, 1 mM DTT, 2 mM benzamidine-

HCl [pH 8.0]). Fractions containing the proteins were pooled and further purified by size-

exclusion chromatography using a Superose 6 10/300 column (GE Healthcare) equilibrated 

with storage buffer (25 mM HEPES, 150 mM NaCl [pH 7.5]). Glycerol and DTT were added to 

final concentrations of 10 % (v/v) and 1 mM, respectively, and aliquots were flash-frozen in 

liquid nitrogen and stored at -80 ºC. 

For purification of 6xHis::MBP::HCP-4::Strep-tag II constructs, bacterial pellets were 

resuspended in lysis buffer B (50 mM HEPES, 250 mM NaCl, 10 mM imidazole, 0.1 % Tween 

20, 1 mM DTT, 1 mM PMSF, 2 mM benzamidine-HCl, 1 mg/mL lysozyme [pH 8.0]), disrupted 

by sonication, and cleared by centrifugation at 34000 x g for 45 min. The proteins were purified 

by tandem affinity chromatography using HisPur Ni-NTA resin followed by Strep-Tactin 

Sepharose resin (IBA). HisPur Ni-NTA resin was incubated in batch with the cleared lysate 

and then washed with wash buffer B (25 mM HEPES, 250 mM NaCl, 25 mM Imidazole, 0.1 % 

Tween 20, 1 mM DTT [pH 8.0]), and proteins were eluted on a gravity column with elution 

buffer B (50 mM HEPES, 150 mM NaCl, 250 mM Imidazole, 1 mM DTT, 2 mM 

Benzamidine-HCl [pH 8.0]. Fractions containing the recombinant proteins were pooled, 

incubated over-night with TEV protease to cleave off the 6xHis::MBP moiety, incubated in 

batch with Strep-Tactin Sepharose resin, and washed with wash buffer A. Proteins were eluted 

on a gravity column with elution buffer E (100 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 2.5 

mM desthiobiotin [IBA] [pH 8.0]). Fractions containing the proteins were pooled and dialyzed 

against storage buffer. Glycerol and DTT were added to final concentrations of 10 % and 1 

mM, respectively, and aliquots were flash-frozen in liquid nitrogen and stored at -80 ºC. 
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2.2.2.7 Protein production by in vitro transcription/translation system 

In vitro synthesis of C. elegans HCP-4 full-length and truncates (residues 2-204, 205-

599 and 600-866) was performed with the TNT T7 Quick for PCR DNA kit (Promega) using as 

template 800 ng of PCR products containing a T7 promoter followed by a Kozak consensus 

sequence (ccaccatgg), a FLAG tag and a small linker (GSGSG) before the protein sequence 

according to manufacturer’s instructions. 50 μL reactions were incubated at 30 ºC for 1.5 h. 

 

2.2.2.8 GST pull-down assays 

Purified GST::SMK-1 constructs (50 pmol) were incubated with 50 pmol HCP-4::Strep-

tag II, for 1 h at 4 ºC in 150 μL pull-down buffer (50 mM HEPES, 100 mM NaCl, 5 mM DTT [pH 

7.5]) containing 0.1 % Tween 20 and supplemented with 15 μL of glutathione agarose resin. 

After washing the resin with 3 × 500 μL of the same buffer, proteins were eluted with pull-down 

buffer containing 15 mM reduced L-glutathione. 

Purified GST::SMK-1 constructs (50 pmol) were incubated with 20 μL of in vitro 

translated FLAG::HCP-4(2-866 and 2-204) or 5 μL of FLAG::HCP-4(205-599), for 1 h at 4 ºC 

in 150 μL pull-down buffer (50 mM HEPES, 100 mM NaCl, 5 mM DTT [pH 7.5]) containing 0.1 

% Tween 20 and supplemented with 15 μL of glutathione agarose resin. After washing the 

resin with 3 × 500 μL of the same buffer, proteins were eluted with pull-down buffer containing 

15 mM reduced L-glutathione. 

 

2.2.2.9 Immunoblotting 

For immunoblots of purified proteins, samples were resolved by 10 % SDS-PAGE and 

transferred to 0.2-μm nitrocellulose membranes (GE Healthcare). Membranes were blocked in 

TBS (20 mM Tris, 140 mM NaCl [pH 7.6]) containing 5 % (w/v) nonfat dry milk and 0.1 % (v/v) 

Tween 20 and probed at 4 ºC overnight with mouse StrepMAB-Classic antibody (IBA) at 1 

μg/mL in TBS containing 5 % (w/v) milk and 0.1 % (v/v) Tween 20. Membranes were washed 

three times with TBS/0.1 % Tween 20 (TBST), incubated with goat anti-mouse antibody 

coupled to HRP (Jackson ImmunoResearch, 1:10000) for 1 h at room temperature, and 

washed again three times with TBST. Proteins were visualized by chemiluminescence using 

Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific) and X-ray film (Amersham, 

GE Healthcare). 

For immunoblots of proteins produced by in vitro transcription/translation, samples were 

resolved by 10 % SDS-PAGE and transferred to 0.2 μm nitrocellulose membranes (GE 

Healthcare). Membranes were blocked with 5 % (w/v) nonfat dry milk in TBST and probed at 

4 ºC overnight with mouse anti-FLAG M2 antibody (1:1000, Sigma-Aldrich). Membranes were 

rinsed three times with TBST, incubated with goat anti-mouse secondary antibody coupled to 
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HRP (Jackson ImmunoResearch, 1:10000) for 1 h at room temperature, and washed again 

three times with TBST. Proteins were visualized by chemiluminescence using Clarity Western 

ECL Substrate (Bio-Rad) and X-ray film (Amersham, GE Healthcare). 

For immunoblots of C. elegans, 100 adult worms were collected into 1 mL M9 buffer and 

washed 3 x with M9 buffer and once with M9 / 0.05 % Triton X-100. To 100 μL of worm 

suspension, 33 μL 4x SDS-PAGE sample buffer [250 mM Tris-HCl, pH 6.8, 30 % (v/v) glycerol, 

8 % (w/v) SDS, 200 mM DTT and 0.04 % (w/v) bromophenol blue] and ~20 μL of glass beads 

were added. Samples were incubated for 3 min at 95 ºC and vortexed for 2 x 5 min. After 

centrifugation at 20000 x g for 1 min at room temperature, supernatants were collected. 

Proteins were resolved by 10 % SDS-PAGE and transferred to 0.2 μm nitrocellulose 

membranes (Hybond ECL, Amersham Pharmacia Biotech). Membranes were rinsed 3 x with 

TBS (50 mM Tris-HCl, pH 7.6, 145 mM NaCl), blocked with 5 % non-fat dry milk in TBST (TBS 

/ 0.1 % Tween 20) and probed at 4 ºC overnight with the following primary antibodies: mouse 

monoclonal anti-FLAG M2 (Sigma, 1:1000), mouse monoclonal anti--tubulin B512 (Sigma, 

1:5000), and rabbit polyclonal anti-HCP- 4 (OD25, 1.6:5000). Membranes were washed 5 x 

with TBST, incubated with goat secondary antibodies coupled to HRP (Jackson 

ImmunoResearch, 1:10000) for 1 hour at room temperature, and washed again 3 x with TBST. 

Proteins were detected by chemiluminescence using Pierce ECL Western Blotting Substrate 

(Thermo Scientific) and X-ray film (Amersham, GE Healthcare). 

 

2.2.2.10 Statistical analysis 

Values in figures and text are reported as mean ± 95 % c.i. Statistical analysis was 

performed with GraphPad Prism 8.1.2 software. The type of statistical analysis (t-test or one-

way ANOVA/Bonferroni’s multiple comparison test) is indicated in the figure legends. 

Differences were considered significant at p<0.05. 

 

2.2.3 Results 

2.2.3.1 SMK-1 depletion causes chromosome congression defects and chromosome 

mis-segregation in the first mitotic division 

In a previous genome-wide RNAi screen for genetic interactors of the dynein co-factor 

nud-2, we found that depletion of SMK-1, the C. elegans homologue of the Protein 

Phosphatase 4 subunit PPP4R3A, enhanced the embryonic lethality of worms with 

compromised dynein function [nud-2(ok949)] when compared to the nud-2(+) control animals 

(Rocha et al., 2018). This observation was confirmed by performing an embryonic viability 

assay on control and nud-2(ok949) animals depleted of SMK-1 by micro-injection of a specific 

dsRNA (Figure 2.3 A). smk-1(RNAi) on its own reduces embryonic viability to about 30 %, in 
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contrast with the 90% of embryonic viability displayed by nud-2(ok949) animals. When both 

proteins are removed the worms can no longer go through embryonic development (Figure 2.3 

A). Given the well-described importance for cytoplasmic dynein during mitosis (Raaijmakers 

and Medema, 2014), we set out to understand if SMK-1 participates in any cell division related 

processes. 

To ask whether SMK-1 has a role in mitosis, we took advantage of the well-established 

one-cell C. elegans embryo model to search for possible mitotic defects after SMK-1 depletion 

by RNAi. Live-imaging of embryos expressing GFP::histone H2B (to visualize chromosomes) 

and GFP::-tubulin (to visualize centrosomes) allowed us to quantify two different parameters 

over time: the chromosome span, defined as the maximal distance between the outermost 

chromosomes within the spindle axis, and spindle length, defined as the distance between the 

two spindle poles (Figure 2.3 C). This analysis revealed that SMK-1 depletion causes severe 

chromosome congression defects and chromosome mis-segregation in the first mitotic division 

(Figure 2.3 B,D). After nuclear envelope breakdown (NEBD), chromosomes in SMK-1-

depleted embryos showed normal early movement away from spindle poles (Figure 2.3 B,D), 

that is driven by polar ejection forces (Rieder et al., 1986). After this initial congression (~70 

s), most chromosomes scattered dramatically back towards the poles, engaging in oscillations 

until they finally congressed to a loose metaphase plate. Lagging chromatin was frequently 

observed in anaphase (Figure 2.3 B,D). 

In the one-cell C. elegans embryo, kinetochore-spindle attachments counteract the 

cortical forces that pull on astral microtubules anchored at the spindle poles; 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 (Oegema et al., 2001; 

Desai et al., 2003; Cheeseman et al., 2004; Gassmann et al., 2008). smk-1(RNAi) embryos 

displayed a profile in which the poles separated prematurely starting ~70 s after NEBD. At 

~140 s after NEBD, pole-pole distance started to decrease again and recovered to below the 

WT distance by anaphase onset (Figure 2.3 B,E). Premature pole separation coincided with 

the moment when the chromosomes scattered towards the poles, suggesting that 

chromosomes had not formed proper bipolar attachments with the spindle microtubules 

capable of resisting the cortical pulling forces exerted on the poles. 

At first glance the chromosome congression defect observed after smk-1(RNAi) is 

reminiscent of that observed after depletion of the C. elegans chromokinesin KLP-19 (Powers 

et al., 2004). To test whether these two depletions result in the same phenotype, we imaged 

one-cell embryos after klp-19(RNAi) and measured pole-to-pole distance and the chromosome 

span on these embryos. Relative to smk-1(RNAi), chromosome scattering occurred to a similar 

degree but earlier in KLP-19-depleted embryos (Figure 2.4). Accordingly, the premature pole 

separation also occurred earlier after klp-19(RNAi) than after smk-1(RNAi). 
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Figure 2.3 – The protein phosphatase 4 complex is essential for proper chromosome 
congression. (A) Graph showing the increment in embryonic lethality caused by smk-1(RNAi) in nud-
2(ok949) worms. n indicates the number of hermaphrodite mothers whose progeny was counted (>250 
total progeny per condition). (B) Selected frames from time-lapse sequences of the first embryonic 
division in control and SMK-1-depleted animals, showing the congression defects caused by smk-
1(RNAi). (C) Assays performed in the one-cell embryo. The distance between spindle poles serves as 
a readout for the ability of kinetochores to form load-bearing attachments to microtubules. Chromosome 
span serves as a readout for chromosome congression kinetics. (D) Plot of spindle pole separation 
kinetics showing that loss of SMK-1 results in premature pole separation that recovers before AO.  
(continues next page) 
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(E) Plot of chromosome span profile showing that SMK-1 depletion induces chromosome scattering 
during prometaphase, that is partially rescued prior to AO. The distances were measured in images 
acquired every 10 s, averaged for the indicated number n of embryos, and plotted against time. On the 
top of the graphs is represented the average anaphase onset (AO) time point for each condition.  Error 
bars represent the 95 % c.i. (F) Cartoon depicting the Protein Phosphatase 4 complex subunits and 
their homologs in C. elegans with respective functions. (G) Stills from time-lapse sequences showing 
that the SMK-1 phenotype on chromosome congression is due to the lack of PP4 activity and that the 
two PP4c paralogs (PPH-4.1 and PPH-4.2) display functional redundancy. Scale bars: 5 µm. 

 

Overall, these results show that smk-1(RNAi) results in chromosome congression and 

segregation defects. The chromosome scattering phenotype of smk-1(RNAi) is quantitatively 

distinct from that of klp-19(RNAi), suggesting that smk-1(RNAi) is unlikely to inhibit polar 

ejection forces through mis-regulation of KLP-19. 

 

2.2.3.2 Co-depleting the two paralogs of the PP4 catalytic subunit phenocopies SMK-1 

depletion 

SMK-1/PPP4R3 has been suggested to be the PP4 subunit responsible for the binding 

to substrates (Lyu et al., 2013; Ma et al., 2014; Lipinszki et al., 2015). In order to ascertain if 

the mitotic defects caused by SMK-1 depletion are due to impaired Protein Phosphatase 4 

activity, we assessed if depleting the other subunits of the complex caused a similar 

phenotype. 

The Protein Phosphatase 4 complex is composed of three subunits: the catalytic subunit 

PPP4c (which in C. elegans has two paralogs, PPH-4.1 and PPH-4.2) and the regulatory 

subunits PPP4R2 (PPFR-2) and PPP4R3 (SMK-1) (Figure 2.3 F). To our surprise, neither 

single nor double depletions of PPH-4.1 and PPFR-2 caused a phenotype similar to that of 

smk-1(RNAi) (Figure 2.3 G). A genetic knock-out of PPH-4.1 (Consortium, 2012) also did not 

cause any defects in chromosome congression and segregation. Only when both PP4c 

paralogs were co-depleted did embryos present a phenotype that mimicked the depletion of 

SMK-1 (Figure 2.3 G). This showed that the activity of the Protein Phosphatase 4 complex is 

necessary for proper chromosome congression and segregation in C. elegans. Additionally, it 

also demonstrated that, although PPH-4.1 is thought to have a major role during 

embryogenesis (Sumiyoshi et al., 2002), PPH-4.2 is able to compensate in its absence. 
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Figure 2.4 – The chromosome scattering phenotype of smk-1(RNAi) is quantitatively distinct 
from that of klp-19(RNAi). (A) Stills from time-lapse sequences in the one-cell embryo showing the 
differences on congression defects caused by SMK-1 and KLP-19 depletions. Plots of (B) spindle pole 
separation kinetics and (C) chromosome span profiles showing that klp-19(RNAi) induces earlier 
congression defects than smk-1(RNAi). Distances were measured in images acquired every 10 s, 
averaged for the indicated number n of embryos, and plotted against time. On the top of the graphs is 
represented the average anaphase onset (AO) time point for each condition. Error bars represent the 
95 % c.i. Scale bar: 5 μm. 

 

2.2.3.3 SMK-1 localizes constitutively in the nucleus and is essential for normal 

development and embryonic viability 

To further understand SMK-1’s role in mitosis we next addressed its sub-cellular 

localization.  CRISPR/Cas9–mediated genome editing was used to insert a 3xFLAG-tag or a 

GFP-tag at the 3’-end of the endogenous smk-1 locus. Worms expressing either version of the 

tagged protein are fully viable (100 ± 0 % for SMK-1::3xFLAG and 97.4 ± 3.5 % for SMK-

1::GFP). Imaging of immunostained embryos with an anti-FLAG antibody revealed a nuclear 

expression of SMK-1 during interphase and early prophase, with the signal localizing in the 

mitotic spindle region after nuclear envelope breakdown (NEBD) until it disappears at 

metaphase. At telophase, SMK-1::3xFLAG reoccupies the nuclear space as chromosomes 
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decondense and the nuclear envelope is re-assembled. Live-imaging of embryos expressing 

the SMK-1::GFP confirmed the nuclear localization of the protein, which seems to be excluded 

from the space occupied by the condensing chromosomes in prophase. Additionally, SMK-

1::GFP is also transiently detected at centrosomes from 60 to 100 s after anaphase (Figure 

2.5 A). 

Viability assays revealed that smk-1(RNAi) significantly reduces embryonic viability [98.9 

± 0.7 % in controls; 25.5 ± 14 % in smk-1(RNAi)]. We also generated an smk-1 null allele, 

∆smk-1, by deleting part of the 5’UTR, the first exon, the first intron and part of the second 

exon) (Figure 2.5 B-D). Differential interference contrast imaging revealed severe 

morphological defects in day 1 adults homozygous for ∆smk-1 (Figure 2.5 E). These worms 

present a poorly developed gonad with few, very enlarged, oocytes on the proximal arm, a 

malformed spermatheca and a non-functional protruding vulva (Figure 2.5 E). 

Live-imaging of ∆smk-1 embryos expressing GFP::β-tubulin and mCh::H2B showed that 

chromosome congression is affected similarly to smk-1(RNAi). In addition, these embryos also 

present meiotic defects as evidenced by the increased chromosome number in the female 

pronucleus (Figure 2.5 F). 

Together, these findings reveal that SMK-1 is highly enriched in the nucleus throughout 

the cell cycle. Our smk-1 knockout shows SMK-1 is essential for proper gonad formation, vulva 

development, meiosis and embryogenesis, which may at least in part reflect SMK-1's important 

role in cell division. 

 

2.2.3.4 SMK-1 depletion delays outer kinetochore assembly 

The observation that SMK-1 depletion results in chromosome congression defects, 

which are most likely due to a problem in the establishment of bipolar attachments between 

chromosomes and spindle microtubules, raised the possibility that kinetochore assembly might 

be affected by SMK-1 depletion, interfering with proper attachments. 

To test this hypothesis, we assessed the localization and fluorescence intensity of 

fluorescently-tagged proteins that localize to the inner and outer kinetochore (Figure 2.6 A). 

This assay revealed that kinetochore levels of CENP-A and CENP-C in smk-1(RNAi) embryos 

were the same as in control embryos at NEBD. By contrast, kinetochore levels of the outer 

kinetochore proteins KNL-1 and BUB-1 were substantially reduced at NEBD (Figure 2.6 B). 

Just prior to anaphase onset, the levels of KNL-1, BUB-1, and SPDL-1Spindly were significantly 

increased in smk-1(RNAi) compared to controls, possibly reflecting a slight outer kinetochore 

expansion and amplified spindle assembly checkpoint signaling in response to difficulties in 

establishing kinetochore-microtubule attachments (Pereira et al., 2018). These observations 

revealed that SMK-1 activity is necessary for timely assembly of the outer kinetochore. 
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Figure 2.5 – SMK-1 is constitutively nuclear and is required for embryonic viability and normal 
gonad development. (A) Stills from time-lapse sequences in the one-cell embryo showing that SMK-
1::GFP is localized in the nucleus but seems to be excluded from the space occupied by chromosomes 
(arrow heads). After NEBD the signal localizes in the mitotic spindle region and disappears at 
metaphase. After anaphase SMK-1::GFP is transiently detected at centrosomes (arrows) and 
reoccupies the nuclear space as chromosomes decondense and the nuclear envelope is re-assembled. 
(B) Top: Schematic of the smk-1(3xflag) and the null (∆smk-1) alleles expressed in animals after 
CRISPR/Cas9-mediated genome editing. Bottom: Genetics of dli-1 mutant alleles. Mothers 
heterozygous for ∆smk-1 contain a balancer chromosome with a WT copy, smk-1(wt). Progeny 
homozygous for ∆smk-1 develops to adulthood but are egg-laying defective.  
(continues next page)  
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(C) Embryonic viability assay revealing that the SMK-1::3xFLAG allele is functional whereas the ∆smk-
1 worms have no progeny. n indicates the number of hermaphrodite mothers whose progeny was 
counted. (D) Immunoblot of adult animals, showing that loss of smk-1(RNAi) dramatically SMK-

1::3xFLAG and ∆smk-1 results in a complete loss of protein expression. -Tubulin was used as a loading 
control. (E) Top: Cartoon representing a normal adult gonad. Bottom:  Differential interference contrast 
images of animals at the day 1 adult stage, showing the morphological defects cause by ∆smk-1. (F) 
Stills from time-lapse sequences in the one-cell embryo showing that smk-1(RNAi) and ∆smk-1 cause 
similar chromosome congression defects. Scale bars: (A) and (F) 5 μm; (E) 50 μm. 

 

2.2.3.5 SMK-1 depletion delays the resolution of sister centromeres 

C. elegans chromosomes are holocentric, with their centromeres dispersed along the 

entire length of the chromosome (Figure 2.7 A). As described already two decades ago, the 

centromeric protein HCP-3CENP-A localizes as a single line along the chromosome’s longitudinal 

axis during early prophase and subsequently resolves into two distinguishable lines at the end 

of prophase that label the two sister centromeres located on opposite sides of the chromosome 

(Buchwitz et al., 1999; Moore and Roth, 2001). Live-imaging of C. elegans embryos expressing 

GFP-tagged HCP-3CENP-A allowed us to assess the status of sister centromere resolution in 

control versus SMK-1-depleted embryos. 

In embryos depleted of SMK-1, sister centromere resolution was significantly delayed, 

with most of the chromosomes displaying unresolved centromeres at the end of prophase. 

During prometaphase, sister centromeres eventually resolved and individual sisters 

segregated to opposite spindle poles at anaphase (Figure 2.7 B,C). 

In C. elegans, sister centromere resolution was shown to require HCP-4CENP-C using fixed 

cell assays (Moore and Roth, 2001; Moore et al., 2005). We confirmed in our live-imaging 

assay that HCP-4CENP-C depletion completely abrogated sister centromere resolution (Figure 

2.7 B,D). Interestingly, depletion of the outer kinetochore component KNL-1 also affected sister 

centromere resolution, similarly to SMK-1 depletion (Figure 2.7 B,D). Co-depletion of SMK-1 

and KNL-1 had an additive effect on sister centromere resolution, resulting in a complete 

impairment of the process reminiscent of the phenotype observed after hcp-4(RNAi) (Figure 

2.7 B,D). Together, these results indicate that SMK-1 and KNL-1 participate in parallel 

pathways to promote sister centromere resolution. 
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Figure 2.6 – SMK-1 depletion delays the assembly of the outer kinetochore. (A) Schematic 
representation of the hierarchical assembly of the kinetochore on centromeric chromatin. (B) Graphs 
(Top) and stills from time-lapse sequences of one-cell embryos (Bottom) showing the relative 
chromosome levels of different fluorescently-tagged kinetochore proteins. The components of the outer 
kinetochore have reduced levels just before NEBD and are increased at metaphase. ****P<0.0001; 
***P<0.001; *P<0.05; n.s., not significant, P>0.05 [t-test (for GFP::SPDL-1Spindly) one-way ANOVA 
followed by Bonferroni’s multiple comparison test (for the remaining)]. Scale bar: 5 μm. 

 

 

2.2.3.6 Cohesin depletion rescues the sister centromere resolution defect of smk-

1(RNAi) 

Previous work showed that the defect in sister centromere resolution caused by hcp-

4(RNAi) could be bypassed by depletion of cohesin (Moore et al., 2005), and we confirmed 

this result with our assay by depleting the cohesin subunit SCC-1. Co-depletion of SMK-1 and 

SCC-1 rescued centromere resolution to control levels, and co-depletion of KNL-1 with SCC-

1 also improved resolution, although at a lesser extent (Figure 2.7 B,E), confirming the 

observation that SMK-1 and KNL-1 participate in parallel pathways to promote sister 

centromere resolution. 
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Figure 2.7 – SMK-1 is required for timely resolution of sister centromeres. (A) Cartoon of the sister 
centromere resolution process. In C. elegans, the centromeric protein HCP-3CENP-A localizes as a single 
line along the chromosome’s longitudinal axis in early prophase and resolves into two distinguishable 
lines at the end of prophase. (B) Stills from time-lapse sequences of one-cell embryos depicting sister 
centromere resolution after different protein depletions. Scale bar: 5 μm; blow up: 1 μm. (C), (D) and (E) 
Graphs showing the percentage of resolved centromeres at two different time points in the different 
conditions. smk-1(RNAi) affects centromere resolution during prophase similarly to knl-1(RNAi). 
Combination of these two depletions recapitulates the complete absence of resolution resulting from 
hcp-4(RNAi). Co-depletion of SCC-1 can partially revert these defects. ****P<0.0001; **P<0.01; 
*P<0.05; n.s., not significant, P>0.05 (one-way ANOVA followed by Bonferroni’s multiple comparison 
test). 
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2.2.3.7 SMK-1 depletion impairs the recruitment of condensin II to mitotic 

chromosomes 

In addition to cohesin, another complex that plays an important role in sister resolution 

is condensin. Moore et al. (2005) proposed that the major role of HCP-4CENP-C in centromere 

resolution was to promote cohesin removal to allow recruitment of the condensin II complex to 

the centromeres. More recent work has shown that condensin II is the major driving force for 

the separation of the two replicated DNA strands since it is able to processively extrude DNA 

into loops and allosteric repulsion between the loops generates the force that drives resolution 

(Ono et al., 2013; Goloborodko et al., 2016; Terakawa et al., 2017). 

In order to assess whether condensin localization was affected by smk-1(RNAi) we 

measured the chromosomal levels of GFP-tagged condensin subunits in C. elegans embryos. 

As shown previously (Csankovszki et al., 2009), the condensin I subunit CAPG-1CAP-G become 

enriched on chromosomes after NEBD. The levels of chromatin-localized GFP::CAPG-1CAP-G 

protein were not significantly altered between control and SMK-1-depleted embryos (Figure 

2.8 A,B). The condensin II complex localized to chromatin as chromosomes started to 

condense in early prophase in control embryos and persisted until after anaphase (Figure 2.8 

C). Strikingly, SMK-1 depletion caused a 60 % reduction in the levels of chromosome-localized 

GFP::KLE-2CAP-H2 during prophase and GFP::KLE-2CAP-H2 levels remained low on 

chromosomes throughout mitosis (Figure 2.8 C,D). Depletion of KNL-1, which inhibited sister 

centromere resolution to a similar extent as SMK-1 depletion, did not affect chromosomal 

levels of  GFP::KLE-2CAP-H2 (Figure 2.8 E). 

Moore et al. (2005) showed that in the absence of HCP-4CENP-C the failure in sister 

centromere resolution was accompanied by a loss in the recruitment of the condensin II subunit 

HCP-6CAP-D3. We confirmed that GFP::KLE-2CAP-H2 levels on late prophase chromosomes were 

reduced after depletion of HCP-4CENP-C.  Interestingly, in contrast to smk-1(RNAi) in which 

GFP::KLE-2CAP-H2 levels remained low throughout prometaphase, GFP::KLE-2CAP-H2 levels 

recovered after NEBD in HCP-4CENP-C-depleted embryos. (Figure 2.8 E). 

Moore et al. (2005) also showed that both the defect in centromere resolution and in the 

localization of HCP-6 could be restored by co-depletion of cohesin. To test whether this was 

the case for smk-1(RNAi), we measured GFP::KLE-2CAP-H2 levels after co-depleting the 

cohesin subunit SCC-1 and found that they were unaltered relative to smk-1(RNAi) alone. 

Similarly, and contrary to the findings of Moore et al. (2005), GFP::KLE-2CAP-H2 levels also 

remained reduced after co-depletion of HCP-4CENP-C and SCC-1 (Figure 2.8 F). 
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Figure 2.8 – SMK-1 depletion reduces condensin II loading. (A), (C)Stills from time-lapse sequences 
of one-cell embryos expressing GFP::CAPG-1CAP-G or GFP::KLE-2CAP-H2, showing that kinetochore 
levels of condensin I are normal but of condensin II are decreased after depletion of SMK-1. Scale bar: 
5 μm. (B) Quantification of GFP::CAPG-1CAP-G or (D), (E), (F) GFP::KLE-2CAP-H2 kinetochore levels at 
two different time-points, reflecting that SMK-1 and HCP-4CENP-C depletions both reduce condensin II 
levels during prophase, but in the case of hcp-4(RNAi) the levels rise at metaphase. In contrast to sister 
centromere resolution, co-depletion of SCC-1 does not alter GFP::KLE-2CAP-H2 levels. The t-test (B) or 
the one-way ANOVA followed by Bonferroni’s multiple comparison test (D), (E), (F) were used to 
determine statistical significance. ****P<0.0001; ***P<0.001; *P<0.05; n.s., not significant, P>0.05. 

 

These results revealed that SMK-1 depletion affects the proper loading of the condensin 

II complex, which is implicated in sister centromere resolution. Rescue of the sister centromere 

resolution defect in smk-1(RNAi) embryos by co-depletion of cohesin did not restore condensin 

II levels on chromosomes. This implies that the condensin II recruitment defect in SMK-1-

depleted embryos is unlikely to be caused by a failure to remove cohesin. 
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2.2.3.8 SMK-1’s EVH1 domain binds to FxxP motifs present in HCP-4CENP-C 

The results of the sister chromatid resolution assay raised the possibility that SMK-1 

participates in condensin II recruitment and sister centromere resolution downstream of HCP-

4CENP-C. In addition, our results showed that KNL-1 participates in a parallel pathway to promote 

sister centromere resolution. KNL-1 localization to the kinetochore depends on the interaction 

between its KMN partner MIS-12 and CENP-C (Screpanti et al., 2011). We sought to determine 

if SMK-1 could also be acting at the centromere via an interaction with HCP-4CENP-C. Favoring 

this hypothesis was structural data from D. melanogaster which revealed a direct interaction 

between CENP-C and the EVH1 domain of the SMK-1 homologue Falafel (Lipinszki et al., 

2015). To test whether the two C. elegans proteins could also interact we performed in vitro 

pull-down experiments using purified GST-tagged SMK-1 EVH1 domain (a.a. 146-282) as bait 

and full-length HCP-4CENP-C obtained by in vitro coupled transcription/translation (TnT) (Figure 

2.9 B,C). Using Coomassie Blue staining and immunoblotting for the FLAG-tag present at the 

HCP-4CENP-C N-terminus, we readily detected HCP-4CENP-C in a GST-SMK-1(EVH1) pull-down. 

The interaction between D. melanogaster CENP-C and Falafel was shown to involve a 

FxxP motif present in CENP-C C-terminal region (Falafel interaction motif – FIM). However, 

that region is not conserved between D. melanogaster and C. elegans. We therefore looked 

for FxxP motifs in HCP-4CENP-C and identified three of them. To ascertain which of these motifs 

could be responsible for the binding to SMK-1 we constructed two HCP-4CENP-C truncations and 

expressed them using the in vitro TnT system: HCP-4(1-204) containing the first FxxP motif; 

and HCP-4(205-599) containing two FxxP motifs (Figure 2.9 C). In addition, we individually 

mutated each one of the FxxP motifs by changing both the phenylalanine (F) and proline (P) 

to alanine (A) (FxxP to AxxA mutations) (Figure 2.9 C). In vitro pull-downs using GST-SMK-

1(EVH1) as bait revealed that both HCP-4(1-204) and HCP-4(205-599) bind to it, and that the 

interactions can be completely disrupted by mutating the first or the third FxxP motif, or 

significantly decreased by mutating the second FxxP motif. In the context of the full-length 

protein the GST-SMK-1(EVH1) pull-down revealed that the mutation in the first motif was the 

only one to induce a significant reduction in the binding between SMK-1 and HCP-4CENP-C 

(Figure 2.9 D,E). 
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Figure 2.9 – SMK-1 EVH1 domain binds in vitro to the HCP-4CENP-C FxxP motifs. (A) Schematic of 
SMK-1 and HCP-4CENP-C proteins with indication of some of their recognizable domains. (B), (C) SMK-
1 and HCP-4CENP-C fragments used for binding assays with indication of their method of purification. 
HCP-4CENP-C fragments were also expressed containing individual FxxP to AxxA mutations. (D) 
Immunoblots of HCP-4CENP-C fragments expressed by TnT and used for binding assays. (E) Top: 
Coomassie-stained protein gels of GST pull-downs showing purified recombinant GST and GST::SMK-
1(EVH1) that bound to the beads; Bottom: Immunoblot of the same GST pull-downs, detecting the 
FLAG-tagged HCP-4CENP-C fragments that bound to GST::SMK-1(EVH1). Molecular mass is indicated 
in kDa on the left. Each pull-down was performed at least three times 

 

In order to confirm the observed interaction between SMK-1 and HCP-4CENP-C we next 

purified recombinant full-length versions of HCP-4CENP-C fused C-terminally to a Strep-tag II 

and performed in vitro pull-down assays using GST-SMK-1(EVH1) as bait (Figure 2.10). In 

addition to the wild-type sequence we constructed HCP-4CENP-C mutants containing individual 

FxxP to AxxA motif mutations and included a mutant with a deletion of the eight residues near 

the FxxP(1), which is most closely related to the D. melanogaster FIM (Figure 2.10 B). In SMK-

1(EVH1) we mutated two residues (Y179 and W187 to alanine) that were shown in D. 
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melanogaster to be critical for the CENP-C/Falafel interaction (Lipinszki et al., 2015) (Figure 

2.10 A). Coomassie Blue staining and immunoblotting for the Strep-tag II present at the HCP-

4CENP-C C-terminus confirmed the interaction with wild-type HCP-4CENP-C and the decrease in 

the affinity after mutation or deletion of the first FxxP motif. The interaction was not appreciably 

affected when the second or the third motifs were mutated on their own. Strikingly, combining 

the mutations in FxxP(1) and FxxP(3) completely abrogated the detection of HCP-4CENP-C in 

the pull-down, as did the two point mutations made in the EVH1 domain of SMK-1 (Figure 2.10  

C,D). We also tried to assess whether combining the mutations in FxxP(1) and FxxP(2) 

affected binding to SMK-1, but, for reasons that are unclear, we were not able to express this 

mutant protein in bacteria. 

 

 

Figure 2.10 – Mutations in the first and third FxxP motifs of HCP-4CENP-C or in key residues of 
SMK-1’s EVH1 domain disrupt the in vitro interaction between the two proteins. (A) Sequence 
alignment showing a conserved region in the SMK-1’s EVH1 domain The two residues mutated to 
alanines are marked with asterisk. (B) Sequence alignment showing the similarity between the first FxxP 
and the D. melanogaster Falafel interacting motif. A recombinant version of the protein containing a 
deletion of the residues 128-135 was also produced and included in the binding assay. (C) Coomassie 
Blue–stained protein gel of purified GST::SMK-1 and HCP-4::StTag II recombinant proteins. (D) GST 
pull-downs using the proteins shown in (C). Protein fractions bound to beads were visualized on gels by 
Coomassie Blue staining and by immunoblot against the Strep-tag II. Molecular mass is indicated in 
kDa on the left. Each pull-down was performed at least three times. 



Chapter 2 | Experimental work 

98 

 

Taken together, these results show that SMK-1 directly binds HCP-4CENP-C via the 

interaction between the SMK-1’s EVH1 domain and FxxP motifs present in HCP-4CENP-C. The 

first FxxP motif contributes the most to the interaction, which can be disrupted by combining 

mutations in the first and the third FxxP motifs or by mutating key residues present in SMK-1’s 

EVH1 domain. 

 

2.2.3.9 A molecular replacement strategy to assess the role of the HCP-4CENP-C - SMK-1 

interaction in vivo 

Having demonstrated the biochemical interaction between SMK-1 and HCP-4CENP-C and 

having identified mutations capable of reducing or disrupting the interaction, we next wanted 

to determine the biological relevance of this interaction in vivo. To answer this question we 

used a Mos1 transposon-based strategy [MosSCI, Frøkjaer-Jensen et al. (2008)] to generate 

strains stably expressing RNAi resistant mCh::HCP-4CENP-C [wild-type and the AxxA(1), 

AxxA(1+2) and AxxA(1+3) mutants] under the mex-5 promoter for expression in the germline 

(Figure 2.11 A). Embryonic viability assay revealed that the wild-type transgene was able to 

support embryonic development leading to almost 100 % of embryonic viability after depletion 

of endogenous hcp-4 by RNAi (Figure 2.11 B). Live-imaging of C. elegans embryos co-

expressing the mCh::HCP-4CENP-C transgenes with GFP::H2B (to visualize the chromosomes) 

and GFP::-tubulin (to visualize the centrosomes) undergoing the first embryonic cell division 

revealed that wild-type mCh::HCP-4CENP-C localized properly to kinetochores from early 

prophase until after anaphase (Figure 2.11 C). Additionally, expression of this HCP-4CENP-C 

version in the absence of the endogenous HCP-4CENP-C was able to rescue chromosome 

congression and spindle pole separation defects, showing that mCh::HCP-4CENP-C was 

functional (Figure 2.12 A,B). 
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Figure 2.11 – Mutation of the third FxxP motif disrupts HCP-4CENP-C nuclear localization but not 
kinetochore assembly. (A) Schematic of the hcp-4 transgene used in this study. (B) Embryonic viability 
assay demonstrating that the WT transgene is able to support embryonic development, as well as the 
AxxA(1) and AxxA(1+2) mutant transgenes. On the contrary, combination of AxxA(1+3) mutations 
results in 100 % embryonic lethality. (C) Selected stills from time-lapse sequences of the first embryonic 
division showing the localization of the different mCh::HCP-4CENP-C transgenes. (D) Quantification of 
mCh::HCP-4CENP-C kinetochore levels at two different time-points, showing the increased expression 
observed prior to NEBD in the AxxA(1) and AxxA(1+2) mutants similarly to smk-1(RNAi). At metaphase 
this increase is only observed for the AxxA(1) mutation. The AxxA(1+3) mutant fails to localize 
mCh::HCP-4CENP-C to the nucleus but localizes normally at metaphase.  (E) Representative stills from 
time-lapse sequences of one-cell embryos expressing HIM-10NUF-2::GFP, showing that the NDC-80 
complex is recruited to kinetochores on the AxxA(1+3) mutant. (F) Quantification of HIM-10NUF-2::GFP 
kinetochore levels on animals expressing the WT versus the AxxA(1+3) mutant transgene. The one-
way ANOVA followed by Bonferroni’s multiple comparison test (D) or the t-test (F) were used to 
determine statistical significance. ****P<0.0001; ***P<0.001; *P<0.05; n.s., not significant, P>0.05. Scale 
bars: 5 μm. 
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2.2.3.10 The first and second FxxP motifs in HCP-4CENP-C are dispensable for SMK-1's 

role in chromosome congression and segregation 

Having established a molecular replacement strategy for HCP-4CENP-C, we next examined 

the FxxP motif mutants. Expression of the AxxA(1) and the AxxA(1+2) mutants was compatible 

with embryonic development (Figure 2.11 B). mCh::HCP-4CENP-C AxxA(1) or AxxA(1+2) 

showed normal enrichment in the nucleus and localized to kinetochores, although with a ~50% 

increase in the kinetochore-localized signal at NEBD (for both mutants) and at metaphase 

(only for the AxxA(1) mutant). Interestingly, this increase in kinetochore mCh::HCP-4CENP-C 

levels was similar to that observed after smk-1(RNAi) (Figure 2.11 C,D). Expression of neither 

mutant compromised chromosome congression or the kinetics of spindle pole separation, 

apart from a minor delay in congression and a slight increase in the NEBD-AO interval [175 ± 

6 s in control, 202 ± 10 s in AxxA(1); and 190 ± 7 s in AxxA(1+2)] (Figure 2.12 A,B). These 

results show that mutations in the first two FxxP motifs of HCP-4CENP-C do not phenocopy the 

defects in chromosome congression and segregation observed after smk-1(RNAi). However, 

it is possible that these mutants affect sister chromatid resolution, but this remains to be 

determined. 

 

2.2.3.11 The third FxxP motif is required for nuclear localization of HCP-4CENP-C 

independently of its role in SMK-1 binding   

In contrast to mutations in the first and second FxxP motifs, expression of the mCh::HCP-

4CENP-C AxxA(1+3) mutant led to 100 % embryonic lethality (Figure 2.11 B). Surprisingly, 

expression of AxxA(1+3) resulted in penetrant exclusion of mCh::HCP-4CENP-C from the 

nucleus. However, mCh::HCP-4CENP-C AxxA(1+3) localized to kinetochores after NEBD and 

initiated outer kinetochore assembly as judged by the recruitment of HIM-10NUF2::GFP, a 

subunit of the NDC-80 complex (Figure 2.11 E,F). Consistent with this, the pole separation 

profile for this mutant showed that bi-oriented, load-bearing kinetochore-microtubule 

attachments were eventually established prior to anaphase onset, although this was not 

sufficient to prevent severe chromosome segregation defects (Figure 2.11 C and Figure 2.12 

C,D). 
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Figure 2.12 – Mutating the first and second FxxP motifs is compatible with normal HCP-4CENP-C 
function, but mutating the third is not.  (A), (B) Plots of spindle pole separation and chromosome 

span profile in one-cell embryos expressing GFP::-tubulin and GFP::histone H2B, showing that the 
presence of the WT transgene as well as the AxxA(1) and AxxA(1+2) mutants rescues the defects on 
spindle pole separation and chromosome congression and segregation caused by hcp-4(RNAi). (C), (D) 

Plots of spindle pole separation and chromosome span profile in one-cell embryos expressing GFP::-
tubulin and GFP::histone H2B, showing that the delayed recruitment of the AxxA(1+3) mutant causes 
premature pole separation and defects in chromosome congression, quantitatively different from those 
arising from smk-1(RNAi).  Distances were measured in images acquired every 10 s, averaged for the 
indicated number n of embryos, and plotted against time. On the top of the graphs is represented the 
average anaphase onset (AO) time point for each condition. Error bars represent the 95 % c.i. 

 

This suggested that the AxxA(1+3) mutant did neither prevent HCP-4CENP-C recruitment 

to kinetochores nor kinetochore assembly but instead had a specific inhibitory effect on nuclear 

import of HCP-4CENP-C. As mutating the first FxxP motif did not perturb nuclear localization of 

HCP-4CENP-C, the effect must be caused by a mutation in the third FxxP motif. Furthermore, 

since our previous experiments showed that SMK-1 is not required for nuclear localization of 

HCP-4CENP-C (Figure 2.6 B), the third FxxP motif in HCP-4CENP-C must have a role in nuclear 

localization independently of its role in SMK-1 binding. A search using the eukaryotic linear 

motif resource (ELM database, http://elm.eu.org/searchdb.html) revealed that the third FxxP 

http://elm.eu.org/searchdb.html


Chapter 2 | Experimental work 

102 

 

motif is located within a predicted NLS (Figure 2.13 A). Thus, it is possible that the AxxA(1+3) 

mutant prevents nuclear localization of HCP-4CENP-C by disrupting an NLS. To circumvent the 

role of the third FxxP motif in nuclear localization, the NLS from the SV40 T antigen and/or 

from EGL-13 was added to the mCh::HCP-4CENP-C AxxA(1+3) mutant to force nuclear 

localization. However, these attempts were either unsuccessful in restoring nuclear 

localization, or they decreased expression levels of the transgene-encoded protein (Figure 

2.13 B,C). As an alternative, we made single mutations of either the phenylalanine (AxxP) or 

proline (FxxA) in the third FxxP motif to test whether both residues were required for nuclear 

localization. Contrary to the NLS prediction, the AxxP mutant abrogated nuclear localization of 

mCh::HCP-4CENP-C, but the FxxA mutant did not (Figure 2.13 B,C). Thus, the proline in the third 

FxxP motif of HCP-4CENP-C is dispensable for nuclear localization, while the phenylalanine is 

required. In vitro, purified HCP-4CENP-C carrying the AxxA mutation in the first FxxP motif and 

the new FxxA mutation in the third FxxP motif caused a strong, albeit not complete, reduction 

of the binding to SMK-1 in a GST-SMK-1(EVH1)  pull-down experiment (Figure 2.13 D). Thus, 

I was able to engineer a mutation in third FxxP motif that at least partially separated the motif's 

role in nuclear localization from its role in SMK-1 binding. 

 

2.2.3.12 SMK-1 regulates chromosome congression independently of its role in sister 

centromere resolution 

Having established that SMK-1 is required for timely sister centromere resolution, we 

next sought to further explore SMK-1's role in chromosome congression. Two pieces of 

experimental evidence suggested that SMK-1's role in sister chromatid resolution is 

independent from its role in chromosome congression. First, rescuing sister centromere 

resolution by co-depleting SMK-1 and the cohesin subunit SCC-1 (Figure 2.7 B,E) did not 

rescue the chromosome scattering phenotype. In fact, co-depletion of SMK-1 and SCC-1 

aggravated the defect (Figure 2.14 A-C). Second, in the HCP-4CENP-C AxxA(1+3) mutant, where 

sister centromere resolution cannot occur until after NEBD because HCP-4CENP-C is excluded 

from the nucleus, chromosome scattering can be induced by depleting SMK-1 (Figure 2.14 D-

F). Thus, the chromosome congression defects after smk-1(RNAi) are unlikely to be a direct 

consequence of the delay in sister centromere resolution. 
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Figure 2.13 – The third FxxP motif of HCP-4CENP-C is part of a putative NLS in which the 
phenylalanine is required for nuclear localization.  (A) Schematic of HCP-4CENP-C highlighting the 
localization of a predicted NLS encompassing the third FxxP motif. (B) Schematic of the different 
mCh::HCP-4CENP-C transgenes tested, in which extra NLS from SV40 and/or EGL-13 were introduced in 
different positions. (C) Representative stills from time-lapse sequences of one-cell embryos expressing 
the different transgenes represented in (B). Scale bar: 5 μm. (D) GST pull-downs (Right) using purified 
recombinant HCP-4CENP-C WT and AxxA(1) + FxxA(3) mutant (Left). Protein fractions bound to beads 
were visualized on gels by Coomassie Blue staining. Molecular mass is indicated in kDa on the left. 

 



Chapter 2 | Experimental work 

104 

 

 

Figure 2.14 – The defects caused by smk-1(RNAi) on chromosome congression are independent 
from the defects on sister centromere resolution. (A) Representative stills from time-lapse 
sequences of one-cell embryos showing that co-depletion of SMK-1 and SCC-1 aggravates the 
chromosome scattering defect caused by smk-1(RNAi). Plots of (B) spindle pole separation and (C) 

chromosome congression kinetics in one-cell embryos expressing GFP::-tubulin and GFP::histone 
H2B, showing the same effect caused by co-depletion of SMK-1 and SCC-1 on aggravating the defects 
caused by smk-1(RNAi). (D) Stills from time-lapse sequences of the first embryonic division showing 
that smk-1(RNAi) induces the chromosome scattering phenotype on embryos expressing the hcp-4 
AxxA(1+3) mutant transgene. C), (D) Plots of spindle pole separation and chromosome span profile in 
one-cell embryos showing that depleting SMK-1 in the AxxA(1+3) mutant delays anaphase onset, 
causes premature pole separation and induces chromosome scattering, at ~170 s after NEBD. 
Distances were measured in images acquired every 10 s, averaged for the indicated number n of 
embryos, and plotted against time. On the top of the graphs is represented the average anaphase onset 
(AO) time point for each condition. Error bars represent the 95 % c.i. Scale bars: 5 µm. 
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2.2.3.13 Poleward chromosome scattering induced by smk-1(RNAi) is driven by NDC-

80-mediated attachments 

To ask how chromosome scattering in smk-1(RNAi) embryos is influenced by 

components at the kinetochore-microtubule interface, we started by examining the NDC-80 

complex. After the initial microtubule capture by kinetochore-localized dynein, kinetochores 

form end-on attachments to microtubules that are mediated by the conserved four-subunit 

NDC80 complex (Cheeseman et al., 2006; DeLuca et al., 2006; Wei et al., 2007; Ciferri et al., 

2008). 

In embryos depleted of NDC-80, chromosomes fail to congress into a tight metaphase 

plate and spindle poles separate rapidly prior to anaphase due to the absence of kinetochore-

microtubule interactions capable of bearing load and resist the astral pulling (Figure 2.15). 

When SMK-1 and NDC-80 are co-depleted, chromosomes do not scatter 70 s after NEBD. 

Instead, chromosome congression pauses for around 50 seconds, similarly to ndc-80(RNAi). 

However, after this pause the chromosomes scatter dramatically back to the spindle poles 140 

s after NEBD (Figure 2.15 C). When analyzing the spindle pole separation dynamics, it can be 

seen that the poles separate prematurely before anaphase onset although this separation 

occurs later and more slowly compared to ndc-80(RNAi) (Figure 2.15 B). 

These results indicate that the chromosome scattering observed 70 s after NEBD in smk-

1(RNAi) embryos requires kinetochore-microtubule attachments mediated by the NDC-80 

complex. However, even in the absence of this complex, chromosomes still scatter at a later 

time point when SMK-1 is depleted, implying the participation of additional components on this 

process. 

 

2.2.3.14 Preventing kinetochore dynein recruitment rescues chromosome scattering in 

smk-1(RNAi) embryos 

The observation that chromosome scattering still occurs in embryos co-depleted of SMK-

1 and NDC-80 suggested that kinetochore-localized dynein may play a role. Dynein is recruited 

to kinetochores by two pathways: via the kinetochore-specific adaptor Spindly, which acts 

downstream of the RZZ (Rod-Zwilch-ZW10) complex (Starr et al., 1998; Griffis et al., 2007; 

Gassmann et al., 2008; Chan et al., 2009; Barisic et al., 2010), and via the paralogs NUDE 

and NUDEL (Liang et al., 2007; Vergnolle and Taylor, 2007).  In C. elegans, inhibition of RZZ 

completely abrogates dynein localization to kinetochores, whereas NUD-2NUDE/L inhibition still 

allows a fraction of dynein to be recruited (Gassmann et al., 2008; Simões et al., 2018). 
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Figure 2.15 – Chromosome scattering caused by SMK-1 depletion requires, at least in part, NDC-

80-mediated attachments. (A) Stills from time-lapse sequences of one-cell embryos expressing GFP:: 
-tubulin and GFP::histone H2B showing that co-depletion of SMK-1 and NDC-80 rescues chromosome 
scattering in a first moment, although later chromosomes still scatter. Scale bar: 5 µm. (B) Plots of 
spindle pole separation kinetics representing the differences between smk-1(RNAi) and SMK-1+NDC-
80 double depletion. (C) Plots of chromosome span showing that in smk-1+ndc-80(RNAi) chromosome 
scattering is delayed. Distances were measured in images acquired every 10 s, averaged for the 
indicated number n of embryos, and plotted against time. On the top of the graphs is represented the 
average anaphase onset (AO) time point for each condition. Error bars represent the 95 % c.i. 

 

We combined SMK-1 depletion with the removal of each one of the two dynein 

kinetochore ‘linkers’: RZZ by depleting ROD-1 and NUDE/L by using the genetic knockout of 

the C. elegans homologue nud-2(ok949) (Consortium, 2012). Co-depletion of SMK-1 and 

ROD-1 completely abrogated chromosome scattering (Figure 2.16 B-D). In embryos depleted 

of both proteins, chromosomes congressed towards a loose metaphase plate and segregated 

with lagging chromosomes, indicative of the formation of merotelic attachments. 

By contrast, removal of both SMK-1 and NUD-2NUDE/L did not rescue chromosome 

scattering and even aggravated this defect (Figure 2.16 B-D). nud-2(ok949) embryos showed 

a delay in congressing their chromosomes and presented the premature separation of the 

spindle poles that later recovers to control levels, which is typical of a delay in the formation of 

load-bearing kinetochore–microtubule attachments (Simões et al., 2018) (Figure 2.16 B-D). In 
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the absence of SMK-1, nud-2(ok949) embryos exhibited a more severe defect in chromosome 

scattering and in spindle pole separation compared to smk-1(RNAi) alone. 

 

 

Figure 2.16 – Removing dynein from kinetochores abrogates chromosome scattering induced 
by SMK-1 depletion. (A) Summary of localization dependencies (arrows) in the two kinetochore 
pathways that recruit dynein to the kinetochore. (B) Representative stills from time-lapse sequences of 
one-cell embryos showing that co-depletion of SMK-1 with ROD-1 or nud-2(ok949) results in 
dramatically different phenotypes. Scale bar: 5 µm. (C) Plots of spindle pole separation kinetics in one-

cell embryos expressing GFP::-tubulin showing, that removing either ROD-1 or NUD-2NUDE/L 
aggravates the premature pole separation caused by smk-1(RNAi) although with different kinetics. (D) 
Plots of chromosome congression dynamics in one-cell embryos expressing GFP::histone H2B, 
representing that the removing NUD-2NUDE/L aggravates the SMK-1 phenotype, whereas depletion of 
ROD-1 eliminates chromosome scattering caused by smk-1(RNAi). Distances were measured in images 
acquired every 10 s, averaged for the indicated number n of embryos, and plotted against time. On the 
top of the graphs is represented the average anaphase onset (AO) time point for each condition. Error 
bars represent the 95 % c.i. 
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These results show that inhibiting each of the two kinetochore dynein pathways in smk-

1(RNAi) embryos has different effects on chromosome congression. Preventing kinetochore 

dynein recruitment altogether through rod-1(RNAi) prevents chromosome scattering. 

Surprisingly, however, reducing (but not eliminating) kinetochore dynein levels by using the 

null allele nud-2(ok949) aggravates chromosome scattering. The likely reasons for this 

difference are discussed below. 

 

2.2.3.15 BUB-1 depletion rescues smk-1(RNAi)-induced chromosome scattering 

independently of kinase activity 

BUB-1 was first identified as a component of the Spindle Assembly Checkpoint (SAC) 

(reviewed in Joglekar, 2016), but it has also been involved in establishing proper kinetochore 

attachments to the mitotic spindle and in promoting efficient chromosome congression and 

segregation independently of its SAC activity (Meraldi and Sorger, 2005; Essex et al., 2009; 

Klebig et al., 2009). C. elegans BUB-1 has been recently shown to be a key regulator of 

kinetochore-microtubule interactions that ensures accurate chromosome bi-orientation and 

segregation by recruiting dynein via the RZZ complex and CLS-2CLASP via the CENP-F-like 

proteins HCP-1/2 (Cheeseman et al., 2005; Edwards et al., 2018). CLS-2CLASP recruitment 

requires the BUB-1 kinase domain (but not kinase activity per se), whereas RZZ recruitment 

does not (Zhang et al., 2015; Edwards et al., 2018). 

We imaged one-cell embryos co-depleted of SMK-1 and BUB-1 and measured the 

chromosome span over time. As previously described (Edwards et al., 2018), bub-1(RNAi) 

caused a delay in anaphase onset (244 ± 6 s) and slowed down chromosome congression 

(Figure 2.17 A,B). Strikingly, co-depletion of SMK-1 and BUB-1 resulted in a chromosome span 

profile which almost overlapped with that of bub-1(RNAi) alone, completely rescuing the 

chromosome scattering associated with SMK-1 depletion (Figure 2.17 A,B). 

To ascertain if the observed rescue could be attributed to the lack of BUB-1 kinase 

activity in bub-1(RNAi), we took advantage of C. elegans strains stably expressing RNAi-

resistant BUB-1 transgenes encoding for wild-type and two BUB-1 kinase domain mutants: 

BUB-1D814N, which abrogates kinase activity but does not affect folding of the kinase domain, 

and BUB-1K718R;D847N, which destabilizes the kinase domain in addition to abrogating kinase 

activity (Figure 2.17 C) (Moyle et al., 2014; Edwards et al., 2018). In the absence of 

endogenous BUB-1, transgene-encoded BUB-1WT fully supported BUB-1 function resulting in 

a chromosome congression profile similar to control, and the NEBD-AO interval was also 

normal (181 ± 4 s, Figure 2.17 D,E). In the  absence of both endogenous BUB-1 and SMK-1, 

embryos expressing BUB-1WT displayed the smk-1(RNAi) phenotype (Figure 2.17 D,E). In 

contrast to bub-1(RNAi), BUB-1K718R;D847N did not prevent chromosome scattering and BUB-

1D814N even aggravated chromosome scattering (Figure 2.17 D,E). 
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These results demonstrate that the rescue of chromosome scattering after co-depletion 

of SMK-1 and BUB-1 is not due to the lack of BUB-1 kinase activity. Instead, the rescue is 

consistent with BUB-1's role in recruiting kinetochore dynein through the RZZ complex, which 

does not involve the BUB-1 kinase domain. 

 

 

Figure 2.17 – Co-depletion of BUB-1 rescues chromosome congression on SMK-1-depleted 
embryos independently of kinase activity. (A), (D) Representative stills from time-lapse sequences 
of one-cell embryos showing that co-depletion of SMK-1 and BUB-1 rescues the chromosome scattering 
defect caused by smk-1(RNAi), but disruption of BUB-1 kinase activity does not. Scale bars: 5 µm. (B), 

(E) Plots of chromosome congression dynamics in one-cell embryos expressing GFP::-tubulin and 
GFP::histone H2B, demonstrating that the rescue on chromosome scattering caused by bub-1(RNAi) is 
not due to the lack of kinase activity. Distances were measured in images acquired every 10 s, averaged 
for the indicated number n of embryos, and plotted against time. On the top of the graphs is represented 
the average anaphase onset (AO) time point for each condition. Error bars represent the 95 % c.i. (C) 
Schematics of wild-type (WT) BUB-1 and of the different BUB-1 mutants used to disrupt BUB-1 kinase 
activity. 
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2.2.3.16 Co-depletion of SMK-1 and the SKA complex results in complete failure of 

chromosome bi-orientation 

The results described above suggest that one important role of SMK-1/PP4 is to promote 

chromosome bi-orientation. To further explore this hypothesis, we examined the relationship 

between SMK-1 and the SKA complex. The SKA complex is conserved across species and 

participates in the stabilization of the kinetochore-microtubule interaction (Gaitanos et al., 

2009; Raaijmakers et al., 2009; Welburn et al., 2009). The complex localizes to kinetochores 

in a NDC80-dependent manner and is regulated by Aurora kinase activity (Chan et al., 2012). 

In C. elegans, SKA-mediated stabilization of attachments has been shown to promote proper 

chromosome congression by dampening chromosome motion after bi-orientation 

(Cheerambathur et al., 2017). 

 

 

Figure 2.18 – The SKA complex prevents sister chromatids co-segregation prior to anaphase in 
the absence of SMK-1. (A) Representative stills from time-lapse sequences of one-cell embryos 

expressing GFP::-tubulin and GFP::histone H2B showing that removal of the SKA complex prevents 
chromosome congression when SMK-1 is depleted, similarly to cls-2(RNAi). Scale bar: 5 µm. (B), (C) 
Plots of spindle pole separation kinetics and chromosome congression dynamics showing that, although 
similar, the defects caused by ∆ska-1+smk-1(RNAi) are quantitatively distinct from those of cls-2(RNAi). 
(D) Plots of spindle pole separation kinetics and chromosome congression dynamics showing that the 
sister chromatids co-segregation induced by ∆ska-1+smk-1(RNAi) can be prevented by co-depleting 
ROD-1 or BUB-1. Distances were measured in images acquired every 10 s, averaged for the indicated 
number n of embryos, and plotted against time. On the top of the graphs is represented the average 
anaphase onset (AO) time point for each condition. Error bars represent the 95 % c.i. 
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To dissect the possible connection between SKA and SMK-1 in the regulation of 

chromosome congression we tracked chromosome span and spindle pole separation in 

embryos carrying a deletion of the SKA-1 subunit (∆ska-1), which eliminates the formation of 

the complex (Cheerambathur et al., 2017). As previously reported (Cheerambathur et al., 

2017), SKA removal did not affect the spindle pole separation profile and had no influence on 

the NEBD-AO interval (Figure 2.18 A-C). The chromosome span profile revealed a minor 

chromosome congression defect in ∆ska-1 embryos (Figure 2.18 A-C). SMK-1 depletion in 

∆ska-1 embryos resulted in a striking exacerbation of the chromosome scattering phenotype. 

Chromosomes from these embryos completely failed to establish bi-polar attachments capable 

of resisting the cortical pulling forces, resulting in pronounced separation of the spindle poles 

prior to anaphase onset. Chromosomes remained closely associated with one of the poles, 

resulting in co-segregation of sister chromatids (Figure 2.18 A-C). Co-segregation of the sister 

chromatids could be prevented by co-depleting BUB-1 or ROD-1 and SMK-1 in ∆ska-1 

embryos (Figure 2.18 A,D,E). These results suggest that SMK-1 and the SKA complex act in 

parallel pathways to promote chromosome bi-orientation. The striking sister chromatid co-

segregation phenotype that results from co-depletion of SMK-1 and the SKA complex is 

reminiscent of the phenotype observed after inhibition of the CLASP homolog CLS-2. 

 

2.2.3.17 Mitotic defects caused by smk-1(RNAi) are distinct from those of CLS-2CLASP 

inhibition 

The phenotype observed after depletion of SMK-1 in ∆ska-1 embryos superficially 

resembles that of CLS-2CLASP depletion (Figure 2.18 A): chromosomes fail to bi-orient and 

sister chromatids co-segregate prematurely when the spindle poles come under tension by the 

cortical forces that position the mitotic spindle (Cheeseman et al., 2005). This raised the 

possibility that SMK-1 depletion affected chromosome congression via a downregulation of 

CLS-2 activity.  

We therefore quantitatively compared the phenotype observed after cls-2(RNAi) to ∆ska-

1+smk-1(RNAi) using the chromosome span and spindle pole tracking assay. In addition, we 

partially depleted CLS-2CLASP by doing a shorter RNAi treatment to assess whether it caused 

a phenotype similar to smk-1(RNAi). The results revealed clear differences in chromosome 

congression and spindle pole separation kinetics between inhibition of CLS-2CLASP and SMK-1  

(Figure 2.18 A-C). In CLS-2CLASP-depleted embryos, chromosome congression is almost 

inexistent with the chromosomes remaining very close to the spindle poles and sister 

chromatids prematurely co-segregate when astral pulling forces start to act on the spindle 

poles, whereas in ∆ska-1+smk-1(RNAi) the initial phase of congression occurs normally and 

chromosomes scatter back to the poles only later (Figure 2.18 A-C). In cls-2(RNAi) spindle 

poles separated abruptly at ~120 s after NEBD, whereas in ∆ska-1+smk-1(RNAi) the rate of 
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pole separation was slower perhaps indicating that some bi-polar attachments are still formed 

or that cortical pulling forces are weaker (Figure 2.18 A-C). The differences were also obvious 

when comparing cls-2(partial RNAi) with smk-1(RNAi): CLS-2CLASP was essential from the 

beginning to facilitate congression and promote spindle elongation (Figure 2.19 A-C), 

presumably due to its microtubule polymerizing activity at kinetochores. By contrast, SMK-1 

depletion did not prevent spindle elongation (Figure 2.19 A,B). 

Together, the results suggest that the chromosome congression defects induced by 

SMK-1 depletion are unlikely to be cause by impaired CLS-2CLASP activity. 

 

 

Figure 2.19 – Chromosome scattering caused by SMK-1 depletion is not due to a down-regulated 

activity of CLS-2CLASP. (A) Stills from time-lapse sequences of one-cell embryos expressing GFP::-
tubulin and GFP::histone H2B showing that chromosome scattering induced by partial depletion of CLS-
2CLASP is temporally different from that of smk-1(RNAi). Scale bar: 5 µm. (B) Plots of spindle pole 
separation kinetics representing the differences between smk-1(RNAi) and cls-2(partial RNAi). (C) Plots 
of chromosome span showing that the phenotypes of smk-1(RNAi) and cls-1(partial RNAi) are 
temporally different. Distances were measured in images acquired every 10 s, averaged for the indicated 
number n of embryos, and plotted against time. On the top of the graphs is represented the average 
anaphase onset (AO) time point for each condition. Error bars represent the 95 % c.i. 
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2.2.4 Discussion 

The tight coordination of the sequential events taking place during mitosis is essential 

for the accomplishment of its major goal: the equal distribution of the genetic material between 

two daughter cells. Because translation and transcription are highly reduced during mitosis 

(Palozola et al., 2018), the post-translational modification of proteins plays an extremely 

important role in the orchestration of mitosis. Over decades, a great amount of attention has 

been devoted to the identification and characterization of mitotic kinases, while mitotic 

phosphatases have been object of less attention despite their essential role in ensuring that 

phosphorylation events are dynamic and responsive (Gelens et al., 2018). In this study we 

have identified novel roles of protein phosphatase 4 (PP4) in the regulation of different mitotic 

events. 

Following up on a genome-wide RNAi screen which identified SMK-1, the C. elegans 

homologue of the PP4 subunit PPP4R3A, as a  genetic interactor of the worm NudE homolog, 

NUD-2NUDE/L (Rocha et al., 2018), we have pursued the identification of possible mitotic defects 

caused by SMK-1 depletion. To date, SMK-1 is mostly known for its involvement in the repair 

of radiation-induced DNA damage (Sadaie and Sadaie, 1989), in regulation of the insulin 

signaling pathway in lifespan (Wolff et al., 2006) and in the silencing of the DNA damage 

checkpoint in embryos (Holway et al., 2006). Additional roles have been proposed for PP4 in 

C. elegans mitosis namely in centrosome maturation and microtubule growth (Sumiyoshi et 

al., 2002) and in katanin-dependent microtubule severing (Han et al., 2009) but the potential 

involvement of the SMK-1 subunit in these activities was not assessed. By using the C. elegans 

first zygotic division as a model system, we have identified that PP4 plays an essential role in 

chromosome congression and segregation. RNAi-mediated depletion of either SMK-1 or both 

the two paralogs of the PP4 catalytic subunit (PPH-4.1 and PPH-4.2) results in similar mitotic 

defects, suggesting that PP4 activity is required for accurate chromosome segregation.  

 

2.2.4.1 SMK-1's role in sister centromere resolution 

Depletion of SMK-1 delays sister centromere resolution. Using fixed cells, this process 

was shown in past work to require the centromeric protein HCP-4CENP-C, whose depletion also 

prevents the proper loading of the condensin II complex on chromosomes (Moore and Roth, 

2001; Moore et al., 2005). Similarly, we found that smk-1(RNAi) dramatically decreases the 

kinetochore levels of GFP::KLE-2CAP-H2, a subunit of the condensin II complex. Additionally, 

depletion of the outer kinetochore protein KNL-1 also affects centromere resolution without 

reducing the chromosomal levels of condensin II, revealing that the assembly of the outer 

kinetochore is also required for proper sister centromere resolution. The resolution defects 

could, at least in part, be rescued by co-depletion of a cohesin subunit.  This raises the 
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possibility that smk-1(RNAi) could delay sister centromere resolution by impairing the selective 

removal of a fraction of cohesin that is present between sister centromeres. However, no 

evidence of cohesin enrichment on chromosomes in smk-1(RNAi) embryos was found when 

imaging embryos expressing HIM-1SMC1::GFP (data not shown). A previous report in fixed 

embryos showed that rescuing sister centromere resolution by co-depletion of cohesin and 

HCP-4CENP-C also restored condensin II localization to chromosomes (Moore et al., 2005). By 

contrast, we found that cohesin depletion does not rescue chromosomal condensin II levels in 

embryos depleted of HCP-4CENP-C or SMK-1. This implies that removal of cohesin per se is not 

sufficient for condensin II loading. We conclude that a failure to properly load condensin II is 

the primary defect causing the delay in sister centromere resolution in smk-1(RNAi) embryos. 

In this view, cohesin depletion facilitates sister centromere resolution by releasing DNA 

entrapments, thereby bypassing the condensin II loading defect in smk-1(RNAi) embryos. 

The observation that sister centromere resolution almost completely fails to occur when 

SMK-1 and KNL-1 are depleted together, similarly to HCP-4CENP-C depletion, suggests that two 

parallel pathways are acting downstream of HCP-4CENP-C to promote sister centromere 

resolution in C. elegans. The involvement of KNL-1 in sister chromatid resolution has not been 

documented before, and the mechanism by which KNL-1 regulates this process is unclear. 

KNL-1 is known to be involved in the recruitment of the phosphatase PP1 to kinetochores in 

order to promote SAC silencing (Pinsky et al., 2009; Vanoosthuyse and Hardwick, 2009; 

Meadows et al., 2011; Rosenberg et al., 2011; Espeut et al., 2012). One interesting possibility 

is that PP1 at kinetochores could be cooperating with PP4 to promote the resolution of the C. 

elegans holocentric centromeres. To test this hypothesis, sister centromere resolution needs 

to be assessed in embryos expressing a KNL-1 mutant that is unable to recruit PP1 (Espeut 

et al., 2012).  

D. melanogaster SMK-1 homologue, Falafel, was shown in vitro to interact with CENP-

C via its EVH1 domain (Lipinszki et al., 2015). In this work, we showed that SMK-1’s EVH1 

domain interacts with FxxP motifs present in HCP-4CENP-C. D. melanogaster CENP-C has five 

different FxxP motifs in its sequence but mutations in one of them is sufficient to disrupt binding 

to Falafel (Lipinszki et al., 2015). By contrast, C. elegans HCP-4CENP-C has three FxxP motifs 

and more than one contributes to SMK-1 binding. Our in vitro binding assays with purified 

proteins showed that mutating the first FxxP motif, which is the one that shares more sequence 

similarities with the D. melanogaster FIM (Falafel interacting motif), considerably reduced the 

interaction between HCP-4CENP-C and SMK-1. Individual mutation of the other two motifs did 

not affect the binding, but the combination of the mutation in the first and the third motifs 

[AxxA(1+3)] completely abrogated the interaction. Previous reports have shown that the EVH1 

domains of proteins like VASP and Mena interact with FPPPP peptides with weak affinity and 

use extra residues located C-terminally to the core binding site to increase affinity (Bachmann 
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et al., 1999; Laurent et al., 1999; Ball et al., 2000). However, some substrates lack these extra 

residues but have multiple FPPPP motifs which could allow the cooperative binding of several 

EVH1 domains. This would be important to modulate a weak and dynamic interaction between 

the two proteins, which might also be the case for our SMK-1 – HCP-4CENP-C interaction.  

To elucidate the functional significance of the interaction between SMK-1 and HCP-

4CENP-C in vivo, we put molecular replacement strategy in place based on the exogenous 

expression of RNAi-resistant mCh::HCP-4CENP-C. Surprisingly, the AxxA(1+3) mutant disrupted 

the nuclear localization of mCh::HCP-4CENP-C (further discussed below). Therefore, we turned 

to the AxxA(1) mutant that partially inhibits binding to SMK-1 and to the AxxA(1+2) mutant, 

which should be at least as binding deficient as AxxA(1). Worms expressing the AxxA(1) or 

AxxA(1+2) mutants showed a ~50% increase in kinetochore-localized mCh::HCP-4CENP-C at 

NEBD, similar to what is observed after smk-1(RNAi). The AxxA(1) and AxxA(1+2) mutants 

showed no defects in chromosome congression. Imaging GFP::HCP-3CENP-A and GFP::KLE-

2CAP-H2 in worms co-expressing the AxxA(1) or AxxA(1+2) mutants will be required to assess 

whether the interaction between SMK-1 and HCP-4CENP-C is required for sister centromere 

resolution and/or condensin II loading.  

The observations lead us to hypothesize that the interaction between SMK-1 and HCP-

4 CENP-C is important for targeting the protein phosphatase 4 complex to the centromeric region, 

where it would be involved in the phospho-regulation of one or multiple substrates, the identity 

of which remains to be determined. PP4 activity would be essential for the proper loading of 

the condensin II complex to the centromere, where it drives sister centromere resolution, a 

process that may be accompanied by the removal of a centromeric pool of cohesion. 

Additionally, the process of assembling the outer kinetochore cooperates with the condensin-

mediated pathway to ensure the complete centromere resolution during prophase (Figure 

2.20). 
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Figure 2.20 – Model summarizing how SMK-1/PP4 could regulate sister centromere resolution. 
The interaction between SMK-1’s EVH1 domain and HCP-4’s FxxP motifs promotes its recruitment to 
the centromeric region where it would dephosphorylate (still unknown) centromere substrate(s) 
promoting the loading of condensin II to this region and possibly also allowing the removal of a 
centromeric pool of cohesin. This pathway, together with the assembly of the outer kinetochore, would 
then be necessary to promote sister centromere resolution during prophase. 

 

2.2.4.2 The third FxxP motif in HCP-4CENP-C plays a role in nuclear import, independently 

of the SMK-1 interaction 

Intriguingly, and in contrast to the other FxxP mutants, the combined mutation of the first 

and third FxxP motifs excludes HCP-4CENP-C from the nucleus. This defect cannot be due to 

disrupted binding of SMK-1 to HCP-4CENP-C, because SMK-1 depletion does not prevent 

nuclear localization of HCP-4CENP-C. The mutant therefore reveals an SMK-1-independent role 

for the region encompassing the third FxxP motif in importing HCP-4CENP-C to the nucleus. 

Sequence analysis revealed that HCP-4CENP-C possesses a predicted monopartite NLS 

(Nuclear localization signal) which includes the mutated proline of the FxxP(3) Surprisingly, 

however, mutating just the phenylalanine [AxxP(3)] did not restore mCh::HCP-4CENP-C 

localization, suggesting that the phenylalanine is important for nuclear import. Indeed, 

expression of the FxxA(3) mutation showed normal mCh::HCP-4CENP-C localization in 

prophase. 

Although its usefulness for studying the function of the SMK-1 - HCP-4CENP-C interaction 

in vivo is limited, the AxxA(3) mutant is nevertheless interesting. First, the mutant provides the 

first insight into the molecular mechanism by which HCP-4CENP-C is imported to the nucleus.  

Second, the mutant shows that nuclear localization of HCP-4CENP-C prior to NEBD is not 

essential for its incorporation into the centromere, which contradicts the conclusion of a 

previous report based on the depletion of the nuclear pore proteins NPP-10, NPP-13 and NPP-

20 (Ferreira et al., 2017). Third, the mutant demonstrates that kinetochore assembly prior to 

NEBD is crucial for chromosome segregation fidelity. 
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2.2.4.3 SMK-1's role in chromosome congression 

Our data shows that SMK-1/PP4 plays an important role in chromosome congression 

and the fidelity of chromosome segregation. Although SMK-1 binds HCP-4CENP-C and that 

pathway may be involved in the regulation of sister centromere resolution, our results seem to 

indicate that SMK-1 regulates chromosome congression independently of sister centromere 

resolution. First, the rescue of sister centromere resolution by co-depleting SMK-1 with SCC-

1 did not rescue, and even aggravated, the chromosome congression defect. Additionally, 

chromosome scattering can be induced by smk-1(RNAi) in embryos expressing the HCP-

4CENP-C AxxA(3) mutant, which because of its exclusion from the nucleus delays sister 

centromere resolution. 

The chromosome congression defects observed after SMK-1 depletion is characterized 

by a dramatic scattering of the chromosomes back to the spindle poles around 70 s after 

NEBD. In C. elegans, chromosome congression depends on polar ejection forces (PEFs) 

driven by the chromokinesin KLP-19 (Powers et al., 2004), and the phenotype caused by SMK-

1 depletion appears, at first, to mimic that of KLP-19 depletion. However, our live-imaging 

assay revealed that chromosome scattering after klp-19(RNAi) already starts ~40 s after 

NEBD, which is significantly earlier than chromosome scattering after smk-1(RNAi). This 

suggests that smk-1(RNAi) does not inhibit PEFs. The initial poleward movement of 

chromosomes after smk-1(RNAi), which occurs ~70 s after NEBD, likely corresponds to the 

time point when outer kinetochore assembly is completed and kinetochores first engage with 

microtubules. To dissect how the components of outer kinetochore could be involved in the 

chromosome scattering induced by depletion of SMK-1 we sought to analyze the chromosome 

behavior when combining the depletion of SMK-1 with the major microtubule binding 

components of the outer kinetochore: the NDC-80 complex and dynein. In embryos co-

depleted of SMK-1 and NDC-80 chromosome scattering is initially rescued, with the 

chromosomes displaying a behavior similar to NDC-80 depletion on its own, suggesting the 

involvement of NDC-80-mediated end-on attachments in the dispersal of chromosomes at ~70 

s post-NEBD. However, embryos co-depleted of SMK-1 and NDC-80 still display chromosome 

scattering, although at a later time point (~140 s after NEBD) (Figure 2.21). A likely explanation 

for the chromosome scattering ~140 s after NEBD is that kinetochore dynein, whose 

localization is not prevented by NDC-80 depletion (Gassmann et al., 2008), transports 

chromosomes towards the microtubules minus ends located at the spindle poles. To test this 

hypothesis, chromosome dynamics will be examined after NDC-80 depletion in the ∆nud-2 

background, in which kinetochore dynein levels are reduced [using the nud-2(ok949) allele 

avoids potential low knock-down efficiency of triple NDC-80+SMK-1+ROD-1 RNAi treatments]. 

Chromosome scattering at 70 s post-NEBD can be completely abrogated not only by 

depleting NDC-80 but also by depletion of the RZZ complex (via ROD-1 depletion) or BUB-1, 
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which are known to be required for proper dynein recruitment to kinetochores (Starr et al., 

1998; Gassmann et al., 2008; Essex et al., 2009; Zhang et al., 2015; Edwards et al., 2018). 

Kinetochore dynein is known to promote the initial lateral interactions between kinetochores 

and microtubules that are thought to rotate kinetochore pairs such that sister kinetochores face 

opposite poles prior to formation of end-on attachments, which decreases the incidence of 

merotely (Magidson et al., 2015). Our findings suggest that  RZZ and BUB-1 inhibition prevents 

NDC-80-dependent chromosome scattering by increasing the frequency of merotelic 

attachments (Gassmann et al., 2008) (Figure 2.21). Interestingly, SMK-1 depletion in nud-

2(ok949) embryos, which also have reduced dynein levels at kinetochores (Liang et al., 2007; 

Vergnolle and Taylor, 2007; Simões et al., 2018), has an even stronger effect on chromosome 

scattering than SMK-1 depletion alone. We propose that the reason for this is two-fold: 1) nud-

2(ok949) embryos are known to exhibit lower levels of lagging chromatin in anaphase than 

ROD-1-depleted embryos (Simões et al., 2018), implying that a lower number of merotelic 

attachments are established in these embryos. Thus, the relatively low incidence of merotely 

in nud-2(ok949) embryos relative to rod-1(RNAi) embryos facilitates chromosome scattering. 

On the other hand, the residual kinetochore dynein levels in nud-2(ok949) embryos are not 

sufficient to accelerate the formation of end-on kinetochore-microtubule attachments by the 

NDC-80 complex (Simões et al., 2018). As a result, bi-orientation is further delayed in nud-

2(ok949) + smk-1(RNAi) embryos, thereby causing exaggerated scattering. 

Why do chromosomes scatter to spindle poles in smk-1(RNAi) embryos? During 

scattering both sister chromatids move together towards one of the poles, indicating that 

chromosomes are mono-oriented. As bi-orientation is established, chromosomes again 

congress to the spindle equator (Figure 2.21). A recent study showed that delayed kinetochore 

recruitment of the SKA complex is responsible for the complete failure of bi-orientation in HCP-

1/2CENP-F- or CLS-2CLASP-depleted embryos (Edwards et al., 2018). In line with these findings, 

we found that the SMK-1 depletion phenotype could be exacerbated by removal of the SKA 

complex, somewhat emulating the extreme sister chromatid co-segregation phenotype 

observed after HCP-1/2CENP-F or CLS-2CLASP depletions (Cheeseman et al., 2005) (Figure 2.21). 

This finding, together with the observation that BUB-1 depletion rescues sister chromatid co-

segregation in SMK-1 + SKA inhibited embryos, similarly to what was previously reported for 

BUB-1 depletion in HCP-1/2CENP-F- or CLS-2CLASP-depleted embryos (Edwards et al., 2018), led 

us to consider the idea that SMK-1 depletion results in partial downregulation of CLS-2CLASP 

activity. However, cls-2(partial RNAi) gave rise to a chromosome scattering phenotype that is 

distinct from that of smk-1(RNAi). Moreover, co-depletion of ROD-1 rescues sister chromatid 

co-segregation in ∆ska-1+smk-1(RNAi), while RZZ inhibition was shown by Edwards et al. 

(2018) not to rescue the defects cause by cls-2(RNAi). Altogether, our results imply that the 

chromosome scattering induced by SMK-1 depletion is unlikely to be a direct consequence of 
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down-regulated CLS-2CLASP activity. However, it is possible that altered microtubule dynamics 

could contribute to the apparent delay in bi-orientation in smk-1(RNAi) embryos. In fact, PP4 

activity has been proposed to be involved in centrosome maturation and microtubule growth 

(Sumiyoshi et al., 2002). Assessing microtubule dynamics by imaging embryos stably 

expressing a fluorescently-tagged version of the plus-end tracking protein EBP-2 after smk-

1(RNAi) would help us to test this hypothesis. 

Another possibility is that the chromosome scattering in smk-1(RNAi) embryos is a direct 

consequence of the delay in outer kinetochore assembly. In wild-type embryos polar ejection 

forces act concurrently with the establishment of kinetochore microtubule-interactions, such 

that chromosomes transition from mono-oriented attachments to bi-oriented attachments while 

being pushed towards the spindle equator through the action of KLP-19. By the time polar 

ejection forces become weaker for chromosomes that have reached the spindle equator, bi-

oriented attachments are already in place to finish the job of congression. In this view, the 

concerted action of chromosome arm-localized KLP-19 and kinetochore-localized NDC-

80/dynein ensures the steady, uninterrupted congression of chromosomes to the metaphase 

plate observed in the quantitative chromosome span assay. In smk-1(RNAi) embryos, the 

outer kinetochore is not ready to engage in microtubule interactions during the first phase of 

chromosome congression that is driven by polar ejection forces. Thus, by the time polar 

ejection forces become weaker for chromosomes near the spindle center, kinetochores in smk-

1(RNAi) embryos have only just begun to establish mono-oriented attachments, which causes 

chromosomes to move back towards spindle poles. In this model, timely assembly of the outer 

kinetochore enables NDC-80/dynein activity to synergize with the activity of KLP-19 after 

NEBD. We propose that the concerted action of microtubule binding activity on chromosome 

arms and kinetochores is important for chromosome congression and the fidelity of 

chromosome segregation. Analysis of the CENP-C mutants discussed above will reveal 

whether timely outer kinetochore assembly depends on the interaction between SMK-1 and 

CENP-C. 

In conclusion, using the C. elegans early embryo, we were able to uncover novel 

functions for the protein phosphatase 4 in mitosis, including its involvement in the regulation 

of sister centromere resolution and the timely assembly of the outer kinetochore. Further 

molecular and functional characterization of the described interaction between SMK-1 and 

HCP-4CENP-C will help us to understand the biological relevance of this interaction and its 

implications for sister centromere resolution. 
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Figure 2.21 – Schematics of the potential mechanisms by which chromosome congression is 
influenced by SMK-1 depletion. (A) In a normal division, dynein at kinetochores is able to promote the 
initial chromosome capture and orients the chromosomes such that each kinetochore faces opposing 
spindle poles. Like that, NDC-80 can then establish amphitelic end-on load bearing attachments that 
are further stabilized by the SKA complex promoting proper chromosome congression. (B) When SMK-
1 is depleted, dynein captures and promotes the poleward transport of mono-oriented chromosomes, 
that are end-on attached via NDC-80. When, later, the SKA complex is loaded, attachments are locked 
down and chromosomes are able to congress, often with the presence of merotely. (C) When NDC-80 
is co-depleted with SMK-1, kinetochores do not establish end-on attachments and therefore are not 
pulled towards the poles in a first moment. Later, dynein is still able to ‘grab’ the chromosomes and 
transport them since there are no opposing forces being exerted on kinetochores. (D) If dynein is 
removed from the kinetochores then the chromosome scattering induced by SMK-1 is abolished and 
chromosomes congress into a loose metaphase plate due to the presence of a high number of merotelic 
attachments that keep the chromosomes close to cell equator. (E) In the absence of the SKA complex 
the chromosomes never recover after SMK-1-induced scattering, since end-on attachments are never 
stabilized and chromosomes are not allowed to congress. 

 

 



 

121 

 

 

 

 

 

  

 

 

CONCLUDING REMARKS 

 





Conclusions | Chapter 3 

123 

 

3.1 CONCLUSIONS AND OUTLOOK 

Cytoplasmic dynein (dynein) is the major minus-end directed microtubule-based 

molecular motor in eukaryotic cells. As such, dynein plays a role in a vast array of cellular 

processes, including vesicle trafficking, organelle positioning, and cell division (Roberts et al., 

2013; Raaijmakers and Medema, 2014). To achieve this astonishing functional diversity, 

dynein depends on several co-factors that regulate its subcellular localization, interaction with 

cargo, and motor activity (Reck-Peterson et al., 2018). The mechanisms of dynein regulation 

are still subject to much attention and the identification of dynein partners is an ongoing 

process. 

The project that gave rise to the work presented in this thesis started from that premise. 

I used the model organism Caenorhabditis elegans, in which one of the ubiquitous co-factors 

of dynein, NudE, is not essential for viability but partially compromises dynein function (Simões 

et al., 2018). Therefore, it can be used as a powerful tool to deepen our knowledge about the 

mechanisms of dynein regulation. Using a null allele of the C. elegans NudE homolog, nud-2 

[nud-2(ok949)], I performed a genome-wide RNAi screen to search for genetic interactors of 

this important dynein regulator. Genome-wide RNAi screens in C. elegans have been 

successfully used for more than a decade and have led to the identification of new components 

of a variety of processes (Perrimon et al., 2010). In this study, bacterial feeding was used to 

deliver dsRNAs in a 96-well liquid format and a semi-automated fluorescence microscopy 

approach which allowed me to screen more than 83 % of the C. elegans genome and led to 

the identification of 38 genes whose inhibition caused enhanced lethality in nud-2(ok949) 

relative to the nud-2(+) control. Among the identified hits, there was an enrichment in proteins 

that are involved in dynein-related processes including 19 that were known to play roles in cell 

division, attesting that the screen was successful in identifying genes that functionally intersect 

with the dynein pathway. The list of genes obtained by this study provides a number of nud-2 

genetic interactors whose further study will advance our understanding of dynein regulation 

and function, and the screen data can be extended and explored in various different ways to 

find additional genes that were excluded by the cut-off that was employed. Additionally, the 

data obtained for the control strain and the method employed to perform the screen can be 

used by others as references for future genome-wide RNAi screens using similar formats. 

A short list of 30 genes was re-screened by RNAi-mediated depletion, through micro-

injection of specific dsRNA produced against each one of the genes, and live-imaging of 

embryos, expressing GFP::-tubulin (to visualize the spindle poles) and GFP::histone H2B (to 

visualize chromosomes), undergoing the first embryonic division. This approach revealed that 

depletion of 15 out of the 30 genes analyzed produced mitotic defects at different levels. 

Among them was smk-1, the worm homolog of the targeting subunit of the protein phosphatase 
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4 complex PP4R3A, whose depletion caused an unanticipated set of mitotic defects. At the 

organism level, SMK-1 revealed to be essential for embryonic viability and for the development 

of the hermaphrodite gonad. 

In the early embryo, I showed that SMK-1 localized constitutively to the nucleus but 

seemed to be excluded from the space occupied by the condensing chromosomes in 

prophase. After nuclear envelope breakdown SMK-1 localized in the mitotic spindle region until 

metaphase. In telophase, SMK-1 reoccupied the nuclear space as chromosomes 

decondensed and the nuclear envelope was re-assembled. Additionally, SMK-1 could be 

transiently detected at centrosomes during this period. Interestingly, SMK-1 depletion resulted 

in chromosome congression defects, with the chromosomes scattering dramatically back 

towards the poles and engaging in oscillatory movements until they finally congressed to a 

loose metaphase plate, before segregating in anaphase with high incidence of lagging 

chromatin. Additionally, SMK-1-depleted embryos displayed a delayed assembly of the outer 

kinetochore and a delay in sister centromere resolution. 

In C. elegans, sister centromere resolution depends on the centromeric protein HCP-

4CENP-C, whose depletion completely abrogates sister centromere resolution by preventing the 

proper loading of the condensin II complex (Moore and Roth, 2001; Moore et al., 2005). 

Interestingly, I found that SMK-1 depletion greatly reduces the chromosome levels of 

condensin subunit GFP::KLE-2CAP-H2. In addition, I also found that depleting the outer 

kinetochore component KNL-1 also affected resolution, similar to SMK-1 depletion. Co-

depleting the two proteins almost completely abrogated sister centromere resolution, 

suggesting that SMK-1 and KNL-1 act in parallel pathways to promote sister resolution. KNL-

1 acts downstream of HCP-4CENP-C (Screpanti et al., 2011), and I provided evidence that SMK-

1 may also act downstream of HCP-4CENP-C. SMK-1 binds in vitro to FxxP motifs present in 

HCP-4CENP-C. Three FxxP motifs exist in HCP-4CENP-C and I showed that mutating the first (FxxP 

to AxxA) reduced SMK-1 binding and mutating the first and the third together completely 

disrupted the interaction. In the animal, mutations in the first and the second motifs allowed 

proper localization of mCh::HCP-4CENP-C and were compatible with embryonic development. 

By contrast, when the first and the third motifs were mutated mCh::HCP-4CENP-C failed to 

localize in the nucleus but was still recruited to centromeres and allowed kinetochore assembly 

after NEBD. These embryos displayed severe chromosome segregation defects caused by 

the delay in recruitment and assembly of the outer kinetochore, which resulted in 100 % of 

embryonic lethality. Since SMK-1 depletion did not prevent nuclear localization of mCh::HCP-

4CENP-C, the third FxxP motif has a role in nuclear import of mCh::HCP-4CENP-C independently 

of its role in SMK-1 binding. 

I was able to show that the defects in chromosome congression after SMK-1 depletion 

are not caused by the delay in sister centromere resolution, since the rescue of sister 
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centromere resolution observed after co-depletion of SMK-1 and cohesin did not rescue the 

chromosome scattering phenotype. To gain better insight about the nature of the chromosome 

congression defects caused by SMK-1 depletion I tried to understand how the components of 

the chromosome congression machinery influence this phenotype. First, I verified that the 

chromosome scattering is unlikely to be caused by defective polar ejection forces, which in C. 

elegans depend on the chromokinesin KLP-19 (Powers et al., 2004). Next, I turned my 

attention to the kinetochore-microtubule interface to dissect its involvement in the chromosome 

scattering phenotype. Chromosome congression in SMK-1-depleted embryos was 

characterized by an initial period of congression driven by polar-ejection forces, followed by a 

period in which the chromosomes oscillate between movements towards and away from the 

poles, until they eventually congress into a loose metaphase plate. The data suggest that the 

poleward movement observed at ~70 s post-NEBD is caused by mono-oriented, NDC-80-

mediated end-on attachments and that the recovery of chromosome congression observed at 

~140 s requires attachment stabilization promoted by the SKA complex. I also showed that 

chromosome scattering is prevented when merotelic attachments are introduced by removing 

dynein from kinetochores. 

A condition that results in a dramatic co-segregation phenotype similar to that of ∆ska-

1+smk-1(RNAi) is the depletion of CLS-2CLASP or HCP-1/2CENP-F (Cheeseman et al., 2005). I 

therefore sought to determine whether the scattering defect caused by smk-1(RNAi) could 

reflect dysregulated microtubule dynamics due to downregulated CLS-2CLASP activity. 

However, my results showed that cls-2(partial RNAi) gave rise to a scattering phenotype that 

is distinct from that of smk-1(RNAi) and the kinetics of sister chromatid co-segregation was 

also different between cls-2(RNAi) and ∆ska-1+smk-1(RNAi), implying that the smk-1(RNAi) 

phenotype is unlikely to reflect a down-regulation of CLS-2CLASP activity. 

The work performed in this thesis contributed to the identification and characterization of 

novel roles for the protein phosphatase 4 complex and its subunit, SMK-1, in mitosis. SMK-1 

plays an essential role in different mitotic processes including sister centromere resolution, 

kinetochore assembly and chromosome congression. In addition, and unrelated to SMK-1’s 

roles in mitosis, I identified a residue in HCP-4CENP-C that is essential for its nuclear import 

during prophase. Several questions still remain unanswered. First and foremost, it is necessary 

to understand which mitotic substrates PP4 is dephosphorylating and the identity of the 

corresponding kinases. HCP-4CENP-C itself is a candidate substrate for PP4, as Drosophila 

melanogaster CENP-C was already shown to be heavily phosphorylated, possibly by multiple 

kinases, and was shown to be dephosphorylated by PP4 (Bodenmiller et al., 2007; Zhai et al., 

2008; Lipinszki et al., 2015). However, it is very likely that other centromere/kinetochore 

substrates also exist, since phosphorylation by mitotic kinases such as CDK1, PLK1 and 

Aurora B has been shown to regulate several kinetochore components. Second, the functional 
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significance of the HCP-4CENP-C - SMK-1 interaction remains to be established. 

Characterization of the HCP-4CENP-C FxxP motif mutants in vivo will show whether SMK-1 

recruitment to HCP-4CENP-C is required to promote sister centromere resolution and outer 

kinetochore assembly. Third, how KNL-1 contributes to sister chromatid resolution is unclear. 

One possibility would be that PP4 activity acts in parallel with PP1 that is recruited to 

kinetochores via KNL-1 (Liu et al., 2010). Analyzing KNL-1 mutants that disrupt PP1 

recruitment (Espeut et al., 2012) would provide answers regarding this issue. Third, it is unclear 

whether the delay in sister chromatid resolution is responsible for the delay in kinetochore 

assembly. One way to try to answer this question would be to check whether outer kinetochore 

assembly is delayed in SMK-1+SCC-1-depleted embryos, in which the sister centromere 

resolution delay is rescued. If in these embryos kinetochore assembly is still delayed, then this 

would show that the two defects are not causally linked. On the other hand, if kinetochore 

assembly is normal in SMK-1+SCC-1-depleted embryos, then the conclusion would be that 

the delay in kinetochore assembly cannot be the cause of the chromosome scattering 

phenotype. Fourth, although I showed that SMK-1-mediated chromosome scattering is unlikely 

to be caused by a down-regulation in CLS-2CLASP activity, it could still be related to a 

dysregulation of microtubule dynamics. In fact, PP4 activity was proposed to contribute to 

centrosome maturation and microtubule growth (Sumiyoshi et al., 2002).  Assessing 

microtubule dynamics by determining rates of microtubule nucleation and growth in embryos 

expressing GFP::EBP-2 will allow to test this possibility. 
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Section 2.1 

 

Data Record 1 – Results of primary screen 

 

Data Record 2 – Results of secondary screen 

 

Available at: https://doi.org/10.6084/m9.figshare.5838222.v1 

 

 





 

 

 

Section 2.2 

 

 

Figure S1 – Depletion of C09B9.4 has no detectable mitotic defects. (A) Stills from time-

lapse sequences of one-cell embryos expressing GFP::-tubulin and GFP::histone H2B 

showing that depletion of C09B9.4 has no observable defects in chromosome congression 

and segregation. Scale bar: 5 µm. (B), (C) Plots of spindle pole separation kinetics and 

chromosome span profile showing that after C09B9.4(RNAi) NEBD-AO timing, chromosome 

congression and pole separation are similar to controls. Distances were measured in images 

acquired every 10 s, averaged for the indicated number n of embryos, and plotted against time. 

On the top of the graphs is represented the average anaphase onset (AO) time point for each 

condition. Error bars represent the 95 % c.i. 

 

 





 

 

 

Table S1 – C. elegans strains used in this study. 

Strain 
name 

Genotype Source 

N2 wild-type (ancestral N2 Bristol) 
Caenorhabditis Genetics 
Center (CGC) 

EKM42 cldIs5[pie-1p::capg-1::GFP + unc-119(+)] CGC 

GCP39 
nud-2(ok949)I; ruIs32[pAZ132; Ppie-1::GFP::his-58; unc-
119(+)]III; ddIs6[Ppie-1::GFP::tbg-1; unc- 119(+)]V * 

Simões et al. 2018. J. Cell 
Sci. 131:jcs.212159 

GCP66 nud-2(ok949)I 
Simões et al. 2018. J. Cell 
Sci. 131:jcs.212159 

GCP77 

unc-119(ed3) III; prtSi140[pRG947; Pmex-5::mCherry::hcp-4 
reencoded::tbb-2 3'; cb-unc-119(+)] II; ruIs32[pAZ132; Ppie-
1::GFP::his-58; unc-119(+)] III; ddIs6[Ppie-1::GFP::tbg-1; 
unc- 119(+)] V * 

This study 

GCP131 
pph-4.1(tm1598) III/hT2 [bli-4(e937) let-?(q782) qIs48] (I;III); 
ijmSi8 [pJD362; Pmex-5::gfp::tbb-2; mCherry::his-11; cb-
unc-119(+)] II * 

This study 

GCP133 

smk-1[prt63(3xFLAG); prt95(KO)] V; unc-5(e53) IV/nT1 
[qIs51] (IV;V); dpy-11(e224) V/nT1 [qIs51] (IV;V); ijmSi8 
[pJD362; Pmex-5::gfp::tbb-2; mCherry::his-11; cb-unc-
119(+)] II; unc-119(ed3) III * 

This study 

GCP143 
unc-119(ed3) III; prtSi142[pRG973; Pmex-5::mCherry::hcp-4 
reencoded (F129A+P132A)::tbb-2 3'; cb-unc-119(+)] II * 

This study 

GCP174 
unc-119(ed3) III; prtSi143[pRG974; Pmex-5::mCherry::hcp-4 
reencoded (F129A+P132A+F438A+P441A)::tbb-2 3'; cb-
unc-119(+)] II * 

This study 

GCP203 

unc-119(ed3) III; prtSi142[pRG973; Pmex-5::mCherry::hcp-4 
reencoded (F129A+P132A)::tbb-2 3'; cb-unc-119(+)] II; 
ruIs32[pAZ132; Ppie-1::GFP::his-58; unc-119(+)] III; 
ddIs6[Ppie-1::GFP::tbg-1; unc- 119(+)] V * 

This study 

GCP340 
unc-119(ed3) III; prtSi140[pRG947; Pmex-5::mCherry::hcp-4 
reencoded::tbb-2 3'; cb-unc-119(+)] II * 

This study 

GCP367 

unc-119(ed3) III; prtSi142[pRG974; Pmex-5::mCherry::hcp-4 
reencoded (F129A+P132A+F438A+P441A)::tbb-2 3'; cb-
unc-119(+)] II; ruIs32[pAZ132; Ppie-1::GFP::his-58; unc-
119(+)] III; ddIs6[Ppie-1::GFP::tbg-1; unc- 119(+)] V * 

This study 

GCP421 
unc-119(ed3)III; prtSi147[pRG986; Pmex-5::mCherry::hcp-4 
reencoded (F129A+P132A+F438A)::tbb-2 3'; cb-unc-119(+)] 
II * 

This study 

GCP481 smk-1[prt63(3xFlag)] V This study 

GCP595 
smk-1[prt63(3xFLAG); prt94(KO)]V; unc-5(e53) IV/nT1 
[qIs51] (IV;V); dpy-11(e224) V/nT1 [qIs51] (IV;V) 

This study 

GCP789 
prtSi149[pRG992; Pmex-5::SV40 NLS::mCherry::EGL-13 
NLS::hcp-4 reencoded (F129A+P132A+F438A+P441A)::tbb-
2 3'; cb-unc-119(+)] II * 

This study 

GCP806 
prtSi155[pRG1003; Pmex-5::mCherry::EGL-13 NLS::hcp-4 
reencoded (F129A+P132A+F438A+P441A)::SV40 NLS::tbb-
2 3'; cb-unc-119(+)] II * 

This study 

GCP825 
prtSi160[pRG1034; Pmex-5::mCherry::hcp-4 reencoded 
(F129A+P132A+F438A+P441A)::SV40 NLS::tbb-2 3'; cb-
unc-119(+)] II * 

This study 
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GCP829 
him-10(lt52[him-10::GFP]) III; unc-119(ed3) III; 
prtSi140[pRG947; Pmex-5::mCherry::hcp-4 reencoded::tbb-2 
3'; cb-unc-119(+)] II * 

This study 

GCP830 
him-10(lt52[him-10::GFP]) III; unc-119(ed3) III; 
prtSi143[pRG974; Pmex-5::mCherry::hcp-4 reencoded 
(F129A+P132A+F438A+P441A)::tbb-2 3'; cb-unc-119(+)] II * 

This study 

GCP833 
prtSi161[pRG1034; Pmex-5::mCherry::hcp-4 reencoded 
(F129A+P132A+F438A+P441A)::EGL-13 NLS::tbb-2 3'; cb-
unc-119(+)] II * 

This study 

GCP845 
[SMK-1::GFP] V; unc-119(ed3) III; ltIs37 [pAA64; pie-
1/mCHERRY::his-58; unc-119 (+)] IV 

This study 

GCP858 

unc-119(ed3) III; prtSi169[pRG1059; Pmex-
5::3xFLAG::SV40 NLS::mCherry::hcp-4 reencoded 
(F129A+P132A+F438A+P441A)::EGL-13 NLS::tbb-2 3'; cb-
unc-119(+)] II * 

This study 

GCP859 
unc-119(ed3) III; prtSi170[pRG1065; Pmex-5::mCherry::hcp-
4 reencoded (F129A+P132A+F438A+P441A+SV40 
NLS)::tbb-2 3'; cb-unc-119(+)] II * 

This study 

GCP860 
unc-119(ed3) III; prtSi171[pRG1066; Pmex-5::mCherry::hcp-
4 reencoded (F129A+P132A+P441A+SV40 NLS)::tbb-2 3'; 
cb-unc-119(+)] II * 

This study 

GCP862 
unc-119(ed3) III; prtSi173[pRG1067; Pmex-5::mCherry::hcp-
4 reencoded (F129A+P132A+F334A+P337A)::tbb-2 3'; cb-
unc-119(+)] II * 

This study 

GCP872 

unc-119(ed3) III; ruIs32[pAZ132; pie-1/GFP::his-58] III; ddIs6 
[GFP::tbg-1; unc-119(+)] V; prtSi171[pRG1066; Pmex-
5::mCherry::hcp-4 reencoded (F129A+P132A+P441A+SV40 
NLS)::tbb-2 3'; cb-unc-119(+)] II * 

This study 

GCP876 

unc-119(ed3) III; ruIs32[pAZ132; pie-1/GFP::his-58] III; ddIs6 
[GFP::tbg-1; unc-119(+)] V; prtSi173[pRG1067; Pmex-
5::mCherry::hcp-4 reencoded 
(F129A+P132A+F334A+P337A)::tbb-2 3'; cb-unc-119(+)] II * 

This study 

JDU21 
ijmSi8 [pJD362; Pmex-5::gfp::tbb-2; mCherry::his-11; cb-
unc-119(+)] II; unc-119(ed3) III 

Julien Dumont 

OD347 
unc-119(ed3); ltSi4[pOD833; hcp-3/GFP:hcp-3; cb unc-
119(+)] II; hcp3(ok1892) III 

Gassmann et al. 2012. 
Nature. 484(7395):534-
537. 

OD388 

unc-119(ed3) III; ltSi1 [pOD809/pJE110; Pknl-1::KNL-
1reencoded::mCherry; cb-unc-119(+)] II; ruIs32 [pAZ132; 
pie-1/GFP::his-58; unc-119(+)] III; ddIs6 [pie-1/GFP::tbg-1; 
unc-119(+)] V 

Espeut et al 2012. J Cell 
Biol. 196(4):469-82 

OD421 
unc-119(ed3); ltSi4[pOD833; hcp-3/GFP:hcp-3; cb unc-
119(+)] II; hcp3(ok1892) III; ltIs37[pAA64; pie-1/mCherry:his-
58; unc-119 (+)] IV 

Gassmann et al. 2012. 
Nature. 484(7395):534-
537. 

OD1120 
ltSi268[pTK013; Pbub-1::Bub1 reencoded; cb-unc-119(+)] II; 
unc-119(ed3) III; ruIs32[pAZ132; pie-1/GFP::histone H2B] III; 
ddIs6 [GFP::tbg-1; unc-119(+)] V 

Moyle et al. 2014. J Cell 
Biol. 204(5):647 

OD1121 
ltSi270[pTK014; Pbub-1::Bub1 reencoded(mut K718R, 
D847N) cb-unc-119(+)] II; unc-119(ed3) III; ruIs32[pAZ132; 
pie-1/GFP::histone H2B] III; ddIs6 [GFP::tbg-1; unc-119(+)] V 

Moyle et al. 2014. J Cell 
Biol. 204(5):647 

OD1702 
unc-119(ed3) III; ltSi560 [pPLG014; Pmex-5::GFP::his-
11::tbb- 2_3’UTR, tbg-1::gfp::tbb-2 3’; cb-unc-119(+)] V 

Kim et al. 2015. J Cell 
Biol. 209(4): 507 

OD2026 
ltSi382[pTK027; Pbub-1::Bub1 reencoded (mut D814N); cb-
unc-119(+)] II; unc-119(ed3) III; ruIs32[pAZ132; pie-
1/GFP::histone H2B] III; ddIs6 [GFP::tbg-1; unc-119(+)] V 

Arshad Desai 

OD2498 
ltSi251[pOD1940/pTK002; Pbub-1::GFP-Bub1 reencoded; 
cb-unc-119(+)] II; unc-119(ed3) III; ltIs37 [pAA64; pie-
1/mCHERRY::his-58; unc-119 (+)] IV 

Kim et al. 2015. J Cell 
Biol. 209(4): 507 



 

 

 

OD2762 
ska-1(lt29::loxp)I; unc-119(ed3) III; ltSi560 [pPLG014; Pmex-
5::GFP:: his-11::tbb-2_3’UTR, tbg-1::gfp::tbb-2 3’; cb-unc-
119(+)] V 

Cheerambathur et al. 
2017. Dev. Cell. 
41(4):424-437.E4 

OD2953 him-10(lt52[him-10::GFP]) III 
Cheerambathur et al. 
2019. Dev Cell. 48:864-
872 

OD3367 rod-1(lt62[gfp::rod-1]) IV 
Pereira et al. 2018. Curr. 
Biol. 28(21):3408-3421.e8 

OD3410 hcp-4(lt72[GFP::hcp-4])I 
Cheerambathur et al. 
2019. Dev Cell. 48:864-
872 

OD4486  [SMK-1::GFP] V This study 

RQ283 
unc-119(ed3) III; jzIs41[pRK177; Ppie-1::GFP::spdl-1; cb-
unc-119(+)]; spdl-1(ok1515) II; itIs37[pAA64; Ppie-
1::mCherry::his-58; cb-unc-119(+)] IV * 

Yamamoto et al. 2008. J 
Cell Biol. 183(2):187-194 

TG3828 
unc-119(ed3) III; gtIs3828[pie- 1p::gfp::kle-2 + unc-119(+)]; 
ltIs37[(pAA64) pie-1p::mCherry::his-58 + unc-119(+)] 

Sonneville et al. 2012. J. 
Cell Biol. 196(2):233-246 

TH32 
unc-119(ed3) III; ruIs32[pAZ132; pie-1/GFP::his-58] III; ddIs6 
[GFP::tbg-1; unc-119(+)] V 

Oegema, et al. (2001). J. 
Cell Biol. 153(6):1209-
1226 

 

* unc-119(ed3) III was present in parental strains, but these strains have not been 

sequenced to determine whether the unc-119 gene still contains the ed3 mutation. 

 





 

 

 

Table S2 – Genomic sequences targeted by sgRNAs for CRISPR-Cas9-assisted genome 

editing. 

Gene ID Gene Name Modification sgRNA target site (5'-3' sequence) 

F41E6.4 smk-1 C-terminal 3xflag 

GCAACTGCCACAGTTTCGC 

AAATAATGTTCTTTCTTTC 

CAGTTTCGCAGGCCTAAAT 

F41E6.4 smk-1 
N-terminal deletion 
(null mutant) 

CAGGAAAGCCTGAAAAGAA 

GAAAAGAATGGAAGTAGAC 

 

 





 

 

 

Table S3 – Oligos used for double-stranded RNA production. 

Gene ID Gene Name 
Oligonucleotide 1 
(T3 promoter) 

Oligonucleotide 2 
(T7 promoter) 

Template 

C02F5.1 knl-1 
aattaaccctcactaaaggCCAT
GCTAATGTCTTCACACG 

taatacgactcactataggCCGCT
GAAATGGATACGAGT 

gDNA 

C09B9.4 C09B9.4 
aattaaccctcactaaaggCACC
AGTCTGGCTTCCCATC 

taatacgactcactataggCCAGC
GGAGATCCAATAGAGTT 

gDNA 

C29E4.2 kle-2 
aattaaccctcactaaaggTCGT
GTGCCGTATATGGTCG 

taatacgactcactataggGAGTG
CTCGGGCGATTCTTA 

gDNA 

D2092.2 ppfr-2 
aattaaccctcactaaaggGATTA
CACGACGGCGCTAT 

taatacgactcactataggTCACC
TTGTCAACAGCTCTCA 

cDNA 

F10G7.4 scc-1 
aattaaccctcactaaaggTTCTC
CGAAGGACCAACACG 

taatacgactcactataggTGGAT
AGGGATCGGAGCACA 

gDNA 

F41E6.4 smk-1 
aattaaccctcactaaaggCCTG
GAGATCCTGATGCCAC 

taatacgactcactataggAAAGG
TTTCCTTTGTCGCGG 

gDNA 

F55G1.4 rod-1 
aattaaccctcactaaaggTGGG
AAAAACGGTTTCAAAG 

taatacgactcactataggTCACA
TTGCTCCATTTGCTG 

gDNA 

R06C7.8 bub-1 
aattaaccctcactaaaggTGCC
AAATGGAAGGACACTT 

taatacgactcactataggTCTGA
GATTCTTCCGGTTCG 

pDNA 

R06C7.8 
bub-1 (re-encoded bub-1 
transgene is resistant to 
this dsRNA) 

aattaaccctcactaaaggCCTCA
TTGAACTTGGAAACC 

aatacgactcactataggGATCC
GAATTGGCACATAA 

gDNA 

R107.6 cls-2 
aattaaccctcactaaaggGATG
GTTGCCTCAAGCTCTC 

taatacgactcactataggGCCAG
GAAGACTGGAACAAA 

gDNA 

T03F1.9 hcp-4 
aattaaccctcactaaaggTTGCC
TTGTCAGGAACTGAA 

taatacgactcactataggTTGGA
GTTCGATGCAGAAGA 

gDNA 

T03F1.9 
hcp-4 (re-encoded hcp-4 
transgene is resistant to 
this dsRNA) 

aattaaccctcactaaaggAAAAC
CTTCACTGTGGCTGA 

taatacgactcactataggCGTTT
GAACCACCGGTCTGA 

gDNA 

W01B6.9 ndc-80 
aattaaccctcactaaaggGATG
ACAAGTACATTCAGAGAT
TATACAAATGATC 

taatacgactcactataggGTGGT
TCAAGATTCATTTGAATAT
TAAGTCCACTG 

cDNA 

Y43F4B.6 klp-19 
aattaaccctcactaaaggTGAC
CCAGAAGAACTCTCGC 

taatacgactcactataggTCGGA
GATCTTCACACAGCC 

gDNA 

Y49E10.3 pph-4.2 
aattaaccctcactaaaggATGG
GCAATTCCACGATTTA 

taatacgactcactataggTCCTT
CCATAACGAGCTGATG 

gDNA 

Y75B8A.30 pph-4.1 
aattaaccctcactaaaggTTGC
GCAAAAGCTCGTGAAA 

taatacgactcactataggGGACT
TAGGCCCCATCCAAC 

cDNA 

 

* Lowercase letters denote T3 and T7 sequences included for RNA synthesis. 

 

 

 

 

 

 

 

 

 


