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SUMMARY

Cytokinesis is the last step of cell division when one cell physically divides into two
cells. Cytokinesis is driven by an equatorial contractile ring and signals from antiparallel
microtubule bundles (the central spindle) that form between the two masses of segregating
chromosomes. During the last stages of constriction, the contractile ring encounters the
central spindle microtubules and compacts them. Compacted microtubules fill the narrow
bridge between the two daughter cells and the contractile ring transitions into a midbody
ring once constriction stops. The contractile ring to midbody ring transition is likely
accomplished by structural and molecular changes that set the stage for abscission. The
midbody orchestrates the final step of cytokinesis by recruiting abscission effectors.

To deepen our understanding of the last stages of cytokinesis when crosstalk
between the contractile ring and the central spindle likely takes place, we characterized the
contractile ring behavior during the second half of ring constriction and evaluated the impact
of disrupting central spindle microtubules. To reach these aims we used a temperature-
sensitive mutant and RNAI depletion of SPD-1 (the C. elegans homolog of the microtubule
bundler PRC1), biochemistry, and confocal live microscopy in C. elegans 1-cell and 4-cell
embryos. We observed that some contractile ring (myosin, anillin, and septin) and central
spindle (CYK-4, the homolog of the centralspindlin complex protein MgcRacGAP)
proteins increased their level during the last stages of cytokinesis. Additionally, anillin
turnover decreased during the second half of ring constriction when SPD-1 was depleted.
Using a yeast two-hybrid assay we were able to identify some potential SPD-1 interactors
that include contractile ring, central spindle, and abscission proteins. Interestingly, we show
that penetrant SPD-1 inactivation, but not RNAi-mediated depletion of SPD-1, results in
frequent failure to complete the last stages of furrow ingression in the 1-cell embryo and all
cells of the 4-cell embryo. Detailed characterization of the SPD-1 inhibition phenotype
revealed that SPD-1-mediated microtubule bundling is required to maintain the tight back-
to-back configuration of the cleavage furrow and that in the absence of midzone microtubule
bundles anillin (ANI-1) becomes essential to maintain myosin in the contractile ring,
specifically during the later stages of cytokinesis. Our results thus reveal a novel
mechanism involving the joint action of anillin in the contractile ring and SPD-1 in the central
spindle, which operates during the later stages of furrow ingression to ensure the continued
functioning of the contractile ring until cytokinesis is complete.

Besides this, we observed differences in the unperturbed central spindle functioning
between the PO (1-cell embryo) and the EMS cell (in 4-cell embryos), which indicates that
different mechanisms for central spindle organization may operate in the two contexts.
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RESUMO

A citocinese é a ultima etapa da divisdo celular em que uma célula se divide
fisicamente em duas células. A citocinese é impulsionada por um anel contratil que se
forma na zona equatorial e sinais provenientes de feixes de microtubulos antiparalelos (o
fuso central) que se formam entre as duas massas de cromossomas segregantes. Durante
as ultimas etapas de constricdo, o anel contratil encontra os microtibulos do fuso central e
compacta-os. Os microtibulos compactados preenchem o espaco existente entre as duas
células filhas e o anel contratil transforma-se num anel do “midbody” assim que a constrigao
para. A transi¢édo do anel contratil para o anel do “midbody” & provavelmente acompanhada
por mudancas estruturais e moleculares que preparam o cenario para a abscisdo. O
“midbody” coordena a etapa final da citocinese recrutando efetores da abscisao.

Para aprofundar o nosso conhecimento acerca das ultimas etapas da citocinese,
quando provavelmente ocorre uma comunicagio cruzada entre o anel contratil e o fuso
central, caracterizamos o comportamento do anel contratil e avaliamos o impacto da
desestabilizagdo dos microtubulos do fuso central durante a segunda metade da constrigao
do anel. Para alcangar esses objetivos, usamos um mutante sensivel a temperatura e
depletamos por RNA de interferéncia (RNAi) o SPD-1 (o homdlogo do agregador de
microtubulos PRC1), bioquimica e microscopia confocal ao de embrides de C. elegans de
1-célula e 4-células vivos. Observamos que algumas proteinas do anel contratil (miosina,
anilina e septina) e do fuso central (CYK-4, o homdlogo da proteina do complexo da
“centralspindlin” MgcRacGAP) aumentaram de niveis durante as ultimas etapas da
constricdo. Além disso, o “turnover’ da anilina diminuiu durante a segunda metade da
constrigdo do anel quando o SPD-1 foi depletado. Usando um ensaio “yeast-two-hybrid”,
foi possivel identificar alguns potenciais interatores do SPD-1 que incluem proteinas do
anel contratil, do fuso central e de abscisdo. Curiosamente, mostramos que a inativagéo
penetrante do SPD-1, mas nao a deplecao por RNAi do SPD-1, resulta em falha frequente
nas ultimas etapas de constricdo no embrido de 1-célula e em todas as células do embrido
de 4-células. A caracterizacao detalhada do fendétipo de inibicdo do SPD-1 revelou que o
agrupamento de microtubulos mediado por SPD-1 é necessario para manter a
configuragao apertada do anel e que, na auséncia de interligagao dos microtubulos do fuso
central, a anilina (ANI-1) torna-se essencial para manter a miosina no anel contratil
especificamente durante as fases finais da constricdo. Os resultados revelam um novo
mecanismo que envolve a agao conjunta da anilina presente no anel contratil e do SPD-1
presente no fuso central, que opera durante as ultimas fases de constricdo para garantir o

funcionamento continuo do anel contratil até que a citocinese esteja completa.
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Para além disto, observamos diferencas no funcionamento do fuso central entre a
célula PO (do embrido de 1-célula) e a célula EMS (do embrido de 4-células) que indicam
a existéncia de mecanismos de organizagao do fuso central diferentes que operam nestes

dois contextos.

Palavras-Chave: Citocinese, Anel contratil, Anel do “midbody”, Fuso central,

Interligacéo dos microtubulos centrais, PRC1, SPD-1, Anilina.
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Introduction

1. Mitosis

Mitosis is a key stage of the cell cycle, common to all living organisms, and
comprehends the equal distribution of genetic material and organelles between the two
daughter cells, which is followed by cell physical division. It can be typically divided into five
phases: 1) prophase, 2) prometaphase, 3) metaphase, 4) anaphase, and 5) telophase
(Figure 1).

Nucleus Interpolar / Chromosomal (M Contractile @ Membrane
Microtubule /' Microtubule W Ring vesicle
Kinetochore - Actin Microtubule
’ 4’ Chromosome Microtubule $ Midbody flament &L motor
Astral i
® Centrosome / Microtubulo &22@¢ Cell cortex x Myosin Ii

Figure 1- Scheme illustrating progression through mitosis.

(a) Prophase -chromosomes start condensing and centrosomes move around the
nucleus. (b) Prometaphase - Nuclear envelope breakdown happens to allow those
microtubules to have access to chromosomes and to orient them towards the spindle
equator. (c) Metaphase — Chromosomes align at the division equator with sister chromatids
(arrowheads) facing opposing poles (p). (d) Anaphase A - chromatids move towards
opposite cell poles and the spindle delivers signals to the cortex (inset) that will determine



the position of the contractile ring. (e) Anaphase B - Pole-to-pole distance increases and
the division plane is determined by the assembly of an actomyosin contractile ring at the
cell equator. Myosin-Il slides actin filaments to drive constriction (inset). (f) Telophase —
Nuclear envelope reassembles around the decondensed chromosomes, and the contractile
ring constricts driving cell division. Microtubules placed at the cell midzone may serve as
tracks for motor-mediated transport of vesicles and signaling molecules to the midbody to
support abscission (inset) (Scholey, Brust-Mascher, and Mogilner 2003; figure used under

permission).

During prophase, replicated chromatin condenses, progressively shortening its
length and increasing its thickness, giving rise to chromosomes, each containing two
chromatids. It was thought that it resulted in DNA transcription silencing, however, it is
known that cells present low levels of transcription that increase as mitosis progress
(Palozola, Liu, et al. 2017; Palozola, Donahue, et al. 2017). Also, during prophase,
kinetochores are assembled on centromeric DNA. This multi-protein structure works as a
platform to link chromosomes to microtubules of the mitotic spindle (Musacchio and Desai
2017). Fully mature centrosomes nucleate microtubules that will be required for chromatid
separation and migration toward opposing poles of the cell at anaphase (Petry 2016). For
many organisms, nuclear envelope breakdown (NEBD) marks the end of prophase.

In prometaphase, microtubules continue to nucleate from centrosomes and every
chromosome becomes associated with microtubules of the mitotic spindle. All
chromosomes properly attached to the mitotic spindle migrate towards the spindle equator,
in a process called “chromosome congression”. Once all chromosomes are perfectly
aligned at the cell center, the cell is said to be in metaphase. The metaphase spindle is
composed of kinetochores microtubules, astral microtubules that radiate from each spindle
pole towards the cell periphery, and microtubules that overlap and that extended from each
centrosome and links the two halves of the bipolar spindle (Wadsworth 2021).

Anaphase starts when sister chromatids, each correctly attached to microtubules
coming from one of the poles, are pulled into the corresponding cell pole via microtubule
depolymerization. At this time point, a microtubule array is formed between the two
segregating masses of chromatids, called the central spindle (section 4). Anaphase can be
divided into anaphase A (Figure 1D) when the segregating masses of chromatids start to
be pulled apart, and anaphase B, when the pole-to-pole distance increases and the division
site is specified at the cell equator (Figure 1e) (Scholey, Brust-Mascher, and Mogilner
2003).



After chromatid separation, telophase takes place and chromosomes start to
decondense. Telophase includes cytokinesis, which consists of the physical separation of

the two daughter cells.

2. Cytokinesis

Cytokinesis is the final stage of cell division during which two daughter cells with the
same genetic information, become physically separated (Green, Paluch, and Oegema
2012; Thieleke-Matos et al. 2017; Leite et al. 2019). This process was described more than
100 years ago by Fleming in 1882 and Within in 1887 and has been studied in many
different biological models such as plants, budding and fission yeast, slime mold, marine
invertebrates, nematodes, fruit flies, and vertebrate cells (Guertin, Trautmann, and
McCollum 2002). Cytokinesis starts after anaphase onset and is accomplished by the
assembly of an actomyosin ring at the cell equator, beneath the plasma membrane.
Constriction of the contractile ring brings behind it the plasma membrane, creating a
cleavage furrow that keeps ingressing toward the center of the cell. Full cleavage furrow
ingression is followed by membrane scission. Thus, cytokinesis can be subdivided into three
essential steps: 1) contractile ring assembly, 2) contractile ring constriction, and 3)
membrane abscission (Figure 2).

Failure in cytokinesis leads to the formation of polyploid cells, contributing to
genomic instability, and can ultimately lead to cancer (Eggert, Mitchison, and Field 2006).
Since cancer is one of the most devastating pathologies of the 21% century, it is of great

importance to study the mechanisms behind cytokinesis.

Cytokinesis

-GG

Contractile ring assembly Abscission
Contractlle ring constriction

Figure 2- Schematic of cytokinesis.

The contractile ring (in green) is assembled after anaphase onset right beneath the
plasma membrane (in dark grey). The contractile ring constricts bringing the plasma
membrane behind it until only a narrow cytoplasmic bridge filled with bundled microtubules
(light grey) connects the two daughter cells setting the stage for abscission. Image from the

Cytoskeletal Dynamics Group, i3S.

3. The contractile ring

The contractile ring was early reported as being a thin (0.1-0.2 um) filamentous

layer, that assembles just beneath the plasma membrane at the cell equator, in a
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circumferential way, parallel to the cleavage plane after anaphase onset (Schroeder 1968,
1972, 1973). It is composed of several proteins that are conserved among many organisms
throughout evolution (Eggert, Mitchison, and Field 2006). Some of those proteins are actin,
formins (that are involved in the nucleation of non-branched actin filaments), motor myosin
(that slides actin filaments), anillin, septins, and some crosslinkers (such as
filamin, spectrin, plastin, and others) (Figure 3) (Fujiwara et al. 2018; Sobral et al. 2021;
Garno et al. 2021; Henson et al. 2017; Ding et al. 2017; Hartemink 2005; Green, Paluch,
and Oegema 2012).

Contractile ring constriction

Figure 3- Schematic illustration of some contractile ring components.

The contractile ring is composed of parallel actin filaments that are nucleated by formins
and interdigitate with non-muscle myosin Il filaments. Anillin and septins are also part of the
ring and may contribute to the anchoring of the contractile ring to the plasma membrane

(Figure reprinted from Green, Paluch, and Oegema 2012; figure used under permission).

As the contractile ring constricts and its perimeter continuously decreases, its width
and thickness are maintained (Carvalho, Desai, and Oegema 2009). During ring
constriction, the cleavage furrow is tight with back-to-back plasma membranes in epithelial
and embryonic cells but is open and broad in cultured vertebrate cells.

The contractile ring constricts at a constant rate for most of constriction and slows
down when it approaches the central spindle microtubules (Carvalho, Desai, and Oegema
2009; Pelham and Chang 2002; Biron et al. 2004). At this point, the contractile ring
compacts the midzone and astral microtubules in the furrow region, which fill the narrow
cytoplasmic bridge connecting the sister cells, and transitions into a midbody ring once
constriction stops. The compacted central spindle comprises a midbody central core that is
a dense structure when visualized by electron microscopy and the midbody flank. Together
with the midbody ring, the midbody central core and the midbody flank make up the midbody
(Hu, Coughlin, and Mitchison 2012; Mierzwa and Gerlich 2014; Mullins and Biesele 1977;



Green, Paluch, and Oegema 2012). The midbody orchestrates the final step of cytokinesis

by recruiting components of the abscission machinery (sections 5 and 6).

3.1. Contractile ring components
3.1.1. Actin

Actin is a globular protein that exists in monomers (G-actin) and can polymerize into
filaments (F-actin).

The assembly of actin filaments is accomplished by the polymerization of the
globular monomeric G-actin into double-stranded helical F-actin, through adenosine
triphosphate (ATP) hydrolysis (Straub and Feuer 1950; Holmes et al. 1990; Oda et al. 2009;
Fujii et al. 2010). Actin filament assembly/disassembly is a highly dynamic process, since,
to rapidly adapt to intracellular and extracellular cues, F-actin has to be in constant
polymerization and depolymerization (Harris, Jreij, and Fletcher 2018; Stossel, Fenteany,
and Hartwig 2006). Actin monomers are always integrated into actin filaments in the same
direction, giving rise to polarized filaments with two different ends (barbed (+) and pointed
(-) ends). The addition of actin monomers into the barbed end (+) happens faster than at
the pointed end (-), where disassembly takes place (Leite et al. 2019). F-actin is essential
for the formation of a functional contractile ring once, the use of actin-depolymerizing drugs
inhibits cytokinesis.

Several proteins regulate actin dynamics such as myosin, a motor protein, and
others responsible to nucleate, elongating, branching, capping, severing stabilizing, or
crosslinking F-actin (Blanchoin et al. 2014; Pollard, Blanchoin, and Mullins 2000; Shekhar,
Pernier, and Carlier 2016). Cofilin is an actin-depolymerizing factor that severs and
depolymerizes actin filaments. Formin is a protein responsible for nucleating and elongating
linear F-actin within the contractile ring, whereas ARP2/3 is responsible for nucleating
branched actin filaments that are present at the cell cortex during cytokinesis. Interestingly,
the ARP2/3 complex counteracts formin activity within the cell cortex (Chan et al. 2019) but
does not localize at the contractile ring, possibly not to interfere with formin activity (Jordan
and Canman 2012; Pollard 2017). Capping proteins control the access of free G-actin to
the barbed ends (+) of F-actin. Proteins exerting crosslinking activity of F-actin can bridge

these filaments.

3.1.2. Myosin
Myosins are a superfamily of actin-based motor proteins, essential for the
contraction of F-actin networks (Hartman and Spudich 2012). In the scope of this thesis,
only non-muscle myosin Il (NMY-Il) (myosin, hereafter) will be mentioned. NMY-Il is an

hexameric complex composed of two myosin heavy chains (MHCs), two regulatory light
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chains (RLCs), and two essential light chains (ELCs). The MHC contains a coiled-coil tail
and a globular head where actin and ATP bind. The RLC is involved in the regulation of
myosin motor activity and the ELC stabilizes the complex conformation (Vicente-
Manzanares et al. 2009).

NMY-II transforms chemical energy into mechanical force through ATP hydrolysis,
and translocates F-actin, through cyclic attachments and detachments. ATP binding to the
myosin head causes the detachment of the myosin head from F-actin. Additionally, the
myosin head converts ATP into ADP and inorganic phosphate (Pi) through ATPase activity.
The energy released by ATP hydrolysis drives a conformational change of myosin head
subdomains and in the lever arm. This results in a power stroke that leads to myosin moving
toward the barbed-end of the actin filaments. In an interconnected network with anti-parallel
actin filaments, these movements lead to network contraction (Leite et al. 2019).

Myosin activation mediated by RLCs is a key step for cytokinesis. To activate
myosin, RLCs have to be phosphorylated at serine/threonine activation sites that start at
anaphase and remain during cytokinesis. Several kinases, such as Rho-associated protein
kinase (ROK or ROCK) and Citron Rho-interacting Kinase (CIT-K), that are RhoA effectors
(see section 3.2.), can phosphorylate RLC at the activation sites. Once myosin is
phosphorylated, its hexameric conformation opens up, and myosin forms bipolar filaments
that can bind F-actin (Leite et al. 2019). Interestingly, myosin motor activity requirement for
cytokinesis has been under debate. In budding yeast myosin motor activity is dispensable
for cytokinesis completion (Lord, Laves, and Pollard 2005; Mendes Pinto et al. 2012).
However in Schizosaccharomycess pombe, in Dictyostelium discoideum and in C. elegans
myosin motor activity is required for ring constriction and successful cytokinesis (Osorio et
al. 2019; Sasaki, Shimada, and Sutoh 1998; Shimada et al. 1997; Laplante et al. 2015;
Laplante and Pollard 2017; Palani et al. 2017).

3.1.3. Anillin

Anillin is a multifunctional protein that binds the plasma membrane and several
components of the contractile ring and is capable of crosslinking F-actin in vitro (Piekny and
Maddox 2010; D’Avino 2009). It is composed of a myosin-binding domain at the N-terminus,
followed by an actin-binding domain (ABD) and an anillin-homology region (AHR) at the C-
terminus, which includes RhoA, septin-binding sequences, and a membrane-binding
pleckstrin homology domain (PH domain) (Field and Alberts, 1995; Oegema et al. 2000;
Piekny and Glotzer, 2008).

Anillin also interacts with microtubules in biochemical studies and can co-localize
with microtubules in vivo (Sisson et al. 2000; Hickson and O’Farrell 2008). Another

interactor in D. melanogaster is RacGAP50c, a protein that belongs to the centralspindlin
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complex (see section 4.1.). During cytokinesis, anillin binds RhoA. Despite anillin has been
proposed to be a RhoA effector (Hickson and O’Farrell 2008), it should also function as a
RhoA regulator or stabilizer, since anillin depletion in tissue cultured cells and X.
laevis embryos dysregulate cortical RhoA distribution both at adherents junctions and at the
cytokinetic furrow (Arnold, Stephenson, and Miller 2017; Budnar et al. 2019; Reyes et al.
2014; Piekny and Glotzer 2008). Moreover, anillin was propose to concentrate P1(4,5)P2 to
retain membrane GTP-RhoA to promote effector recruitment (Budnar et al. 2019). Anillin
and RhoA might stabilize one another, as RhoA depletion also perturbs anillin localization
(Piekny and Glotzer 2008). Nevertheless, anillin is required to stabilize formin activation and
localization at the cell equator and enhance formin-mediated F-actin nucleation activity at
the contractile ring in HelLa cells ( Chen et al. 2017; Watanabe et al. 2010).

Anillin localizes at the contractile ring and is important for cytokinesis (Oegema et
al. 2000). Although the absence of anillin does not prevent contractile ring assembly, it can
affect spindle positioning and contractile ring constriction speed in monkey kidney cells and
leads to cytokinesis failure in HelLa cells and D. melanogaster S2 cells (Jinghe Liu et al.
2012; Oegema et al. 2000; Piekny and Maddox 2010; Echard et al. 2004; D’Avino 2009;
Field et al. 2005; Pacquelet et al. 2015; Piekny and Glotzer 2008). Additionally, anillin
depletion causes furrow oscillation at cell equator in HeLa cells (Zhao and Fang 2005;
Piekny and Glotzer 2008) and D. melanogaster S2 cells (Hickson and O’Farrell 2008).

Besides anillin interaction with F- actin, myosin, membrane, and microtubules, it is
well-known that anillin is required for septin recruitment to the plasma membrane in the
ingressing furrow in HelLa cells (Jinghe Liu et al. 2012). Interestingly, in D. melanogaster,
C. elegans, and S. pombe anillin acts upstream of septins to stabilize and recruit them to
the contractile ring during cytokinesis (Field et al. 2005; Oegema et al. 2000; Maddox et al.
2005, 2007; Berlin, Paoletti, and Chang 2003; Tasto, Morrell, and Gould 2003). In D.
melanogaster, anillin mutants failed to localize septin in the contractile ring and to the
cellularization front during embryogenesis (Field et al. 2005; Oegema et al. 2000).

Anillin is also required for the last steps of cytokinesis, as anillin depletion in D.
melanogaster S2 cells leads to extensive blebbing around the midbody and reduced
midzone microtubule integrity (Echard et al. 2004; Somma et al. 2002). Cells depleted of
anillin present abnormal broad rings that ultimately, regress and fail cytokinesis (Echard et
al. 2004; Kechad et al. 2012; Somma et al. 2002).

3.2. Specification of contractile ring positioning
The position where the contractile ring assembles is determined by positive and
negative cues emerging from the mitotic spindle: signaling from the central spindle

promotes local RhoA activation at the cell equator and astral microtubules suppress RhoA
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activation at the cell poles (Basant and Glotzer 2018; Bement, Benink, and Von Dassow
2005; Foe and Von Dassow 2008; Von Dassow et al. 2009; Bringmann and Hyman 2005;
Mangal et al. 2018). These signals are thought to work in parallel to provide a correct
spatiotemporal RhoA activation. However, classic studies in Sea urchin eggs have suggest
astral microtubules as being the ones capable of inducing furrow ingression.Studies led by
Rappaport showed that cleavage can occur between appropriately positioned asters that
are not connected by a spindle or chromosomes, favouring the hypothesis that astral
microtubules are capable of inducing furrow ingression by their own (Rappaport 1961). In
line with this, Rieder et al., also observed in PtK1 cells that furrows can be formed between
spindle poles in a process that is independent of chromosomes and central spindle (Rieder
et al. 1997; Oegema and Mitchison 1997). Furrow formation was not prevented by placing
obstacles like oil droplets between the central spindle and the cell cortex, which indicated
that midzone microtubules were not responsible for inducing furrow initiation in these
embryos (Rappaport and Rappaport 1983; Pollard 2004). Contrasting with this, studies
performed in D. melanogaster spermatocytes and neuroblast indicate that central spindle
microtubules, in the absence of astral microtubules, are sufficient to induce furrows
(Bonaccorsi, Giansanti, and Gatti 1998; Giansanti, Gatti, and Bonaccorsi 2001), but not the
other way around (Adams et al. 1998).

In C. elegans zygotes, the cleavage furrow can still ingress in the absence of signals
from the central spindle (Mishima, Kaitna, and Glotzer 2002; Jantsch-Plunger et al. 2000;
Raich et al. 1998; Lewellyn et al. 2010; Verbrugghe and White 2007), but not when asters
are far from the cell poles (Lewellyn et al. 2010). This suggests that the central spindle is
dispensable for furrow formation, as in the case of marine invertebrate embryos. The astral
microtubule pathway remains poorly understood, however, it has been proposed that this
pathway is involved in cortical contractility inhibition, by preventing contractility proteins from
accumulating at cell poles. Work developed by Werner et al., (2007) showed that spindle
formation next to one pole of the embryo led to NMY-II accumulation on the opposite side,
indicating that astral microtubules prevent the accumulation of contractile ring proteins
(Werner, Munro, and Glotzer 2007). Similar conclusions were achieved in grasshopper
spermatocytes where positioning of asters on one side of the cell led to cortical actin flows
towards the opposing side (Chen et al. 2008). This is explained based on local inhibition of
contractility driven by aster microtubules that results in a gradient of contractility from the
cell poles towards the cell equator, able to induce furrowing even in the absence of central
spindle microtubules (Lewellyn et al. 2010; Verbrugghe and White 2007; Von Dassow et al.
2009; Dechant and Glotzer 2003). This gradient has been proposed to be accomplished by
a gradient of Aurora-A at the poles, activated by TPXL-1, that prevents contractile ring

component accumulation at the polar cortex in C. elegans 1-cell embryos (Mangal et al.
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2018). Notably, a subset of astral microtubules that are equatorial-oriented might play a
positive role in delivering contractility activators as is the case of the centralspindlin complex
(Nishimura and Yonemura 2006).

Nevertheless, studies that used an ultraviolet laser to spatially separate spindle
midzone from astral microtubules showed that in C. elegans zygotes the position of furrow
assembly is a consequence of two consecutive pathways that work in parallel: first, the
furrow is positioned by astral microtubules, and second, by signals derived from the spindle
midzone (Bringmann and Hyman 2005; Bringmann et al. 2007). In line with the idea that
the furrow position is driven by inhibitory signals coming from astral microtubules, and
positive signaling emerging from the midzone, astral microtubule disruption by laser
ablation in sea urchin eggs led to a broader RhoA active zone and contractile ring protein
accumulation at the cell equator (Bement, Benink, and Von Dassow 2005; Foe and Von
Dassow 2008; Von Dassow et al. 2009). Interestingly, the amount of active RhoA did not
change, suggesting that astral microtubules did not inhibit RhoA activation but rather,
confined it to the cell equator (Von Dassow et al. 2009).

RhoA is a small GTPase responsible for the two major functions required for
contractile ring activity which consist in the elongation of non-branched actin filaments
through formin activation (Kihn and Geyer 2014) and promotion of myosin activity by
activation of ROK or ROCK (Matsumura 2005). RhoA can be bound to GTP or GDP which
will determine its activation or inactivation, respectively, working as a switch. RhoA is
activated by guanine nucleotide exchange factors (GEFs) that stimulate guanosine
diphosphate (GDP) release, allowing guanine triphosphate (GTP) binding. RhoA is
inactivated by GTPase-activating proteins (GAPs) that enhance the GTP hydrolysis rate,
converting GTP into GDP (Rossman, Der, and Sondek, 2005; Tcherkezian and Lamarche-
Vane, 2007). The main RhoA GEFs that contribute to cytokinesis in animal cells are
epithelial cell transforming 2 (ECT2), GEF-H1, and MyoGEF, whereas the main cytokinesis
GAPs are MgcRacGAP, p190RhoGAP, and MP-GAP (Chircop 2014; Jordan and Canman
2012). In the scope of this thesis, we will focus our attention on ECT2 and MgcRacGAP.

ECT2 localizes to the central spindle and interacts with the centralspindlin complex
(section 4.1.), namely with MgcRacGAP (Kamijo et al. 2006; Yuce, Piekny, and Glotzer
2005; Mishima, Kaitna, and Glotzer 2002; Somers and Saint 2003). ECT2 phosphorylation
by Cdk1 (cyclin-dependent Kinase) maintains ECT2 in an inactive conformation. Inactive
ECT2 is not able to bind to MgcRacGAP preventing its precocious recruitment and RhoA
activation (Chircop 2014). Upon anaphase onset, when Cdk1 activity decreases, ECT2
forms a complex with MgcRAcCGAP and activates RhoA (Chircop 2014). In fact,
MgcRacGAP GAP domain is the one responsible for interacting with ECT2 and to drive

RhoA activation (Kamijo et al. 2006; Yuce, Piekny, and Glotzer 2005; Mishima, Kaitna, and
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Glotzer 2002; Somers and Saint 2003; Loria, Longhini, and Glotzer 2012). However, the
fact that MgcRacGAP and ECT2 interact and contributes for Rho activation is intriguing. As
MgcRacGAP’s name suggests, it should be a GAP for Rac, contributing for Rho inactivation.
Indeed, studies perfomed in X. laevis eggs proposed that the GAP activity of MgcRacGAP
was responsible to inactivate RhoA and maintain a focused zone for Rho activity through
cytokinesis. This was called the Rho GTPase flux model (Miller and Bement 2009). In line
with this, Canman et al. proposed a model in C. elegans where MgcRacGAPC"¢4
inactivates Rac, impeding actomyosin constriction (called the negative regulation). This
negative regulation would operate in paralel with Rho activation pathway induced by ECT2
(called the positive regulation), and together, the negative and positive pathway, would
contribute for ring constriction (Canman et al. 2009).

Thus, during cytokinesis, RhoA oscillates between active/inactive states driving
contractile ring ingression (Miller and Bement 2009). RhoA activation is restricted to a
narrow zone at the equatorial cell cortex upon anaphase onset (Ylce, Piekny, and Glotzer
2005; Bement, Benink, and Von Dassow 2005; Yonemura, Hirao-Minakuchi, and Nishimura
2004; Yoshizaki et al. 2003; Nishimura and Yonemura 2006). In C. elegans early embryos,
RhoA activation is also driven by NOP-1, a poorly conserved nematode-specific protein
(Glotzer and Basant 2017; Tse et al. 2012). NOP-1 promotes RhoA activation during

polarization and seems to be capable of activating global RhoA in embryos (Figure 4).
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Figure 4- Schematic representation of the RhoA signaling pathway during
cytokinesis.
GTP-bound RhoA drives formin and Rho kinase activation and binds anillin to generate a
contractile ring. ECT2 is regulated by centralspindlin in a PLK-1 and Cdk1/cyclin-dependent
manner. 14-3-3 proteins bind to MKLP1, a member of the centralspindlin complex, and

prevent centralspindlin oligomerization. Aurora B prevents 14-3-3 binding to MKLP1,
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promoting centralspindlin oligomerization. NOP-1 is a C. elegans specific ECT-2 activator

(Basant and Glotzer 2018; figure used under permission).

4. The central spindle

During anaphase, chromosomes move towards the opposing cell poles and the
midzone microtubules appear in the middle of the segregating chromatids, becoming more
evident as they elongate and form bundles. Midzone microtubule nucleation originate on
chromosomes and not centrosomes (Uehara and Goshima 2010). Augmin is an eight-
subunit protein complex, that binds to a pre-existing microtubule and recruits y-tubulin ring
complex, promoting the nucleation of new microtubules forming a branch (Uehara et al.
2009; Stimac et al. 2022). Additionally, cytoplasmic linker-associated protein 1 (CLASP1),
a microtubule-plus end-tracking protein, binds to tubulin dimers and promotes microtubule
assembly (Pereira et al. 2006). It is primarily associated with kinetochores in early mitosis
and during anaphase, it relocates to the central spindle (Maton et al. 2015; Jing Liu et al.
2009). CLASP1 interacts with protein regulator of cytokinesis 1 (PRC1) (section 7.3) (Jing
Liu et al. 2009), a microtubule bundling protein (Mani et al. 2021). Interestingly, Aurora A
kinase is required for proper midzone assembly by mediating phosphorylation of several
proteins important for central spindle formation such as NEDD1, TACC3, HURP, and
p150glued (Courthéoux et al. 2019; Lioutas and Vernos 2013; Reboutier et al. 2013).
Inhibition of Aurora A activity results in abnormal spindles, chromosome misalignment, and
centrosome defects (Hochegger, Hégarat, and Pereira-Leal 2013). Newly formed midzone
microtubules are very dynamic (Vukusi¢ et al. 2017; Yu et al. 2019), however as the cell
cycle progresses, microtubules become more stable until they remain static in telophase
cells (Saxton and Mclintosh 1987; Landino and Ohi 2016; Murthy and Wadsworth 2008;
Fermino et al. 2023). The trigger for static microtubule formation is given by cytokinesis
progression and midzone proteins, namely PRC1 and KIF4A (section 7.3) (Fermino et al.
2023). Aurora B also plays an important role in midzone formation and cytokinesis. KIF4A
phosphorylation mediated by Aurora B allows its interaction with PRC1 and suppresses
midzone elongation of microtubule plus-end regulating the length of the midzone (Hu et al.
2011; Bastos et al. 2013).

However, how microtubules elongate during anaphase is under debate. Central
spindle microtubules were proposed to elongate based on a “sliding filament” model
(Mclintosh, Helper, and Wie 1969) in which motor proteins slide adjacent microtubules
similar to what happens for muscle myosin Il during muscle contraction (Hugh and Hanson
1954). Nevertheless, electron microscopy (EM) studies revealed that this mechanism could

not explain all the events happening during anaphase, namely, chromosome movement
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towards the cell poles in anaphase A but it sustained the pole-to-pole separation happening
during anaphase B that drives spindle elongation (Mcdonald et al. 1977; Winey et al. 1995).

There are five models to explain spindle elongation during anaphase: 1) midzone
pushing model, 2) midzone braking model, 3) cortical pulling forces model, 4) microtubule
plus end dynamics and polymerization model, and 5) microtubule minus end
depolymerization/poleward flux model (Scholey, Civelekoglu-Scholey, and Brust-Mascher
2016).

The first model that consists of midzone pushing based on antiparallel microtubule
sliding is especially appealing in diatom central spindle (Mcdonald et al. 1977; Cande and
McDonald 1985), where laser destruction of microtubules at the presumptive sites of force
generation at the midzone, but not at the poles, prevented spindle elongation (Leslie and
Pickett Heaps 1983). Also, in fission yeast, laser microsurgery experiments revealed that
midzone pushing is required and sufficient to support spindle elongation at anaphase B
(Khodjakov, La Terra, and Chang 2004; Tolic-Norrelykke et al. 2004). In PtK1 culture cells,
central spindle microtubules dynamics were studied using light microscopy and
fluorescence recovery after photobleaching (FRAP), revealing that microtubule sliding apart
was caused by force originated at the midzone microtubule overlap and that contributed to
spindle elongation (Saxton and Mclntosh 1987). Such a conclusion was reinforced by the
observation that the microtubules minus ends of these cells did not reach the cell cortex,
making it unlikely that cortical pulling forces drove spindle elongation (Mastronarde et al.
1993).

The second model predicts that the midzone functions as a brake for spindle
elongation, counteracting antagonistic forces exerted by cortical pulling motors for example
(Saunders et al. 2007; Peterman and Scholey 2009; Rozelle, Hansen, and Kaplan 2011;
Shimamoto, Forth, and Kapoor 2015; Collins, Mann, and Wadsworth 2014; Tikhonenko et
al. 2008). Indeed, experiments performed in C. elegans zygotes, using laser ablation of
central spindle microtubules demonstrated that poles moved rapidly towards the cell cortex,
indicating that the midzone is dispensable for spindle elongation but rather it works as a
brake due to the action of bipolar kinesin-5 motors (Saunders et al. 2007) or the combined
action of PRC1/Ase1p and kinesin-6 (Verbrugghe et al. 2004; Lee et al. 2015).

The third model defends the existence of pulling forces operating on the astral
microtubules at the cell cortex that pull apart the associated spindle poles (Aist et al. 1991).
Moreover, the pulling forces operating are proposed to be responsible for controlling pole-
to-pole distance and the position of the entire spindle (Grill et al. 2001; Grill and Hyman
2005;Grill et al. 2003). There are several candidates for generating such forces which
include cortically-anchored dynein or microtubule depolymerization (Fink et al. 2006;

Saunders et al. 2007; Grishchuk et al. 2005).
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Microtubule polymer dynamics, which is characterized by instability and microtubule
flux toward the poles, constitutes a fourth model for explaining spindle elongation during
mitosis (Desai and Mitchison 1997; Inoue and Salmon 1995). In PtK1 cells (Saxton and
Mclntosh 1987), D. melanogaster embryos (Cheerambathur et al. 2007), and C. elegans
zygotes (Nahaboo et al. 2015; Dumont, Oegema, and Desai 2010), central spindles grow
due to polymerization at microtubule plus ends as these slide apart. The microtubules plus
ends are crosslinked by microtubule-associated proteins (MAPS) and motors to produce a
more robust midzone.

In the last model, the suppression of poleward flux by inhibiting microtubules minus-
end depolymerization, controls the rate of anaphase B spindle elongation in D.
melanogaster embryos (Brust-Mascher et al. 2004, 2009) (Fifth model). However, the
specificity of this model in this system or its applicability in other systems remains to be
determined.

Notably, it is important to have in mind that these models do not work isolated one
from others. Rather, a balance of opposing forces must be created to correctly explain
midzone elongation as it was initially proposed by Ostergren (Hays, Wise, and Salmon
1982; Ostergren 1950). In C. elegans zygotes, cortical pulling forces acting on astral
microtubules represent the major mechanism of outward-directed forces operating on the
spindle (Grill et al. 2001; Grill et al. 2003). These forces are responsible for spindle
positioning and spindle elongation (Hara and Kimura 2009; Cowan and Hyman 2004) and
are generated by combining microtubule depolymerization and dynein-mediated movement
towards the microtubules minus ends (Nguyen-Ngoc, Afshar, and Gonczy 2007; Cowan
and Hyman 2004; Laan et al. 2012; Kozlowski, Srayko, and Nedelec 2007). PRC1
counteracts as a brake for spindle elongation (Lee et al. 2015). Female meiotic spindles are
anastral, meaning that cortical pulling forces are unlikely to operate in these cases. In this
case, a motor-driven midzone pushing mechanism that requires microtubule polymerization

leads to pole-pole separation (Telley et al. 2012; McNally et al. 2016).

4.1. Central spindle components

Central spindle microtubules serve as a scaffold for important proteins involved in
the positioning, assembly, and constriction of the contractile ring such as the chromosomal
passenger complex (CPC) and the centralspindlin complex (Figure 5).

The PRC1, a protein that crosslinks midzone microtubules and keeps them bundled,
which will be further detailed in section 7, is another component of the central spindle. The
CPC, centralspindlin, and PRC1 are all required for proper midzone formation and
maintenance, but their inhibition/depletion leads to different effects on cytokinesis, as will

be described below.
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The CPC is a four-protein complex composed of Aurora B kinase, INCENP, Survivin,
and Borealin. It is localized at different places during mitosis and this allows its intervention
in correcting chromosome-microtubule attachment errors, activation of spindle assembly
checkpoint (SAC) and construction and regulation of the cytokinetic contractile ring
(Carmena et al. 2012). Aurora B belongs to the Ser/Thr kinase family which includes:
Aurora A, mentioned in the previous section as acting at mitotic spindle poles, Aurora B,
which operates at the centromere, anaphase spindle, and cell cortex, and Aurora C, which
resembles Aurora B function but in meiosis and mitosis in early development (Carmena,
Ruchaud, and Earnshaw 2009). These kinases, together with CDKs and polo-like kinases
(PLKs) are master regulators of cell division (Carmena, Ruchaud, and Earnshaw 2009;
Lens, Voest, and Medema 2010). INCENP functions as a platform for CPC assembly and
localization at centromeres, anaphase spindle midzone, and midbody (Vader et al. 2006;
Jeyaprakash et al. 2007; Ainsztein et al. 1998; Klein, Nigg, and Gruneberg 2006). INCENP
regulation is mediated by Aurora B and CDK1-cyclin B and its phosphorylation prevents
CPC association with midzone before anaphase in budding yeast (Nakajima et al. 2011;
Pereira and Schiebel 2003). Survivin contains an N-terminal Zn?*-coordinated baculovirus
IAP repeat (BIR) domain and mutations within this domain prevent CPC recruitment to the
centromeres but do not affect protein localization from anaphase onward in vertebrates
(Yue et al. 2008; Lens et al. 2006). Results gathered in D. melanogaster spermatocytes
showed that a point mutation in the BIR domain prevents CPC localization to the spindle
midzone without affecting its localization at centromeres (Szafer-Glusman, Fuller, and
Giansanti 2011), suggesting that the BIR domain can also function in CPC localization
during anaphase. Lastly, Borealin is involved in the regulation of cytokinesis and abscission
by interacting with cytokinesis/abscission proteins (Carmena et al. 2012). Thus, disruption
of the CPC by depleting or inactivating one of the proteins that forms this complex results
in cytokinesis failure in multiple systems (Adams et al. 2001; Carvalho et al. 2003;
Gassmann et al. 2004; Honda, Korner, and Nigg 2003).

The centralspindlin complex is a heterotetramer composed of two molecules of
MgcRacGAP and two molecules of mitotic kinesin-like protein 1 (MKLP1). Centralspsindlin
functions include central spindle assembly, regulation of Rho family GTPases (as
discussed in section 3.2.), midbody assembly, and abscission (White and Glotzer 2012).
Each of centralspindlin proteins alone cannot bundle microtubules to promote central
spindle assembly during anaphase (Mishima, Kaitna, and Glotzer 2002; Mishima et al.
2004). Nevertheless, the first functions proposed to MKLP1 included microtubule
crosslinking and sliding during anaphase and force generation to promote spindle
elongation (Nislow et al. 1992). MKLP1 ortholog mutants in D. melanogaster embryos failed

to initiate contractile ring assembly resulting in cytokinesis failure (Adams et al. 1998).
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Perturbation of the C. elegans MKLP1 ortholog, ZEN-4, resulted in a lack of organized
midzone microtubule bundles (Powers et al. 1998) but allowed contractile ring assembly
but only partial furrow ingression followed by cytokinesis failure (Davies et al. 2014).
Interestingly, ZEN-4 limits the extension of spindle elongation (Dechant and Glotzer 2003).
Notably, MgcRacGAP, that was first identified in human cells as a Rho family GAP (Touré
et al. 1998), and MKLP1 have been proposed to work together during embryogenesis (but
not in germline development) (Lee et al. 2018).

Thus, inhibition of either CPC or centralspindlin results in cytokinesis failure in sand
dollar eggs (Mabuchi et al. 1993), D. melanogaster embryos and Dmel2 tissue culture cells
(Adams et al. 2001; Prokopenko et al. 1999), HeLa cells (Tatsumoto et al. 1999; Gassmann
et al. 2004; Honda, Korner, and Nigg 2003; Hirose et al. 2001; Carvalho et al. 2003), and
C. elegans embryos (Schumacher, Golden, and Donovan 1998; Davies et al. 2014). In
HeLa cells, PRC1 perturbation resulted in cytokinesis failure either during or at the end of

EA86 and

constriction (Jiang et al. 1998; Mollinari et al. 2005, 2002). Point mutations (feo
fe0%?’) of PRC17E° in D. melanogaster S2 cells led to ring constriction problems during late
telophase, with cells exhibiting partial furrow ingression followed by cytokinesis failure
(Verni etal. 2004). In fission yeast, PRC1”*®" depletion showed defects in septum formation,
and in the mechanism responsible for monitoring the formation and the integrity of medial
actomyosin ring and septum, called cytokinesis checkpoint (Yamashita et al. 2005).
Interestingly, no problems during cytokinesis were reported for PRC15FP" depletion in C.
elegans 1-cell embryos (Green et al. 2013). However, older reports indicate that PRC1°PP-
!inactivation causes cytokinesis failure in the EMS cell of the 4-cell C. elegans embryo after

complete ingression of the furrow (Verbrugghe et al. 2004).
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Figure 5- The central spindle and its main components.

17



(a) PRCA1, centralspindlin, and the CPC are localized at the cell midzone. (b) PRC1 directly
interacts and recruits the kinesin KIF4 to microtubule plus-ends (explained in section 7.2.).
This interaction is required to limit the length of microtubule overlap. ECT2 interacts with
centralspindlin at the midzone. (c) ECT2 activates RhoA by converting inactive RHOA-GDP
into active RHOA-GTP at the cell membrane. This culminates in the assembly of the

contractile ring (Green, Paluch, and Oegema, 2012; figure used under permission).

PLK1 is another protein that localizes to central spindle microtubules via PRCA1,
however, it is not required for central spindle formation (Neef et al. 2007; Petronczki et al.
2007; Brennan et al. 2007; Burkard et al. 2007). Nevertheless, PLK-1 inhibition leads to
spindle elongation failure during anaphase (Brennan et al. 2007).

PLK1 also phosphorylates MgcRacGAP which allows the binding of MgcRacGAP to
ECT2, and consequently Rho activation (Ylce, Piekny, and Glotzer 2005; Wolfe et al. 2009;
Burkard et al. 2009). In addition to this, PLK1 can also bind ECT2, relieving its autoinhibited
state (Niiya et al. 2006).

It has been proposed that two pools of centralspindlin exist in dividing HeLa cells:
one at the equatorial cortex, where centralspindlin oligomerizes via Aurora B activity and
activates RhoA (Basant et al. 2015; Adriaans et al. 2019); and another at the central spindle
microtubules, where PRC1 directly interacts and sequesters MgcRacGAP in a PLK1-
dependent manner (Ban et al. 2004; Lee et al. 2015; Adriaans et al. 2019). The latter pool
is still able to bind and activate ECT2 and consequently RhoA. These two pools of
centralspindlin operate independently and when one is disrupted the other can still

compensate and the contractile ring can still ingress (Adriaans et al. 2019) (Figure 6).
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Figure 6- Schematic representation of a model for RhoA activation via two pools of
centralspindlin in HelLa cells.

pools of centralspindlin exist: one at the equatorial cortex, which oligomerizes via Aurora B
and drives RhoA activation, and another that relies on central spindle microtubules that can
bind and activate ECT2 and RhoA. The central spindle pool is proposed to be sequestered

by PRC1. Phosphorylation of PRC1 by PLK1 releases centralspindlin from the spindle
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midzone making it available for Rho activation at the cell cortex (Adriaans et al., 2019; figure

used under permission).

5. The midbody and the midbody ring

The midbody derives from the spindle midzone and is known to orchestrate the final
steps of cytokinesis. While the central spindle matures into the midbody, the contractile ring
transitions into the midbody ring.

The midbody components are partitioned into three groups especially well described
in tissue culture cells: those in the midbody ring, in the midbody core, and the midbody
flanking regions or midbody arms (Figure 7A) (Elia et al. 2011; Hu, Coughlin, and Mitchison
2012; Halcrow et al. 2022). PRC1 remains attached to central spindle microtubules in the
region of microtubule overlap (midbody core) (Hu, Coughlin, and Mitchison 2012). Aurora
B localizes in the midbody flanking regions (Gruneberg et al. 2004; Hu, Coughlin, and
Mitchison 2012; Green, Paluch, and Oegema 2012). Contractile ring components such as
anillin, septins, and RhoA localize in the midbody ring (Gai et al. 2011; Kechad et al. 2012;
Hu, Coughlin, and Mitchison 2012). The localization of centralspindlin and Cep55, a protein
required for ESCRT machinery recruitment, is less clear with some reports claiming they
localize in the midbody core and others in the midbody ring (Figure 7) (Elia et al. 2011;
Guizetti et al. 2011; Hu, Coughlin, and Mitchison 2012).

The transition from contractile to midbody ring is thought to involve molecular
changes. However, what happens during this transition or when the transition starts remains
largely unknown. A previous study has shown that in D. melanogaster S2 cells, this
transition involves Anillin and Septins. As the contractile ring matures, anillin acquires
different functions. Anillin N-terminus is required to connect to actomyosin structures and
support the formation of a stable midbody ring. Notably, the contractile rings of anillin
mutants lacking the C-terminus can fully constrict and form a midbody, but the plasma
membrane detaches from it. Similar results were achieved when septin was depleted
(Kechad et al. 2012). Indeed, septin was found to act on anillin C-terminus to remove the
excess membrane-associated anillin molecules from the forming midbody ring (Amine et al.
2013). These indicated that the C-terminus of anillin and septins are required to anchor the
midbody ring to the plasma membrane (Kechad et al. 2012). Additionally, the centralspindlin
subunit MgcRacGAP binds to Ptdins4P and PtdIns(4,5)P- allowing the anchorage of the
ingression furrow during abscission (Lekomtsev et al. 2012). Interestingly, while MKLP1 N-
terminus can associate with central spindle microtubules, its C-terminus can directly bind
Arf6 (a small GTPase) that tethers to the plasma membrane in mouse embryonic fibroblasts
(Makyio et al. 2012).
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Figure 7- Midbody structure in HeLa cells.

(a) Schematic illustrating the midbody core and midbody flank components. (b) Schematic
illustrating midbody ring components and ESCRT machinery organization. Midbody MTs
represent midbody microtubules (Green, Paluch, and Oegema 2012; figure used under

permission).

6. Abscission

Abscission is the process that completes cytokinesis by sealing the final gap
between the two sister cells. What happens during abscission is better understood in tissue
culture cells, namely HelLa cells, and in the C. elegans 1-cell embryo. While this process
involves the formation of ESCRT filaments in HeLa cells, in C. elegans zygotes ESCRTs
are not necessary (Guizetti et al. 2011; Konig et al. 2017; Green et al. 2013).

ESCRT machinery involved in abscission is mainly composed of three complexes:
ESCRT-I, ESCRT-II, and ESCRT-Ill complex.

ESCRT-I complex is constituted by several different subunits: MVB-12 A, B, VPS-
37 A-D, VPS-28, TSG-101, and UBAP1L. TSG-101 is responsible for recruiting the
remaining ESCRT-I proteins to the midbody and VPS-37 contributes to the binding of the
complex to the membrane. However, no functions have been attributed yet to MVB-12,
VPS-28, or UBAP1L subunits, although a possible role in establishing interactions with
ESCRT-III subunit VPS-20 has been proposed for VPS-28 (Hurley 2011).
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The role of the ESCRT-Il complex in cytokinesis has been poorly discussed and it is
controversial. ESCRT-II is constituted of three subunits: VPS22, VPS25, and VPS36. Live-
cell imaging of Madin-Darby canine kidney (MDCK) cells has revealed that ESCRT-II is
required for successful abscission (Goliand et al. 2014). VPS25 subunit was shown to bind
and interact with the ESCRT-III subunit, CHMP®, recruiting it to the midbody (Goliand et al.
2014; Im et al. 2009). Thus, ESCRT-II was suggested to bridge ESCRT-I and IIl, being a
downstream effector of ESCRT-I machinery (Christ et al. 2016).

Once ESCRT-III subunit CHMP®6 is target to the abscission site, the process of
ESCRT-Ill complex assembly initiates (Schiel and Prekeris 2010). First, CHMP4B is
recruited and recruits downstream subunits, CHMP2, CHMP3, CHMP1, and IST1 that were
described to polymerize into filaments in vitro (Christ et al. 2017; Schiel and Prekeris 2010).
In vitro studies suggest that VPS4 promotes ESCRT-III disassembly but is not important for
membrane fission reaction (Wollert et al. 2009). In contrast, in cells, VPS4-ESCRT-III
binding contributes to membrane neck narrowing (Adell et al. 2014) and VPS4 accumulates
at the midbody before abscission, releasing IST-1 protein (Agromayor et al. 2009; Bajorek
et al. 2009; Elia et al. 2011). IST-1 is known to inhibit VPS4 activity.

Thus, ESCRT machinery is thought to be recruited sequentially. It all starts with the
interaction between the centralspindlin subunit MKLP1 with CEP-55 during late cytokinesis,
at least in human cells (Bastos and Barr 2010; Carlton and Martin-Serrano 2007; Hyung et
al. 2008; Morita et al. 2007). CEP-55 interacts either with TSG-101 and ALIX, and that
allowed ESCRT-Ill complex to be recruited to the midbody in human cells (Carlton and
Martin-Serrano 2007; Hyung et al. 2008). TSG-101 and ALIX were proposed to compete
for CEP-55 binding (Hyung et al. 2008). Since TSG-101 and ALIX are both essential for
cytokinesis in HelLa cells (Carlton and Martin-Serrano 2007; Morita et al. 2007), Hyung et
al., proposed that multiple CEP-55 dimers must exist to bind ALIX and TSG-101 (Hyung et
al. 2008). Interestingly, while the absence of CEP-55 does not compromise mouse
embryonic development nor division of fibroblasts, it affects the survival and abscission of
neural progenitors (Tedeschi et al. 2020; Little et al. 2020). Whether CEP-55 is required to
recruit ESCRTs into the midbodies of mouse brain cells differs between reports (Little et al.
2020; Tedeschi et al. 2020). Interestingly, D. melanogaster and C. elegans lack CEP-55
homologs suggesting that other mechanisms are involved in the recruitment of the ESCRT
machinery to the midbody. In D. melanogaster it was shown that centralspindlin directly
recruits ALIX and TSG-101 to the midbody allowing successful cytokinesis (Lie-Jensen et
al. 2019).

Currently, 3 models attempt to explain how membrane scission is promoted (Figure
8). The first model defends that ESCRT-III spirals are assembled in the abscission site with

a gradual decrease of their diameter extending from the midbody until the place where
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abscission will be promoted (Guizetti et al. 2011). The second model postulates that part of
ESCRT-Ill filaments are released from the midbody, possibly in a VPS4-dependent manner,
accumulate in the secondary ingression site, and constrict the cortex (Elia et al. 2012). The
third model proposes a model where ESCRT-Ill binds and stabilizes the membrane
deformations, generated by other processes such as vesicle secretion (Schiel et al. 2012).

Actin filament disassembly has been suggested to be required for abscission
(Mierzwa and Gerlich 2014). Actin filament disassembly in the abscission sites is achieved
through RhoA inactivation that is mediated by PKCE kinase and 14-3-3 protein (Saurin et
al. 2008). Also, changes in membrane lipid composition and delivery of endosomal vesicles
containing Rab11 and FIP3 contribute to actin disassembly and the formation of the
secondary ingression sites (Schiel et al. 2012; Dambournet et al. 2011). This promotes high

membrane curvature allowing ESCRT-III recruitment (Schiel et al. 2012).

A Microtubules ALIX TSG101

Figure 8- Models for membrane scission in HeLa cells.

(A) ALIX and TSG101 allow ESCRT-III (green spirals) recruitment to the midbody. (B-D)
Proposed models for membrane constriction. (B) ESCRT-III filaments gradually narrow
forcing the membrane curvature away from the midbody. (C) ESCRT-III filaments form
cylindrical spirals that are eventually split by VPS4, constricting away from the midbody. (D)
ESCRT-Ill capture membrane bulges generated by other processes such as vesicle

secretion ( Mierzwa and Gerlich 2014; figure used under permission).

It is known that abscission timing is regulated by mitotic kinases and mechanical
tension in HeLa cells. PLK1 was first implicated in preventing abscission by phosphorylating
CEP-55 avoiding its association with the centralspindlin complex (Bastos and Barr 2010).
Thus, PLK1 needs to be degraded in order to CEP-55 is recruited to the midbody and

abscission takes place (Bastos and Barr 2010). However, a more recent report has
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suggested that PLK1 is important to phosphorylate ALIX and to release it from the close to
open conformation (Sun et al. 2016). By opening its conformation, ALIX is able to recruit
ESCRT complex and abscission takes place. Thus an apparent contradiction between
PLK1 role during last stages of cytokinesis exists and remains to be elucidated whether
PLK1 promotes or inhibits abscission (Sun et al. 2016; Bastos and Barr 2010). Also, Aurora
B functions as a negative regulator of abscission since it is a major player in the abscission
checkpoint (Carlton et al. 2012). Abscission checkpoint was firstly identified in budding
yeast S. cerevisiae as the “NoCut checkpoint®’, and then in HelLa cells and in C.elegans
embryos (Steigemann et al. 2009; Mendoza et al. 2009; Norden et al. 2006; Bembenek et
al. 2013; Carlton et al. 2012). In the presence of chromatin bridges or lagging
chromosomes, abscission is delayed, preventing the chromatin breakage or tetraploidiztion,
and this is called the abscission checkpoint (Norden et al. 2006; Mierzwa and Gerlich 2014;
Steigemann et al. 2009). Indeed, other triggers for abscission checkpoint activation were
more recently identified such as: nuclear pore defects, DNA replication stress or high
midbody tension (Mackay, Makise, and Ullman 2010; Mackay and Ullman 2015; Lafaurie-
Janvore et al. 2013). In tissue culture cells, mechanical tension release seems to favour
abscission since severing of the connecting bridge between the two sister cells by laser
microsurgery triggers ESCRT-Il accumulation and abscission (Lafaurie-Janvore et al.
2013).

Gathered evidence indicates that central spindle microtubules are required to set
the stage for the abscission machinery to function but they need to be disassembled for
abscission to complete in tissue culture cells. Indeed, the addition of nocodazole, a
microtubule depolymerization agent, during cleavage furrow ingression has been shown to
cause furrow regression in rat epithelial cultured cells (Wheatley and Wang 1996).
However, when cells are treated with microtubule depolymerizing agents at a time when
only a thin cytoplasmic bridge, filled with microtubules, connects the two sister cells,
abscission does not fail. In fact, in these situations cytoplasmic bridge narrowing happens
faster indicating that that central spindle microtubules need to be disassemble for
abscission takes place (Guizetti et al. 2011; Schiel et al. 2012).

In the C. elegans zygote, abscission has been described to occur in two steps: 1)
cytoplasmic isolation (early abscission) and 2) midbody release (late abscission) (Green et
al. 2013). Cytoplasmic isolation, which is septin-dependent, occurs immediately after
contractile ring ingression stalls (Green et al. 2013). Midbody release also relies on septin
and ESCRT machinery (namely TSG-101) (Green et al. 2013). However, contrasting with
mammalian cells, where ESCRT helical structures were first identified (Guizetti et al. 2011),
tomograms of C. elegans 1-cell embryos failed to detect ESCRT filaments within the

abscission site (Konig et al. 2017), suggesting alternative abscission mechanisms.
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Nevertheless, many members of the abscission machinery are conserved. These data
reveal that ESCRT-independent ways of performing abscission exist.

Contrasting with conclusions gathered in HelLa cells, midbody microtubules were
proposed to be dispensable for abscission in C. elegans 1-cell embryo (Hirsch et al. 2022;
Green et al. 2013; Konig et al. 2017). The authors showed indeed that abscission machinery
can still be recruited directly to the midbody ring in the absence of central spindle
microtubules (Green et al. 2013). These conclusions were taken from experiments of
PRC15PP-1 depletion, which as will be discussed in the results section, may not be fully
penetrant. Furthermore, it was recently shown that a functional midbody still forms in C.
elegans zygotes lacking the CENP-F-like proteins HCP-1/2, which are required for central
spindle formation (Hirsch et al. 2022). In this situation, the authors proposed that this is
possible via contractile ring-mediated compaction of bundled astral microtubules that
traverse the equatorial region. Nevertheless, PRC157P is essential for cytokinesis in the
EMS cell (K. J. C. Verbrugghe et al. 2004) indicating that PRC1 requirement may vary with
cell type.

During abscission, midbody remnants can either be attached to cells or released.
After release the midbody remnant can be inherited specifically by one of the daughter cells.
The presence of a midbody remnant has been associated with the “stemness” of mouse
neural stem cells (McNeely and Dwyer 2020). HeLa cells containing midbody remnants
were shown to upregulate genes directly linked to cell proliferation (Peterman et al. 2019).
This promotes the pluripotency and the tumorigenicity of cancer cells (Kuo et al. 2011).
Additionally, the position of midbody remnants can affect cell polarity (Lujan et al. 2016;
Lujan et al. 2017) and tissue epithelial architecture in D. melanogaster follicle cells (Morais-
De-Sa and Sunkel 2013). In C. elegans embryos, midbody remnants were shown to direct
spindle rotation in P1 cells and mediate dorsal-ventral axis specification (Singh and Pohl
2014; Hyman 1989; Waddle, Cooper, and Waterston 1994; Keating and White 1998).

Midbody inheritance can be associated with where membrane scission occurs in
Hela cells. If the abscission machinery accumulates on only one side of the midbody, the
opposing daughter cell inherits the midbody remnant (Chen et al. 2013). This asymmetric
inheritance seems to occur in a centrosome-age-dependent manner (Salzmann et al. 2014;
Kuo et al. 2011). Of note, in HeLa, MDCK, and mouse cortical neuronal stem cells,
membrane scission sequentially occurs on both sides (Guizetti et al. 2011; Elia et al. 2011;
McNeely and Dwyer 2020). In D. melanogaster germline (Salzmann et al. 2014) and
imaginal disk epithelium (Daniel et al. 2018) asymmetric inheritance of the midbody was
reported. In C. elegans early embryos, midbody remnant inheritance is also asymmetric
and controlled by cortical tension — cells with lower cortical tension inherit it (Singh and Pohl,

2014). Interestingly, membrane scission occurs on both sides of the midbody with the
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midbody remaining in the middle and later being engulfed into the posterior cell (Konig et
al. 2017). Whether membrane scission occurs first on the anterior or posterior side is
random (Koénig et al. 2017). Nevertheless, midbody inheritance in C.elegans does not affect
cell fate (Ou, Gentili, and Gonczy 2014). In C. elegans Q neuroblast divisions, the
midbodies are released into the extracellular space, being later internalized and degraded
(Chai et al. 2012).

7. PRC1: a microtubule bundler protein

The first PRC1 ortholog was discovered in 1993 in cytoplasmic extracts of
miniprotoplasts from tobacco Bright Yellow-2 (BY-2) cells and was named MAPG65
(microtubule-associated protein 65) (Chang-Jie and Sonobe 1993). It was reported to co-
localize with microtubules along the cell cycle (Chang-Jie and Sonobe 1993). Later, other

MAPG5 orthologues were identified and are summarized in Table I.

Table I- Microtubule-associated proteins orthologs.

Species H. D. C. elegans | S. cerevisiae/pombe
sapiens | melanogaster
Protein PRCA1 Feo SPD-1 Asel1p/Ase1

Name

Reference | (Jiang (Verni et al. | (Verbrugghe | (Pellman et al. 1995;

et al | 2004) et al. 2004) | Loiodice et al. 2005;
1998) Yamashita et al.
2005)

In mammalian cells, PRC1 localization was first determined by immunofluorescence
studies that revealed that it localizes in the nucleus during interphase, and on the central
spindle and midbody during mitosis (Jiang et al. 1998). A similar localization pattern is found
in C. elegans embryos expressing SPD-1:GFP (Verbrugghe et al. 2004). In D.
melanogaster, PRC1 (Feo) is cytoplasmic during interphase in brain cells and accumulates
in the central spindle in mitotic cells (Verni et al. 2004). In fission yeast, PRC1 (Ase1) can
colocalize with microtubules either in interphase (cytoplasmic microtubule array) or during
mitosis (microtubule organizing center and spindle midzone) (Yamashita et al. 2005). By
contrast, in budding yeast, PRC1(Ase1p) did not present any specific staining but during
mitosis, it localizes along the spindle (but not at centrosomes) (Pellman et al. 1995).

PRC1 and its orthologues SPD-1 and Ase1p bridge and bundle microtubules in vitro
(Schuyler, Liu, and Pellman 2003; Chang-Jie and Sonobe 1993; Mollinari et al. 2002; Lee

et al. 2015).
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In vivo, PRC1 has been proposed to operate during different phases of the cell cycle
with a special emphasis on anaphase. PRC1 was shown to be required for microtubule
overlap during metaphase that directly impacts chromosome alignment in U20S cells
(Jagri¢ et al. 2021). Moreover, PRC1 depletion or overexpression impedes spindle twist,
indicating that PRC1 plays a role in regulating spindle torques in HeLa-Kyoto BAC cells
(Trupini¢ et al. 2022). Lack of PRC1/SPD-1 function consistently leads to unbundled central
spindle microtubules in anaphase across experimental systems (Zhu et al. 2006; Jiang et
al. 1998; Mollinari et al. 2002; Maton et al. 2015; Verbrugghe et al. 2004). In budding yeast,
Saccharomyces cerevisiae, Ase1p was shown to be required for viability and anaphase
spindle elongation (Pellman et al. 1995). Ase1p loss leads to premature mitotic spindle
disassembly while preventing its degradation results in delayed spindle disassembly (Juang
et al. 1997; Schuyler, Liu, and Pellman 2003). Feo mutant flies exhibit poorly constricted
contractile rings (Verni et al. 2004). Also, Feo mutation ( EA86 and S27 mutation) causes
very small testes and decreased dividing spermatocytes (Verni et al. 2004). Notably, C.
elegans carrying a temperature-sensitive mutation (0j5) in the spd-1 gene present defects
in the germline gonads, exhibit poor mobility, lay dead embryos, and possess vulval defects,
evidencing the importance of SPD-1 for C. elegans development (O’Connell, Leys, and
White 1998).

7.1. PRC1 structure

PRC1 is a homodimer constituted by an N-terminal dimerization domain followed by
a rod and a spectrin domain, and a disordered domain at the C-terminus. Part of
dimerization domain, the entire rod domain and the N-terminal region of spectrin domain of
PRC1 shares 21% of similarity with SPD-1 (Verbrugghe et al. 2004).

Moreover, the N-terminal region of PRC1 is predicted to contain multiple coiled-coil
motifs that in spd-71(0j5) mutant is predicted to be disrupted, at least, one of them (Mollinari
et al. 2002; Verbrugghe et al. 2004).

The rod domain is flexible when the protein is attached to a single microtubule,
however, it adopts a specific orientation when it crosslinks microtubules (Kellogg et al. 2016;
Subramanian et al. 2010). Dimerization and rod domains are required to orient spectrin and
C-terminal domains towards the opposing microtubules. Within the spectrin domain a set of
conserved residues are responsible for PRC1 binding to microtubules (Portran et al. 2013;
Subramanian et al. 2010; Mollinari et al. 2002). This latest domain regulates the geometry
of a microtubule array (Kellogg et al. 2016). Moreover, a conserved motif localized within
the microtubule binding region is common among species (Portran et al. 2013; Schuyler,
Liu, and Pellman 2003). Interestingly, previous studies using truncated versions of PRC1

revealed that the C-terminus of rod domain together with spectrin domain and part of
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disordered domain are required for PRC1 localization at microtubules in vivo during
interphase (Mollinari et al. 2002; Kellogg et al. 2016). Nevertheless, the N-terminus of PRC1
including the dimerization and the rod domain are both necessary for PRC1 localization at
the midzone and at the midbody in HeLa cells (Mollinari et al. 2002; Kellogg et al. 2016).
Interestingly, the same region of PRC1 directly binds KIF4 (section 7.2. and 7.3.) (Kurasawa
et al. 2004).

The PRC1 C-terminal region contains a disordered domain hypothesized to enhance
the microtubule-binding activity through electrostatic interactions with neighbour
protofilaments (Subramanian et al. 2010; Kellogg et al. 2016). Additionally, also in the C-
terminus, PRC1 contains two nuclear localization signals (NLSs) responsible for PRC1
localization in the nucleus (Jiang et al. 1998; Mollinari et al. 2002) and CDK1
phosphorylation sites (Mollinari et al. 2002). Mitotic PRC1 phosphorylation by CDK1
decreases the affinity of PRC1 to microtubules possibly by reducing the positive charge of
the domain thus impairing the electrostatic interaction that it establishes with microtubules
(Subramanian et al. 2010). Thus, PRC1 mutated for CDK phosphorylation sites causes
extensive bundling of microtubules and block the mitotic progression (Mollinari et al. 2002).
Additionally, PRC1 mitotic phosphorylation is responsible for PRC1 oligomerization (Fu et
al. 2007). PLK1 docking sites can also be found in the C-terminus, and PRC1 mutated for
PLK1 docking sites is unable to recruit PLK1 to the midzone and prevents cytokinesis (Neef
et al. 2007).

Finally, PRC1 also contains several motifs for ubiquitination-dependent proteolysis

required for cell-cycle-dependent degradation (She et al. 2019).

7.2. PRC1 regulation

For the cell to enter mitosis, cyclin-dependent kinase 1, CDK1, has to be activated
by Cyclin B during the G2 phase. Once chromosomes are correctly aligned in the
metaphase plate, Cyclin B is degraded, and consequently, CDK1 activity is compromised.
CDK1 phosphorylates PRC1 at residues Thr-470 and Thr481 in HelLa cells (Jiang et al.
1998). However, the CDK1 phosphorylation site in PRC1 is not well conserved in budding
yeast (Jiang et al. 1998). PRC1 expression also varies throughout the cell cycle, presenting
high levels during S and G2/M phases in HeLa cells (Pellman et al. 1995; Jiang et al. 1998).
In S. pombe, PRC1 degradation is required for spindle disassembly (Juang et al. 1997).

PRC1 is recruited to the interdigitated central spindle microtubules by its binding
partner kinesin family member 4 (KIF4) during the metaphase-to-anaphase transition
(Kurasawa et al. 2004; Zhu and Jiang 2005). At this time, CDK1 activity starts to drop and
PRC1 becomes dephosphorylated by the action of mitotic phosphatase Cdc14A or protein
phosphatase 1 gamma (PP1Y’) (Zhu and Jiang 2005), which was found in a midbody
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interactome in HelLa cells (Capalbo et al., 2019). Dephosphorylation allows for PRC1
dimerization and consequently microtubule bundling, with a PRC1 mutant carrying mutated
CDK1 phosphorylation sites leading to extensive bundling of microtubules in vivo (Mollinari
et al. 2002).

PRC1 phosphorylation by CDK1 during metaphase impedes PRC1 interaction with
PLK1 in HeLa cells (Neef et al. 2007). In anaphase, after the decrease in CDK1 activity,
PLK1 binds its docking sites in PRC1, which increases its microtubule-binding activity (Neef
et al. 2007), and allows for its localization at the central spindle (Neef et al. 2007). In vitro
experiments showed that PRC1 phosphorylation by PLK1 is stimulated by microtubule
density, suggesting that when microtubule density is high PLK1 negatively regulates PRC1
(Hu et al. 2012a). If microtubule density is low, PRC1 becomes less phosphorylated by
PLK1 allowing microtubule crosslinking mediated by PRC1 (Hu et al. 2012a). Moreover, it
was proposed that PRC1 phosphorylation by PLK1 contributes to centralspindlin release
from the central spindle allowing for ECT-2 activation at the equatorial cortex in HelLa cells
(Adriaans et al. 2019).

7.3. PRC1 interactors and central spindle formation

Citron kinase is responsible to recruit and maintain anillin in the midbody (Amine et
al. 2013; Gai et al. 2011) and has been implicated in midbody stabilization through the
interaction that it establishes with MKLP1 and KIF14 (Bassi et al. 2013; Gruneberg et al.
2006; Watanabe et al. 2013). Citron kinase and KIF14 can interact with PRC1 (Gruneberg
et al. 2006; Bassi et al. 2013).

PRC1 tags microtubule plus ends through KIF4-mediated transport. In vitro assays
showed that the number of PRC1-KIF4 tags is directly proportional to microtubule length
(Subramanian et al. 2013). PRC1-KIF4 tags at microtubule plus ends allow microtubule
capping, stabilization, and recruitment of more regulators such as PLK1, kinesin-6, and
CLASP (Duellberg et al. 2013; Subramanian et al. 2013). Interestingly, Aurora B can interact
with both KIF4 and PRC1 during cytokinesis in HelLa cells (Ozli et al. 2010). Aurora B
phosphorylates KIF4 and this promotes the KIF4-PRC1 interaction, allowing proper
microtubule elongation in HeLa and MCAK cells (Ozlii et al. 2010; Bastos et al. 2013).

PRC1-CLASP1 interaction is required for central spindle microtubule stabilization
and chromosome segregation by mediating the initial bipolar spindle formation (Rincon et
al. 2017; Jing Liu et al. 2009).

PRC1 can directly interact with centralspindlin in HeLa cells and C. elegans (Ban et
al. 2004; Lee et al. 2015). This interaction was proposed to keep the mechanical robustness
of the midzone to sustain the pulling cortical forces acting on both spindle poles (Lee et al.

2015).
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In HeLa cells, PRC1 also interacts with centromeric-associated protein-E (CENP-
E), which is a mitotic spindle motor protein belonging to the kinesin superfamily, and this
was shown to be required to regulate CENP-E ATPase activity in vitro and guarantees
PRC1 localization in the midbody core (Ohashi, Ohori, and Iwai 2016).

In breast cancer cell lines, PRC1 was found to interact with KIF2C/mitotic
centromere-associated kinesin (MCAK) (Shimo et al. 2007). This interaction was
hypothesized to be important for PRC1 movement along the central spindle microtubules
(Shimo et al. 2007). PRC1 directly interacted with M-phase phosphoprotein 1 (MPHOSPH1)
in several bladder cancer cell lines (Kanehira et al. 2007). The biological significance of
such interaction was not revealed.

Feo interacting protein (FIP) was identified in D. melanogaster as being a binding
partner of Feo (Swider et al. 2019). FIP is required for proper Feo localization and
successful cytokinesis in D. melanogaster S2 cells (Swider et al. 2019).

In fission yeast, Ase1 physically interacts and recruits Kinesin-6 (Klp9p) to the
central spindle (Fu et al. 2009). This interaction promotes microtubule sliding and spindle
elongation during anaphase B and is dependent on the phosphorylation states of both Klp9p
and Ase1 (Fu et al. 2009).

Taken it all together, PRC1 can establish interactions with several proteins to
maintain central spindle and midbody integrity. PRC1 disruption leads to cytokinesis failure
in a variety of systems, and its mechanisms of action are important to continue to be
elucidated. Indeed, PRC1 deregulation has been linked to many cancer types, probably by
promoting cytokinesis defects, chromosomal instability, and aneuploidy (Li et al. 2018; She
et al. 2019).

8. Caenorhabditis elegans: an ideal model system

8.1. C. elegans as an animal model

In 1963, Sydney Brenner and colleagues first proposed C. elegans as a eukaryotic
work model to develop studies on neuronal development. Since then, this nematode has
been widely used to develop studies in several research fields such as genetics,
neuroscience, evolution, cell biology, and aging.

C. elegans is a small and transparent nematode that can be found in soils worldwide
and is approximately 1 mm long at the adult stage. It is a multicellular organism, and most
of its cellular and molecular processes are well conserved among species. It can be easily
maintained in the laboratory using inexpensive NGM (nematode growth medium) plates,
seeded with a standard strain of Escherichia coli (E. coli), used as food supply, and grown
between 15°C and 26°C (Stiernagle 2006). The reproductive rate of these worms depends

on the temperature, with worms growing faster at higher temperatures, and slower at lower
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temperatures. Worms are usually grown at 20°C, and under these conditions, their
reproductive cycle takes ~3 days and each worm produces approximately 300 offspring.

C. elegans has five pairs of autosomes and one pair of sex chromosomes. This
nematode exists in two forms: hermaphrodites with two X chromosomes (XX) and males
containing one X chromosome (X0- in C. elegans the Y chromosome does not exist). Self-
fertilization occurs in hermaphrodites, the most abundant form. Males arise from the loss of
chromosome X and occur either spontaneously in <0.2% of the progeny, or by heat shock
of L4 hermaphrodites (exposing the worms for a few hours to 30-34°C) (Corsi, Wightman,
and Chalfie 2015). Males can be easily distinguished from hermaphrodites by their
triangular tail shape and they can be used to cross strains to obtain new strains following
Mendelian segregation rules. When mating hermaphrodites with males, the F1 generation
will consist of 50% males and 50% hermaphrodites.

After oocyte fertilization, an eggshell is formed around the egg and mitotic divisions
start. Embryonic development in the uterus can take 14-16h until the egg is laid. Newly L1
larvae hatch at the end of embryogenesis and measure about 1/6 of the length of an adult
worm. L1 larvae progressively develop into L2, L3, and then L4 larvae, and then become
adults that can produce embryos. Under stress conditions, such as lack of food, L2 larvae
will enter the dauer stage, where it can persist for up to six months (Cassada and Russell
1975). Dauer will transition to the L4 stage when the conditions are favorable again (Figure
9) (Meneely, Dahlberg, and Rose 2019). L1 larvae can be frozen at -80°C for several years,
allowing efficient strain management. Defrosted larvae can recover within a few hours, in

the presence of food (Stiernagle 2006).
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Figure 9- Schematic of the C. elegans life cycle.

After embryonic development, C. elegans eggs hatch and pass through different larva
stages (L1, L2, L3, and L4 larva) culminating in adult worms that can reproduce for a certain
period. Under stress conditions, the L1 larva might enter into the Dauer stage, allowing
long-term survival, until it reaches a more favourable environment and molts again into L4,
following the rest of the life cycle. (Figures used under permission (Herndon et al. 2018);
bottom: images illustrating different worm developmental stages (Figures used under

permission (Fielenbach and Antebi 2008).

Besides the cheap maintenance, easy handling, and storage, the C. elegans
nematode is transparent, providing an optimal observation of its cells and subcellular
structures under Nomarski microscopy. Mutation and protein tags can be easily introduced
in the C. elegans genome, allowing the phenotype characterization in diving embryos under
microscopy imaging. The number of somatic cells is invariable, allowing the characterization

and mapping of the cell shape and fate of each cell between fertilization and adulthood
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(Sulston and Horvitz 1977; Kimble and Hirsh 1979; Sulston et al. 1983; Giurumescu and
Chisholm 2011).

The C. elegans genome was completely sequenced (C. elegans Consortium (1998))
and most of the genes are well conserved among species including humans (Kaletta and
Hengartner 2006). These enable precise genetic manipulation, mutant generation, or the
use of RNA interference (RNAI) to deplete the gene of interest (Fire et al. 1998). Finally, the
C. elegans research community benefits from a database (Wormbase) containing
information about all C. elegans genes and their sequences, phenotypes, genetic
interactions, mutants, and strains characterized so far. Any C. elegans strain can be
deposited at the Caenorhabditis Genetics Center (CGC) and is available to the research
community upon request. Also, a collection of peer-reviewed chapters on different aspects

of C. elegans biology is available online in open access (WormBook).

8.2. Advantages of using C. elegans early embryos to study
cytokinesis
C. elegans is a powerful model to study cytokinesis since most of the cytokinesis

players are conserved in this species (table II).
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Table II- Proteins required for cytokinesis in C. elegans embryos (Pintard and

Bowerman 2019; table used under permission).

C. elegans protein

C. elegans gene

Vertebrate ortholog

Brief description of localization and function

TS alleles
(* indicates
fast acting)

NMY-2

MLC-4

LET-502

MEL-11

RHO-1

RGA-3/4

ECT-2

CYK-1

PFN-1

ANI-1
UNC-59;UNC-61
NOP-1

UNC-60A
ZEN-4

CYK-4

AIR-2

ICP-1CeINCENP
BIR-1

CSC-1

SPD-1

nmy-2(F20G4.3)

mic-4(C56G7.1)

let-502(C10H11.9)

mel-11(C06C3.1)

rho-1(Y5TH4A.3)

rga-3(KO9H11.3);
rga-4(Y75B7AL.4)
let-21(T19E10.1)

cyk-1(F11H8.4)

pfn-1(Y18D10A. 20)
ani-1(Y49E10.19)

unc-59(W09C5.2);
unc-61(Y50E8A.4)
nop-1(F25B5.2)
unc-60(C38C3.5)
zen-4(M03D4.1)

cyk-4(KO8E3.6)

air-2(80207.4)

icp-1(Y39G10AR. 13)
bir-1(T27F2.3)
csc-1(Y48E1B.12)
spd-1(Y34D9A.4)

nonmuscle myosin Il
nonmuscle myosin Il
regulatory light chain

Rho-binding kinase (ROK)

Myosin phosphatase
targeting subunit (MYPT)

RhoA

Not identified

Ect2

formins

profillin

Anillin

septins

Not identified
cofilin

kinesin-6 family

member MKLP1

MgcRacGAP

Aurora B

INCENP

Survivin

Borealin, Dasra A/B
PRC1

Localizes to the contractile ring during cytokinesis as
well as the other cortical contractile structure

Regulates the ability of myosin Il to form filaments
and interact with actin; localizes to the contractile
ring during cytokinesis as well as the other cortical
contractile structure

Rho-binding serine/threonine kinase; promotes myosin
Il contractility by increasing the phosphorylation of
MLC-4; localizes to the contractile ring

Regulatory subunit of myosin phosphatase; inhibits
cortical contraction by de-phosphorylating the
regulatory light chain of myosin II; LET-502 and MEL-
11 colocalize in cleavage furrows

Small GTPase that connects signaling by the ana-
phase spindle to assembly and ingression of a
cortical contractile ring; localizes to the furrow

Rho GTPase activating proteins regulating RHO-1 in
the early embryo

Guanine nucleotide exchange factor; activates
RHO-1; uniformly distributed over the cortex but
presumably activated at the furrow

A member of the formin family of proteins, promotes
actin assembly in response to activation of Rho
family GTPases; localizes to the cleavage furrow
and is required to initiate furrow ingression

One of three C. elegans homologs of the actin
binding protein profilin

One of the three C. elegans anillins; required for
contractile events in the early embryo

C. elegans homologs of the septins form nonpolar
membrane-associated filaments

Contributes to RHO-1 activation

Regulates actin filament dynamics

Interacts with CYK-4 to form the centralspindlin
complex; localizes microtubule bundles in the
spindle midzone and midbody

Interacts with ZEN-4 to form the centralspindlin
complex; localizes microtubule bundles in the
spindle midzone and midbody

Mitotic serine threonine kinase part of the chromosome
passenger complex (CPC)

Part of the chromosome passenger complex (CPC)

Part of the chromosome passenger complex (CPC)

Part of the chromosome passenger complex (CPC)

Microtubule bundling factor; localizes to microtubule
bundles in the spindle midzone

ne3409*%,
ne1490*

or596*

or153*

or749*

or207*

or663*

Besides all the advantages previously mentioned, C. elegans embryonic divisions
are stereotypical. C. elegans embryos are relatively large (around 50 um long and 30 um
wide), which facilitates microscopy imaging. Proteins can be progressively depleted using
increasing timing of RNAI treatment. In addition, temperature-sensitive mutants of several
cytokinesis players exist, which allows for protein inactivation at restrictive temperatures
specifically at the time of interest (Fire et al. 1998; Davies et al. 2014). Several drugs (e.g.
latrunculin and nocodazole) can be used to study cytokinesis and embryos can be treated

with these after permeabilizing the eggshell (Carvalho et al. 2011).
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8.3. The RNA interference pathway in C. elegans

The RNA interference (RNAI) pathway has been widely used in C. elegans since
1998 when Fire et al. unveiled how the RNAI pathway works using this system (Fire et al.
1998). It is present in most eukaryotic cells where they use small double-stranded RNA
(dsRNA) molecules to specifically silence a certain gene activity vis a homology-dependent
pathway. Long dsRNA molecules are recognized by Dicer, an RNA endonuclease, that cuts
the dsRNA into small fragments (small interference RNAI or siRNAs). These fragments bind
to the RNA-induced silencing complex (RISC) in which Argonaute protein is included. RISC
together with the siRNAs is directed to the target messenger RNA (mRNA), which pairs with
the siRNAs by complementary homology. Paired siRNA-mRNAs are fragmented by
Argonaute protein, and degraded (Figure 10) (Kim and Rossi 2008; Neumeier and Meister
2021).
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Figure 10- The RNAi pathway.

Dicer processes long dsRNA into siRNAs. siRNAs are loaded into Argonaute containing
RISC complex and one of the strands is degraded. The remaining strand is retained and
guides Argonaute onto the target RNA that will be cleaved or the target RNA is destabilized
or translational inhibited in the case of miRNA ( Schuster, Miesen, and van Rij 2019; figure

used under permission).

In C. elegans, the administration of dsRNA for RNAi can be done by injection,
feeding, or soaking. Protein depletion induced by feeding is achieved by cloning the specific
cDNA into a bacterial expression vector between opposing phage T7 polymerase promoter

sites. This vector is then transformed into an E.coli HT115 strain providing IPTG inducible
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expression of the phageT7 RNA polymerase. Interestingly, this E. coli strain lacks the Rnc
gene, that encodes RNase I, preventing dsRNA degradation. These bacteria are prepared
and seeded into NGM plates containing IPTG. Finally, worms are placed on these plates,
fed with bacteria expressing the desirable dsRNA, and adult animals or progeny is
evaluated (Conte et al. 2015). mRNA degradation in the germline gonad is gradual: new
oocytes and embryos will be progressively loaded with less and less target protein until all
the protein is depleted (Oegema and Hyman 2006). The penetrance of the protein depletion
directly correlates with the protein halftime, thus proteins that have long halftime are more
difficult to deplete. Moreover, double and triple RNAi depletions can be combined
simultaneously in C. elegans. Lastly, protein depletion by RNAi can be assessed by

immunoblotting, reverse-transcription (RT)-PCR, and/or phenotypical analysis.

8.4. Protein inactivation in C. elegans

Temperature-sensitive mutants are powerful tools to study transient processes such
as cytokinesis, as they usually allow rapid convert an active protein into an inactive protein,
by simply shifting the temperature at a precise time. At the permissive temperature, the
worms develop normally and are viable. However, at restrictive temperatures, the proteins
lose their function and their roles become compromised (Davies et al. 2017).

A collection of fast-acting temperature-sensitive mutants implicated in cytokinesis
was identified in classical forward genetic screens (Canman, Desai, Bowerman, and
Oegema, 2008; Encalada et al., 2000; Kemphues, Priess, Morton, and Cheng, 1988;
O’Connell et al., 1998; O’Rourke et al., 2011; Raich, Moran, Rothman, and Hardin, 1998).
The degree of functionality of these mutants can be tuned using a range of temperatures
between 16 °C and 26°C. The mutants exhibit higher activity at lower temperatures and
lower activity at higher temperatures (Davies et al., 2014; Davies et al., 2017). Also, protein
inactivation in fast temperature-sensitive is reversible, allowing the reactivation of the
inactive protein by shifting to permissive temperatures.

All these characteristics make fast-inactivating mutants very appealing tools to study
embryonic cytokinesis, especially because cytokinesis is a highly transient process, lasting
about ~500 seconds in the early C. elegans embryo. Also, cytokinesis players are often
involved in other stages of the cell cycle and during oogenesis/spermatogenesis, so their
timely-controlled inactivation allows for their function during embryonic cytokinesis to be
specifically examined. Moreover, fast inactivation allows for the dissection of the roles of its
players during contractile ring assembly, constriction, or abscission.

Precise and rapid temperature shifts can be achieved using commercially available

thermally fluidic control setups (Figure 11).
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Figure 11- Schematic representation of a commercially available device that allows
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for rapid temperature changes on the sample.

The temperature on a chip is controlled by dedicated software that operates changes on
the fluid heat. A coverslip with embryos in M9 medium is placed on the microscope. On top
of that, a spacer is added to avoid the embryo’s squeeze. The commercially available chip
is placed on top of the spacer to allow precise temperature control (Davies et al., 2017;

figure used under permission).
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Aims and Overview

During the later stages of cytokinesis, the cleavage furrow approaches and
compacts the central spindle microtubules. The impact of the central spindle on the
constricting contractile ring is not well understood. To address this knowledge gap, my
studies focused on characterizing the behavior of the contractile ring and its components
during the second half of furrow ingression in unperturbed conditions or when the central
spindle microtubule bundler PRC1/SPD-1 was depleted or inactivated. Bundling of central
spindle microtubules is essential for cytokinesis in cultured cells but previous reports
demonstrated that SPD-1 inhibition does not prevent cytokinesis completion in the C.
elegans zygote but prevents cytokinesis in the EMS cell of the C. elegans 4-cell embryo.

To characterize contractile ring behavior during the second half of ring constriction
in unperturbed conditions the distribution profiles of the contractile ring and central spindle
fluorescent markers were analyzed, from the point when the contractile ring approached
the central spindle until the ring stopped constricting. Also, midbody organization in control
embryos was characterized and compared to previous reports in HelLa cells. For some
contractile ring proteins, their turnover was assessed by photobleaching experiments either
in unperturbed conditions or when SPD-1 was depleted. In a brief biochemical incursion to
reveal potential SPD-1 interactors with other cytokinesis machinery members, | also
conducted a yeast two-hybrid assay.

To characterize the role of bundled central spindle microtubules during cytokinesis, |
revisited the phenotypes of SPD-1 inhibition in the 1-cell and 4-cell embryos by high-
resolution live fluorescence imaging. This led to the conclusion that SPD-1 perturbation
leads to the formation of elongated intercellular bridges during the last stages of ring
constriction that were characterized. A synergy between a contractile ring protein, anillin,
and SPD-1 was observed during the second half of ring constriction and the operating

mechanism behind it was investigated.
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MATERIAL AND METHODS






Materials and Methods

C. elegans strains

The strains used in this study are listed in Table Ill. Strains carrying the temperature-
sensitive alleles spd-1(0j5) or nmy-2(ne3409) were maintained at 16°C and the others at
16°C or 20°C on nematode growth medium (NGM) plates seeded with OP50 E. coli.

RNA interference

RNAi was performed by feeding hermaphrodites with HT115 E. coli bacteria
expressing double-stranded RNA (dsRNA) of interest from the L4440 vector. To deplete
SPD-1 by feeding RNAI, a 1590 bp region of the SPD-1 locus was amplified from N2
genomic DNA with the primers: 5-CCCGGATCCATGTCCCGAAGGCACAGC-3’ and 5'-
CCCGGATCCTCACAAAAACTGATTTCG, digested with BamHI restriction enzyme and
cloned into L4440 in the Bglll restriction enzyme site. The final plasmid was sequenced and
transformed into HT115 E. coli. These bacteria were used to prepare RNAI feeding plates
as previously reported (Silva et al. 2016). L4 animals were placed in the RNAI plates and
incubated at 20°C for 44-48 hours or at 26°C for 32h before dissection for imaging. To
deplete ANI-1, EFA-6, and GPR1/2, L4440 vectors carrying part of the sequence of ani-1,
efa-69, and gpr1/2 respectively were obtained from the Ahringer library ((Kamath et al.
2003) distributed by Source BioScience, United Kingdom) and sequenced to confirm the
gene target. L4 animals were fed with bacteria expressing double-stranded RNA either
against ani-1 and efa-6, and incubated at 16°C for 61h-64h or against gpr-1/2 and incubated
at 16°C for 30-33h, before being dissected in cold M9 medium.

Live imaging

1-cell, 4-cell, or ~16-cell C. elegans embryos were dissected from adult
hermaphrodites and filmed. spd-1(RNAi) depleted embryos were either imaged under
compression on 2% agarose pads overlaid with a coverslip in a room acclimatized to 20°C,
or under no compression in a drop of M9 medium (86 mM NaCl, 42 mM Na;HPO4, 22 mM
KH2POQO4, and 1 mM MgSO4.7H-0) placed on the CherryTemp chip set to 16°C, 22°C or
26°C. spd-1(oj5) and nmy2(ne3409) animals were filmed under no compression in a drop
of cold M9 medium placed on the CherryTemp chip set to 16°C, 22°C, or 26°C. The
temperature in the CherryTemp chip was controlled by dedicated software (CherryBiotech),
as explained in the text. In spd-1(0j5) EMS cells, the temperature was upshifted when
chromosome condensation started, when the equatorial cortex started to deform at the

beginning of furrow ingression (shallow deformation), or halfway through cleavage furrow
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ingression, as indicated in the figures. In ABa, ABp, and P2 cells, the temperature was
upshifted at the time of contractile ring assembly in the ABa cell; in PO cells, the temperature
was upshifted at nuclear envelope breakdown. Assessment of cytokinesis failure or success
was done in the strains GCP380 and GCP691, in movies that covered the entire process of
furrowing until the following cell division, when both sister cells entered anaphase (Fig. 17C,
17G, 26A, 27A, 33D).

For fluorescence recovery after photobleaching (FRAP) experiments (Fig. 15), a
FRAPPA photobleaching module (Andor Technology) placed between the spinning disk
head and the microscope was used. Photobleaching was performed by 3 sweeps of a 405
nm laser with 100% power and 40 us dwell time.

The rest of the images were acquired on a spinning disk confocal system (Andor
Revolution XD Confocal System; Andor Technology) with a confocal scanner unit (CSU-X1;
Yokogawa Electric Corporation) mounted on an inverted microscope (Ti-E, Nikon) equipped
with a 60x oil-immersion Plan-Apochromat objective (N.A. 1.4) and solid-state lasers of 488
nm (50 mW) and 561 nm (50 mW). An electron multiplication back-thinned charge-coupled
device camera (iXon Ultra 897; Andor Technology) with 1x1 binning was used. Acquisition
parameters, shutters, and focus were controlled by Andor iQ3 software. Images were

acquired in sets of ten z-planes 0.5- or 1-um apart, every 10, 20, or 30 seconds.

Image analysis and statistics

All measurements and image processing were done using Fiji (ImagedJ; (Schindelin
et al. 2012)). Z-stacks were projected using the maximum intensity projection tool. Graph
plotting and statistical analyses were performed with Prism 9.5.0 (GraphPad Software). All
error bars represent the 95% confidence interval of the mean Statistical significance was
determined using a two-tailed Mann-Whitney test.

Images in Figure 22 were obtained using the Imaris program (Imaris
(RRID:SCR_007370))

Measurement of furrow ingression profiles, instantaneous
contractile ring constriction rate, and point when the contractile ring

approaches the central spindle

The contractile ring diameter was determined in EMS cells expressing NMY-2::GFP
and mCherry::PH (Fig.12B, 17D-E, 26D, 27B, 25C) or GFP::PH (Fig. 28A), by manually
tracing a straight line between the two tips of the cleavage furrow on the z-plane where this
was the widest for each time point and plotted against time after anaphase onset (the first

point when two masses of segregated chromatids were observed immediately after
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metaphase, as judged by chromosome labeling using the histone marker mCherry::HIS-58,
or negative myosin labeling, which is cytoplasmic and absent from chromatin). Data from
multiple rings were temporally aligned and averaged. The values were normalized to the
diameter of the embryo measured at the cell equator at anaphase onset.

Percent ingression was considered to be 0% before furrow ingression initiated and
100% when it completed.

For the graphs of instantaneous constriction rate, the rate of ring constriction was
calculated for pairs of consecutive time points by dividing the difference in diameter by the
time interval. Individual rate measurements from all imaged embryos were pooled and the
mean rate for the data points falling in overlapping 2-um intervals was plotted against the
contractile ring diameter at the center of each interval. Segmental linear regression
(GraphPad) was used to determine the point of abrupt deceleration, which was considered
to be the intersection of the line segment during which the constriction rate is decreasing
only slightly and the line segment during which the constriction rate starts decreasing
significantly.

In Figure 28B, the point when the contractile ring approached the central spindle
was determined in EMS cells expressing NMY-2::mKate2 and GFP::TBB-2 or NMY-
2::mKate2 and SPD-1::GFP, by manually tracing a straight line between the two tips of the
cleavage furrow (as judged by NMY-2::mKate2 signal) on the z-plane where this was the
widest, at the time point when the signal of NMY-2 and TBB-2 or SPD-1 first overlapped.
The midzone length was determined by manually tracing a straight line between the two
edges of the central spindle (as judged by TBB-2 or SPD-1 signal) at the time point just
before it started being compacted by the advance of the cleavage furrow.

In Figure 25B, a line of 1.8 yum width was drawn over the two sides of the cleavage
furrow at a point of 70% ingression in control and a ani-1(RNAi) EMS cell expressing NMY-

2::GFP, and the mean GFP fluorescence along the line was quantified.

Measurement of DNA-DNA and Pole-to-Pole distance

All measurements were performed on maximum projection movies of embryos
expressing H2B::mCherry, or TBB-2: mCherry. The DNA-DNA and the pole-to-pole
distance were determined by manually tracing a straight line between the center of the two
masses of chromosomes or the two centrosomes, respectively, in Fiji and reading the length
of the line. Data from multiple examples were temporally aligned to anaphase onset or

shallow deformation and averaged by calculating the arithmetic mean.
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Quantification of protein levels in the contractile ring

To compare protein levels of contractile rings during the second half of constriction
(Fig. 12D), analyses were done in ABa and ABp cells starting when the contractile ring
perimeter was 20 ym. NMY-2::GFP, UNC-59::GFP, LifeAct::GFP, ANI-1::GFP, and CYK-
1::GFP levels were analyzed by drawing a segmented line, with a constant width, on top of
the contractile ring on each time point. When the contractile ring perimeter was smaller than
5 um a circle (with variable size) was drawn on top of the contractile/midbody ring until the
P2 furrow has ingressed 50%, and the reference point was chosen to finish the analysis.
For the CYK-4:mNeonGreen probe, a circle was drawn using the inner part of the
contractile ring as a template for each timepoint, and the area mean fluorescence was
calculated. The cytoplasmic signal of the P2 cell (measured in a 10-pixel diameter circle)

was subtracted from the mean fluorescence (Fig. 12C).

Measurement of protein turnover in the contractile ring

Photobleaching experiments were performed to analyze contractile ring dynamics
during constriction in control and SPD-1-depleted AB cells. Embryos expressing CYK-
1::GFP, ANI-1::GFP, and NMY-2::GFP were photobleached in a portion of the arc (~3.5-
4.5 um in length). The bleached area was monitored by collecting 8 z-planes 1-um apart
every 1.7 or 10 seconds before and after photobleaching.

Analysis was performed on maximum intensity projections by drawing a segmented
line with a fixed length and thickness on top of the bleached area, before and after bleaching
(Fig.15A). A circle with a fixed perimeter was drawn in the center of the ring to determine
the background fluorescence for each timepoint, before and after bleaching (Fig.15A).

To determine the fluorescence in the arc, the mean GFP fluorescence per pixel in
the arc after bleaching was subtracted from the mean background fluorescence in the
center of the ring after bleaching. This was normalized for the mean GFP fluorescence per
pixel in the arc before bleaching subtracted to the mean background fluorescence in the
center of the ring before photobleaching (Fig. 15A). The fluorescence intensity before

bleaching correspond to the average of three consecutive timepoints.

Characterization of intercellular bridges

In Figure 18C, the period of bridge elongation corresponds to the interval of time
between the point when the intercellular bridge started to form (the frame in which the furrow
tip started to broaden) and the time when it reached its maximum length (as judged by
mCherry::PH signal); the period of bridge shortening corresponds to the interval of time

between the point when the intercellular bridge was the longest to the point when the two
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ends of the bridge joined together. The point of sister cell juxtaposition corresponded to the
time point when the two sister cells became completely juxtaposed, as in control embryos.
The end of furrowing was considered to be the point when the distance between the two
sides of the furrow was minimal. The point of furrow regression was considered to be the
time frame when the two sides of the furrow separated. All reference points were
determined in a minimum of 10 examples and the values shown correspond to the mean.
In Figure 23D, midbody shedding corresponded to the point when some signal of
anillin or myosin was released from the midbody, and midbody release was the time when
the entire midbody separated from the back-to-back plasma membranes separating the

sister cells.

Embryonic viability

Embryonic viability tests were performed by feeding RNAi at 20°C or by growing N2
or spd-1(oj5) worms at 16°C or 26°C (Fig. 30).

L4 stage animals of the strain N2 were grown in SPD-1 feeding RNAI plates for 40
hours at 20 °C. Animals were then singled out onto fresh RNAi plates and let to lay eggs for
eight hours. After this period, the adults were removed and laid embryos were left to hatch
for 24 hours. The number of unhatched (dead) and hatched embryos were counted and the
embryonic viability was calculated by dividing the number of hatched embryos by the total
number of progeny. In the case of spd-1(0j5) animals, L4 stage animals of the strain WH12
were grown in OP50 E. coli NGM plates for 27 hours at 26°C or 53 hours at 16°C, and after
a period of 5.5 or 11 hours, respectively, adults were removed and unhatched and hatched

embryos were counted 24 or 36 hours later, respectively.

Yeast-two-Hybrid assay

In figure 16, yeast two-hybrid assays were performed according to the
manufacturer's guidelines (Matchmaker; Invitrogen). cDNAs of SPD-1, ANI-1, UNC-59,
UNC-61, NMY-2, MLC-4, CYK-7, CYK-1 fragments (F1 1-GBD-FH3-675 and F2 670-FH1-
FH2-DAD-1437), CYK-4, ZEN-4, PLK1, AIR-2, BIR-1, ICP-1 CSC-1, CLS-2, and TSG-101
were cloned into bait pGBKT7 or prey pGADT7 vectors. pGBKT7 and pGADT7 carry
cassettes that lead to the synthesis of Tryptophane and Leucine, respectively. Yeast-
containing bait and prey vectors with the cDNAs of interest were plated on -Leu/-Trp plates
to test for growth and in -Leu/-Trp/-His plates to select for interactions, as the interaction
between proteins encoded by prey and bait plasmids leads to the additional synthesis of
Histidine.
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Table llI- List of C. elegans strains used in this thesis.

Strain Genotype
N2 Ancestral
WH12 spd-1(oj5) |
RZB250 [cyk-1 (knu83 C-terminal GFP, unc-119 (+)); unc-

119(ed3)] lll; zuls151 (Nmy-2::mCherry); ItIS37 [ pie-
1::mCherry::his-58 + unc-119(+)] IV

QM88 pie-1::mCherry::tub:.pie-1; cyk-4(0k1034) Ill; xaSi2[cyk-
4::9fp cb-unc-119(+)] IV

QM89 pie-1::mCherry::tub::pie-1; cyk-4(ok1034) Ill; xaSi11[cyk-
4CA::gfp cb-unc-119(+)] IV

QMO0 pie-1::mCherry::tub::pie-1; cyk-4(ok1034) Ill; xaSi10[cyk-
4EAE::gfp cb-unc-119(+)] IV

JDU21 iimSi8[pJD362; Pmex-5::egfp::tbb-2; mCherry::his-11; cb-
unc-119(+)] Il; unc119(ed3) Il

JDU33 iimSi11[pdD359/pCFJ151,SPD-1p::SPD-1::sfGFP; cb-
unc-119(+)Jll; unc-119(ed3) Ill

JCC637 nmy-2(ne3409)I; unc-119(ed3)(?); ItIs38 [pAA1; pie-
1/GFP::PH(PLC1delta1); unc-119 (+)] lll; ItIs37 [pAA64;
pie-1/mCherry::his-58; unc-119 (+)] IV

OD3686 | ItSi849 [pKL120;, Pmex-5::mCherry::PH(PLC1delta1)::tbb-
2 3'UTR; cb-unc-119(+)] I; ItSi1124[pSG092; Pcyk-
4::CYK4reencoded::mNeonGreen::cyk-4 3-UTR; cbunc-
119(+)] II; unc119(ed3) Il
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Source

Caenorhabditis
Genetics

Center

Caenorhabditis
Genetics

Center

Zaidel-Bar lab

(Lee et al.
2015)

(Lee et al.
2015)

(Lee et al.
2015)

(Barbosa et al.
2021)

(Hirsch et al.
2022)

(Davies et al.
2014)

(Lee et al.
2018)



TMRO8

LP229

OD27

MG685

GCP13

GCP113

GCP380

GCP456

GCP528

unc-119(ed3)lll; (Konig et al.
ddIs186[WRM0631C_D06::S000126_R6K-pCFJ496- 2017)
000032-mos1([240][31816]tsg-101::S000138_R6K-
2xTY1-wSNAP-eGFP 3xFLAG); unc-1197];
ItIs44[pAA173; pie-1p-mCherry::PH(PLC1A1) + unc-
119%])

nmy-2(cp52[nmy-2::mKate2 + LoxP unc-119(+) LoxP]) I; | (Dickinson et al.

unc-119(ed3) Il 2017)
unc-119(ed3) IlI; Itis14 [pASMO5; pie-1/GFP-TEV- (Lewellyn et al.
STag::air-2; unc-119 (+)] IV 2011)
mgSi43 [cyk-4p:.cyk-4::GFP::pie-1 3'UTR + Cbr-unc- (Zhang and
119(+)] 1l Glotzer 2015a)
unc-119(ed3) Ill; prtSi2[pAC71; Pnmy-2:nmy- Our lab
2reencoded::mCherry::Strep Tagll::3'UTRnmy-2; cb-unc-
119(+)]ll

nmy-2(cp13[nmy-2::gfp + LoxP]) I; unc-119(ed3) Il (?); (Sobral et al.
ItIs37 [pAA64; pie-1/mCherry::his-58; unc-119 (+)] 2021)

nmy-2(cp13[nmy-2::gfp + LoxP]) I; unc-119(ed3) Ill (?); Our lab
ItIs44 [pAA173; pie-1/mCherry::PH(PLC1delta1); unc-119
(+)]; ItIs37 [pAA64; pie-1/mCherry::his-58; unc-119 (+)]

prtSi2[pAC71; Pnmy-2:nmy- This study
2reencoded::mCherry::StrepTagll::3'UTRnmy-2; cb-unc-
119(+)] Il; unc-119(ed3) Ill (?);
ddIs186[WRM0631C_D06::S000126_R6K-pCFJ496-
000032-mos1([240][31816]tsg-101::S000138_R6K-
2xTY1-wSNAP-eGFP 3xFLAG); unc-119+]

unc-119(ed3)Ill (?); Itis44 [pAA173; pie- This study
1/mCherry::PH(PLC1delta1); unc-119 (+)]; ItIs37 [pAA64;
pie-1/mCherry::his-58; unc-119 (+)]; Si37[pEZ98; Pani-
1:GFP::ani-1; cb-unc-119(+)] IV

49



GCP556

GCP615

GCP691

GCP720

GCP725

GCP730

GCP744

GCP941

GCP942
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spd-1(0j5) I; nmy-2(cp13 [nmy-2::gfp + LoxP]) I; unc-
119(ed3) lll (?); ItIs37 [pAA64; pie-1/mCherry::his-58;
unc-119 (+)]

spd-1(0j5) I; unc-119(ed3)lll (?); ItIs44 [pAA173; pie-
1/mCherry::PH(PLC1delta1); unc-119 (+)]; ItIs37 [pAA64;
pie-1/mCherry::his-58; unc-119 (+)]; Si37[pEZ98; Pani-
1:GFP::ani-1; cb-unc-119(+)] IV

nmy-2(cp13 [nmy-2::gfp + LoxP]) I; spd-1(0j5) I; unc-
119(ed3) lll (?); ItIs37 [pAA64; pie-1/mCherry::his-58;
unc-119 (+)]; ItIs44 [pAA173; pie-
1/mCherry::PH(PLC1delta1); unc-119 (+)]

nmy-2(cp52[nmy-2::mKate2]) l;,unc-119(ed3)lll; pEZ60;
PPIk1::PLK1::GFP::Plk1; cb-unc-119(+)]ll ; ItIs37 [pAA64;
pie-1/mCherry::his-58; unc-119 (+)] IV

nmy-2(cp52[nmy-2::mKate2+ LoxP unc-119(+) LoxP] I;
ijmSi8 [pJD362; Pmex-5::gfp::tbb-2; mCherry::his-11; cb-
unc-119(+)] Il; unc-119(ed3) Ill (?)

nmy-2(cp52[nmy-2::mKate2+ LoxP unc-119(+) LoxP] I;
unc-119(ed3) Il (?); ItIs14 [pASMOS5; pie-1/GFP-TEV-
STag::air-2; unc-119 (+)] IV; ItIs37 [pAA64;
pie1/mCherry::his-58; unc-119 (+)]

nmy-2(cp52[nmy-2::mKate2+ LoxP unc-119(+) LoxP] I;
ItSi1124 [pSG092; Pcyk-4::cyk-
4reencoded::mNeonGreen::cyk-4 3-UTR; cbunc-119(+)]
II; unc-119(ed3) Il (?)

spd-1(oj5) I; iimSi8 [pJD362; Pmex-5::gfp::tbb-2;
mCherry::his-11; cb-unc-119(+)] Il; unc-119 (ed3) Ill (?)

spd-1(0j5) I; ItSi1124[pSG092; Pcyk-4::cyk-
4reencoded::mNeonGreen::cyk-4 3-UTR; cbunc-119(+)]
Il; unc-119 (ed3) lll; ItIs37 [pAA64; pie-1::mCherry::his-58
+unc-119(+)] IV

This study

This study

This study

This study

This study

This study

This study

This study

This study



GCP950 ItSi1124[pSG092; Pcyk-4::cyk- This study
4reencoded::mNeonGreen::cyk-4 3-UTR; cbunc-119(+)]
Il; unc-119 (ed3) lll; ItIs37 [pAA64; pie-1::mCherry::his-58
+unc-119(+)] IV

GCP1203 nmy-2(cp52[nmy-2::mKate2]) I; jmSi11 This study
[pJD359/pCFJ151; spd-1p::spd-1::sfGFP; cb-unc-
119(+)]ll; unc-119(ed3) Ill (?)

GCP1353 mgSi43 [cyk-4p::cyk-4::GFP::pie-1 3'UTR + Cbr-unc- This study
119(+)] II; unc-119(ed3) lll; Itis44 [pAA173; pie-
1/mCherry::PH(PLC1delta1); unc-119 (+)]

GCP1354 | spd-1(0j5) I; unc-119(ed3) Il (?)*; mgSi43 [cyk-4p:.cyk- This study
4::GFP::pie-1 3'UTR + Cbr-unc-119(+)] Il; unc-119(ed3)
Il; Itis44 [pAA173; pie-1/mCherry::PH(PLC1deltal); unc-
119 (+)]

GCP1505 spd-1(oj5) I; unc-119(ed3) Il (?)*; nmy-2(cp52[nmy- This study
2::mKate2+ LoxP unc-119(+) LoxP] I; unc-119(ed3) Il
(?)*; Itis14 [pPASMO5; pie-1/GFP-TEV-STag::air-2; unc-
119 (+)] IV; ItIs37 [pAA64; pie1/mCherry::his-58; unc-119
(+)]
unc-119(ed3) Il (?) - the presence of this allele was not verified after completion of

the genetic cross
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CHAPTER IV

MICROTUBULE BUNDLING ACTIVITY IS REQUIRED
FOR LAST STAGES OF CYTOKINESIS IN C. ELEGANS






Microtubule bundling activity is required for last stages of

cytokinesis in C. elegans

9. An increase in NMY-2, ANI-1, UNC-59, and CYK-4 levels is

observed in the contractile ring during the second half of constriction

Contractile ring to midbody ring transition is thought to involve molecular changes
(Kechad et al., 2012). To determine when, and which molecular changes operate, we
decided to characterize ring constriction. We measured the contractile ring perimeter over
time, described the contractile ring shape, and analyzed the distribution profiles of
fluorescent markers of the contractile ring and central spindle in the ABa and ABp cells. The
ABa and ABp cells are two of the four cells in the 4-cell embryo that usually divide
perpendicular to the imaging plane, and consequently, the whole circumference of their
constricting rings can be visualized in projections of a few z-planes (Fig. 12A).

By measuring the contractile ring perimeter over time, we confirmed that the ring
constriction rate is constant until it reaches a perimeter of 19 um, the point at which the rate
slows down, in agreement with a previous study (Carvalho, Desai, and Oegema, 2009) (Fig.
12B and B’). This decrease in the rate of constriction has been previously shown to be due
to the proximity of the ring to the central spindle microtubules (Carvalho, Desai, and
Oegema, 2009). Interestingly, we also observed that shortly after the ring starts to slow
down, it also changes shape: during early constriction the ring seems to be attached to cell-
cell contacts adopting a “triangular shape”, whereas it detaches from cell-cell contacts
adopting a more circular shape at approximately 12 um (Fig. 12A and B’).

By examining distribution profiles of contractile ring and central spindle components
during ring constriction, we found that: formin (CYK-1) and actin (as judged by LifeAct)
levels remained constant when ring’s perimeter was below ~20 um until 240s after the
furrow has completely closed; non-muscle myosin || (NMY-2) and one of the septins (UNC-
59) increased in concentration when the ring perimeter was ~10 ym, but stabilized soon
after; and anillin (ANI-1) and a centralspindlin component (CYK-4) levels started to increase
when the ring perimeter was ~20 ym and continued to increase when the ring perimeter
was below 5 ym (Fig. 12D).

These observations suggest that topological and molecular changes that set the

stage for abscission, occur during the second half of contractile ring constriction.
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Figure 12- Analysis of contractile ring behavior during the second half of
constriction.

(A) Schematic illustrating a 4-cell C. elegans embryo where the contractile ring (in green)
of ABa and ABp cells is constricting. Schematics are followed by stills of a time-lapse video
of an embryo expressing NMY-2::GFP. Numbers in stills indicates times in seconds. Scale
bar, 5 um. (B) Graph showing mean constriction rate versus ring perimeter. The x-axis is
reversed to represent progression from larger to smaller perimeters during ring constriction.
Error bars are the 95% confidence interval of the mean. The grey box depicts the window

of ring perimeters during which the ring approaches the central spindle microtubules
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(dashed red line), the dashed black outline and the orange arrow represents time when the
ring changes from “triangular” to circular shape, and when the ring detaches from cell-cell
contacts (B’). (C, C’) Schematic illustrating how contractile ring and central spindle protein
levels were quantified before and after the contractile ring reached a perimeter 5 um. To
quantify contractile ring probes, a segmented line with a fixed width was drawn over the
constricting ring, and the mean fluorescence intensity along the line was determined. For
CYK-4, a circle covering the area inside of the ring was drawn, and the mean fluorescence
intensity in that region was determined after subtraction of the cytoplasmic background. For
ring perimeters below 5 ym, the ring and the region inside it were too small to be traced in
separate, and thus a circle covering the entire region was drawn for quantification purposes.
(D) Fluorescence intensity per unit length of contractile ring (blue) and central spindle
(green) proteins against decreasing ring perimeter. The black dashed line on the x-axis

starts at ring perimeters below 5 um. Error bars, 95% CI.

10. Composition of the midbody in C. elegans EMS cells is

similar to that in tissue culture cells and SPD-1 behaves like PRC1

The composition of the midbody is well known in tissue culture cells where proteins
are distributed in 3 different compartments: midbody core, midbody flanking
regions/midbody arms, and midbody ring (Elia et al. 2012; Green, Paluch, and Oegema
2012; Hu, Coughlin, and Mitchison 2012). These regions are well-established and easily
identified in HeLa cells. In C. elegans embryos, the distribution within three regions has not
been carefully looked at (Green et al. 2013; Konig et al. 2017).

To evaluate if midbody architecture in C. elegans embryos is similar to that described
in HelLa cells, we imaged midbodies in the EMS cell in 4-cell embryos expressing
fluorescent GFP tagged SPD-1 (PRC1), CYK-4 (MgcRacGAP); AIR-2 (Aurora B), NMY-2
(non-muscle myosin Il), and ANI-1 (anillin). EMS cells divide parallel to the imaging plane,
thus two sides of the contractile ring can be visualized when acquiring images of the center
of the cell.

During the first steps of cytokinesis, NMY-2 and ANI-1 accumulate at the cell
equator. As the ring constricts and gets smaller they concentrate at the tip of the furrow until
the midbody forms. NMY-2 and ANI-1 remain at the midbody even when this is released
(Fig.13A,B, and A,B’). During midbody formation, these two proteins adopt a more
peripheral localization than TBB-2, AIR-2, SPD-1, PLK-1, and TSG-101 (Fig. 13C, D, E, G
and H).

SPD-1::GFP starts to appear at the midzone (2216 s after anaphase onset; n=10).

As the contractile ring constricts, and compacts the central spindle, SPD-1 progressively
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compacted until co-localizing with NMY-2::mKate2 at the midbody. After complete furrow
ingression, the SPD-1 signal starts to decrease 540+61s after anaphase onset (n=10), while
the NMY-2 signal remains constant (Fig.12D; Fig. 13E).

CYK-4 appears at the midzone right after anaphase onset but its intensity increases
as cytokinesis progresses until the furrow has completely ingressed, indicating its different
behavior when compared to that of SPD-1 (Fig. 13F). CYK-4 signal seemed to be
predominantly in the central spindle but we cannot exclude that at least some transferred
to the contractile ring at the last stages of ring constriction, as it has been described (Basant
et al., 2015; Elia et al., 2011; Hu et al., 2012b; Zhang and Glotzer, 2015).

AIR-2::GFP localizes on the centromeres of chromosomes at the metaphase plate
and translocates to the central spindle right after anaphase onset. As the contractile ring
constricts and the midbody forms, AIR-2 localizes in the inner region of the midbody and on
the midbody flanking regions (Fig. 13D), resembling what happens in HeLa Cells. As the
midbody matures, the AIR-2::GFP signal starts to fade especially from the midbody flanking
regions, and localizes only at the midbody center. Since AIR-2 and SPD-1 localize to central
spindle microtubules, we checked whether the decrease of their signal could coincide with
midzone microtubule depolymerization. EMS cells co-expressing GFP::TBB-2 and NMY-
2::mKate2 were imaged and the time of microtubule depolymerization, as judged by
GFP::TBB-2 signal loss from the midzone was determined. We found that the GFP::TBB-2
signal disappears from the midzone 670+96s (n=11) after anaphase onset, which is similar
to that of AIR-2::GFP loss from the midbody flanking regions (615+34s, n=4) (P value =
0,3178, ns). SPD-1::GFP signal decrease (540+ 61s, n=10) coincides also with AIR-2::GFP
loss from the midbody flanking regions (P value = 0,3178, ns) (Fig. 13C, D and E). These
data indicate that SPD-1 and Aurora B levels at the midbody probably decrease due to
microtubule depolymerization.

As PLK-1 (a protein that localizes to central spindle microtubules) and TSG-101 (a
protein belonging to the ESCRT-I machinery) have been implicated in abscission in different
systems (Carlton and Martin-Serrano 2007; Bastos and Barr 2010; Green et al. 2013; Kdnig
et al. 2017), we decided to explore their localization during the last stages of cytokinesis.
PLK-1 localizes on chromosomes and centrosomes at anaphase onset (data not shown;
n=20), as previously reported (Budirahardja and Goénczy 2008). It appears at the midzone
154133s after anaphase onset and its signal progressively increases until 537+87s after
anaphase onset when its intensity starts to decrease. TSG-101 starts to accumulate at the
midzone 310+61s (n=9) after anaphase onset and its concentration progressively increases
as the midbody matures, and remains at the midbody remnants when they are released.
PLK-1 and TSG-101 signals were internal to that of NMY-2::GFP (Fig. 13G and H).
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Our data indicate that the midbody in C. elegans is composed of a midbody core
(containing microtubules, AIR-2, SPD-1, PLK-1, TSG-101 and CYK-4), midbody arms
(containing microtubules, and AIR-2), and a midbody ring (containing NMY-2 and ANI-1)
(Fig.14). Moreover, SPD-1 localization at the midbody core is in accordance with what was
previously reported for PRC1 in HeLa Cells (Hu et al., 2012b; Jiang et al., 1998).
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Figure 13- Characterization of midbody in the EMS cell.

(A-H). Images of time-lapse videos of the region of the furrow of EMS cells expressing
NMY-2::GFP (A), ANI-1::GFP (B), TBB-2::GFP (C), AIR-2::GFP (D), SPD-1::GFP (E), CYK-
4::mNeonGreen (F), PLK1::GFP (G), and TSG-101::GFP (H). Cells co-express the plasma
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membrane probe (mCherry::PH) and the histone (mCherry::HIS-58) in panels (A) and (B),
NMY-2::mKate2 in panels (C), (D), (E), and (H) or NMY-2::mKate2 and mCherry::HIS-58 in
panels (F) and (G). Numbers on stills are time in seconds after anaphase onset. (A, B’)
Schematic illustrating the behavior of the cleavage furrow with back-to-back plasma
membranes and the contractile ring at its tip (green), and the midbody that persists after
completion of furrow ingression in control cells; some myosin and anillin shed away from
the midbody before its release. Orange arrows in panel (A) and (B) point at the midbody
being released. Purple brace symbol in panel (D) illustrates AIR-2::GFP spread along the
midbody arms and midbody core pointed with purple arrow. Orange arrow in panel (F)
illustrates CYK-4 accumulation at the midbody ring/core. Scale bars, 5 uym. Panels (A), (B)
and (B’) correspond to panels (A) and (A’) from figure S3 in Santos and Silva et al., 2023.

Panel in (E) was adapted from panel (B) in figure 1 in Santos and Silva et al., 2023.
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Figure 14- The midbody in the EMS cell of the early C. elegans embryo shares similar
architecture to that in HeLa Cells.

Midbody proteins are distributed along the midbody ring, midbody core, and midbody arms.
The midbody ring contains NMY-2, ANI-1, and probably CYK-4 (in pink), the midbody core
contains SPD-1, PLK-1, CYK-4, AIR-2, TSG-101, and tubulin and the midbody arms contain
AIR-2 and tubulin (in green).

11. SPD-1 depletion affects ANI-1, but not CYK-1 or NMY-2

turnover during contractile ring constriction
Differences in contractile ring protein behavior were identified during the second half

of constriction (section 9), when the contractile ring encounters the central spindle
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microtubules. To check whether the proximity between the two structures could have an
impact on the dynamics of proteins in the contractile ring, we characterized ANI-1::GFP,
NMY-2::GFP and CYK-1::GFP dynamics after spd-1(RNA/) by measuring the fluorescence
recovery after photobleaching (Fig. 15C). A small region of ABa or ABp constricting
contractile rings of 38+10 um of perimeter was photobleached. The average GFP signal
within a box of constant width and length manually drawn over the photobleached region
was determined for every time point to monitor protein recovery. As the contractile ring
constricted, these boxes also covered the flanking regions of the photobleached area. For
smaller ring perimeters, it became difficult to draw the boxes, thus we stopped measuring
the GFP signal when the rings reached a perimeter of 14+6um. Plotting the mean of
fluorescence recovery over time shows that a plateau was not reached in some conditions,
which prevented us from quantitatively determining the half-time recovery (Fig. 15C).
Nevertheless, analysis of the curves obtained show that ANI-1 recovery is substantially
slowed down after spd-1(RNAI).

These results indicate that the presence of central spindle microtubules is required
for normal ANI-1 dynamics during the last phases of contractile ring constriction and that

central spindle microtubules contribute to molecular changes in the constricting ring.
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Figure 15- SPD-1 depletion affects ANI-1 dynamics during contractile ring
constriction.

(A) Schematic illustrating the measurements and quantifications of fluorescence recovery
after photobleaching (FRAP) in ABa or ABp contractile rings. A box with constant width and
length was drawn before (orange rectangle) and after (blue rectangle) FRAP. A circle with
a constant size was drawn on the cytoplasm for each time point before (orange) and after
(blue) FRAP to measure the background intensity. The results were normalized to the
values before FRAP. (B) Images of a time-lapse video showing the contractile ring before
and after FRAP. Scale bar, 5 ym. Numbers on stills correspond to time in seconds.
(C) Mean GFP fluorescence normalized as explained in (A) plotted versus time. Error bars,
95% CI.
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12. SPD-1 interacts with the contractile ring, central spindle, and

abscission proteins in a yeast two-hybrid assay

To search for possible interactions of SPD-1 with other proteins that might be
relevant to its function, we used a yeast-two-hybrid assay. This is a system that consists in
having two yeast strains: one with a plasmid with one of our proteins of interest and the
activation domain (AD) of a transcription factor (prey plasmid); and another yeast strain
transformed with a plasmid that encodes for the other protein of interest fused to the DNA
binding domain (BD) of the transcription factor (bait plasmid). If the proteins cloned as bait
and prey do not interact, the transcription factor will not be functional and a reporter gene
will not be transcribed. If the two proteins of interest interact, the AD and BD come close
and the transcription factor becomes functional resulting in the transcription of the reporter
gene (Fig. 16A). In our case the reporter gene is HIS3, coding an enzyme involved in
histidine biosynthesis, an essential amino acid. Yeast strains containing bait and prey
plasmids were mated and then supplemented in a medium lacking histidine. Only yeast
containing proteins that physically interact will be able to synthesize histidine, thus will be
able to grow in a medium that is not supplemented with this amino acid.

In our lab, a library of yeast expressing several members of the cytokinesis
machinery was already available. We searched for possible interactions with SPD-1, using
this as prey, and the other possible interactors as bait (Fig. 16B). As a control for
autoactivation empty vector was used as prey and as bait. Unpublished work from our lab
indicated that SPD-1 could interact with CYK-1 full length, thus we decided to map this
interaction by generating two CYK-1 fragments: one containing the N-terminal GTPase
Binding Domain (GBD) and the Formin Homology Domain 3 (FH3) (CYK-1 F1); and the
other containing the Formin Homology Domains 1 and 2 (FH1 and FH2) and the diaphanous
autoregulatory domain (DAD) (CYK-1 F2). We found that, in this assay, SPD-1 can interact
with the contractile ring proteins ANI-1 and CYK-1 F1, midzone proteins CYK-4, PLK-1,
CLS-2, and SPD-1 itself, and the abscission protein TSG-101 (Fig. 16B and C). Some of
these interactions, such as SPD-1-CYK-4, PRC15PP'-PLK1, and PRC15PP-'.CLASPCS2
have already been described validating our assay (Hu et al. 2012a; Patel, Nogales, and
Heald 2012; Lee et al. 2015; Jing Liu et al. 2009; Neef et al. 2007).

These data suggest that SPD-1 functions in C. elegans might go beyond its
microtubule bundling capacity and might contribute to cytokinesis/abscission by interacting

directly with contractile/midbody ring and abscission machinery.
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Figure 16- SPD-1 interacts with contractile ring, midzone, and abscission proteins in
a yeast-two-hybrid assay.

(A) Schematic representations of the AD, activation domain and BD, DNA binding domain.
(B) List of proteins tested as possible SPD-1 interactors. Positive and negative interactions
are indicated by a green + or a black - signal, respectively. (C) Images of yeast two-hybrid
assay showing that SPD-1 interacts with CLS-2, CYK-4, TSG-101, PLK1, ANI-1 and CYK-
1 F1. Mated yeast was grown for 3 or 5 days in a medium lacking histidine. Empty prey
plasmid was used as control. These experiments were repeated 3-4 times for every SPD-1

interaction.

13. Penetrant SPD-1 inhibition in the C. elegans early embryo

results in frequent cytokinesis failure

To study the requirement of SPD-1 for cytokinesis in the C. elegans early embryo,
we took advantage of the temperature-sensitive mutant spd-1(oj5), which permits rapid

inactivation by upshifting the temperature from 16°C to 26°C (Verbrugghe et al. 2004). For

65



comparison, we depleted SPD-1 by RNAI (Fig. 16A). After anaphase onset, SPD-1 localizes
to the bundled microtubules of the midzone and persists at the midbody (Fig. 13E).
Penetrant inhibition of SPD-1 is expected to result in two separated half spindles with no
overlapping microtubules in the way of the ingressing cytokinetic furrow (Fig. 17B).

When SPD-1 was depleted by RNAi at 20°C or 26°C in embryos expressing
fluorescent myosin  (NMY-2:GFP), a marker for the plasma membrane
(mCherry::PH(PLC181)) and a marker for chromosomes (mCherry::HIS-58), the majority of
EMS cells completed cytokinesis, and the rate of contractile ring constriction was unaffected
(Fig. 17C,D). In contrast, and in agreement with a previous study (Verbrugghe et al. 2004),
78% of spd-1(oj5) EMS cells failed cytokinesis when upshifted to 26°C during prophase
(Fig. 17C). Cytokinesis typically failed after complete furrow ingression, which occurred at
the same rate as in controls (Fig. 17E). Inactivation of spd-1(oj5) at the beginning of
furrowing or at 50% of furrow ingression resulted in a similar phenotype, which reveals that
SPD-1 activity is required during the last stages of cytokinesis (Fig. 17C). At 26°C spd-
1(0j5) also caused cytokinesis failure in the zygote and the other cells of the 4-cell embryo
(ABa, ABp, P2), but the failure rate was not as high as in the EMS cell (41%, 53%, 40%,
and 30% of cytokinesis failure, respectively; Fig. 17F). We conclude that SPD-1 is required
for cytokinesis in the C. elegans early embryo and that the EMS cell is particularly sensitive

to SPD-1 inactivation.
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Figure 17- SPD-1 is required for cytokinesis in the C. elegans early embryo.

(A) List of conditions used to study SPD-1 function. (B) Schematic illustrating that SPD-1
full inhibition is expected to result in two separated half spindles with no bundled
microtubules in the midzone. (C) Percentage of EMS cells that fail cytokinesis for each
condition. spd-1(0j5) embryos were upshifted from 16°C to 22°C or 26°C at a point when
nuclear chromatin is condensing at the beginning of mitosis, equatorial cortex starts to
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deform at the beginning of furrow ingression (shallow deformation), or half way through
cleavage furrow ingression. (D) Mean contractile ring diameter over time in EMS spd-
1(RNAI) cells and corresponding control filmed at 20°C (mean £ 95% CI). (E) Individual
curves of contractile ring diameter over time after anaphase onset in spd-1(0j5) EMS cells
at 26°C. Average curve (mean x 95% Cl) is shown for the corresponding control. In (D) and
(E) ring diameter is normalized to ring diameter before ingression, time zero corresponds
to anaphase onset, and n is the number of cells analyzed. (F) Selected images of time-
lapse videos showing cytokinesis success or failure in control, spd-1(RNAi), spd-1(oj5) at
22°C and spd-1(0j5) at 26°C EMS cells expressing a probe for the plasma membrane
(mCherry::PH) and a probe for chromosomes (mCherry::HIS-58). Scale bar, 5um. (G)
Percentage of PO, ABa, ABp, and P2 cells that fail cytokinesis for each condition. In (C),
(D), (E) and (G) n is the number of cells analyzed. This figure was adapted from figure 1 in
Santos and Silva et al., 2023.

14. SPD-1 inhibition leads to formation of an elongated

intercellular bridge during the last stages of cleavage furrow ingression

To characterize the impact of SPD-1 inhibition on cytokinesis in more detail, we
focused on the EMS cell in embryos co-expressing mCherry::HIS-58 and
mCherry::PH(PLC181). In control cells, a tight cleavage furrow forms and sister cells are
juxtaposed with back-to-back plasma membranes until the end of furrow ingression.
Different temperatures changed the duration of cytokinesis but not the tight furrowing (Fig.
19 and Fig. 18A, A’). In contrast, SPD-1 inactivation at 26°C or spd-1(RNAi) at 20°C
resulted in broadening of the cleavage furrow tip and in the creation of an elongated
intercellular bridge between sister cells at the last stages of constriction (Fig. 18A, A’). In
spd-1(RNAI) cells, the intercellular bridge elongated and thinned, and the bridge then
shortened until the sister cells became juxtaposed. At this point, sister cells resembled those
in control embryos (Fig. 18A, C). In the majority of spd-1(0j5) EMS cells at 26°C, the
intercellular bridge thinned but did not seal, as after bridge shortening the cleavage furrow
regressed and cytokinesis failed (424+50 s after anaphase onset, n=10). The phenotype of
spd-1(oj5) at the semi-restrictive temperature of 22°C was similar to that of spd-1(RNAI)
(Fig. 17C, 18B-C and 20), suggesting that spd-1(RNAI) results in partial inhibition of SPD-
1. The formation of an elongated intercellular bridge between sister cells was also observed
during cytokinesis of the ABa, ABp, and P2 cell, the 1-cell embryo (P0), and cells of older
embryos (16-32-cell stage) (Fig. 18D). These results reveal that SPD-1 is required to

maintain the ingressing cleavage furrow in a tight back-to-back configuration.
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Figure 18- SPD-1 inhibition leads to the formation of an elongated intercellular bridge
at the end of furrow ingression.

(A) Images of time-lapse videos in control, spd-1(RNAi) and spd-1(oj5) at 26°C EMS cells
expressing a probe for the plasma membrane (mCherry::PH) and a probe for chromosomes

(mCherry::HIS-58). Periods of intercellular bridge elongation and shortening, as well as
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sister cell juxtaposition are indicated. Blue and orange arrowheads point to the intercellular
bridge and juxtaposed sister cells, respectively. Numbers correspond to time in seconds
after anaphase onset. Scale bar, 5 ym. (A’) Schematic illustrating intercellular bridge
formation and successful furrowing completion or furrow regression in spd-1(RNAi) and
spd-1(oj5) at 26°C, respectively. (B) Percentage of EMS cells that formed an elongated
intercellular bridge. n is the number of cells analyzed. (C) Diagram showing intervals of
intercellular bridge elongation and thinning, bridge shortening, sister cell juxtaposition,
mean point of furrowing completion and furrow regression for the different conditions and
corresponding controls (n=10). (D) Images of time-lapse videos of embryos expressing
myosin (NMY-2::GFP) showing that elongated intercellular bridges also form in PO, ABa,
ABp, P2, and later cytokinesis, as illustrated on the top left. Single images of the entire
embryos indicate the position of the cells shown in the insets. Blue arrowheads point to the
intercellular bridge. ABa and ABp cells start dividing vertically, providing an end-on view of
the entire contractile ring, and rotate during furrow ingression, when only two sides of the
contractile ring and the intercellular bridge can be observed. Scale bars, 5 um. This figure

corresponds to figure 2 in Santos and Silva et al., 2023.
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Figure 19- Duration of cytokinesis varies depending on the temperature.

Images of time-lapse videos in control EMS cells expressing myosin (green or gray, NMY-
2::GFP), a probe for the plasma membrane (magenta, mCherry::PH), and a histone
(magenta, mCherry::HIS-58). Numbers correspond to time in seconds after anaphase
onset. Schematic at the bottom illustrates the behavior of the cleavage furrow with back-to-
back plasma membranes and the contractile ring at its tip (green), and the midbody that
persists after completion of furrow ingression in control cells. Scale bar, 5 ym. This figure

corresponds to figure S1 in Santos and Silva et al., 2023.

71



Control

spd-1(oj5) 22°C Control 22°C

Successful cytokinesis

Control spd-1(RNA spd-1(oj5) 22°C

e ——
Time Time Time

Figure 20- The cytokinesis phenotype of spd-1(oj5) at the semi-restrictive
temperature of 22°C is similar to that of spd-1(RNAI).

Images of time-lapse videos in spd-1(RNAI) and spd-1(0j5) at 22°C EMS cells expressing
a probe for the plasma membrane (mCherry::PH). Periods of intercellular bridge elongation
and shortening, as well as sister cell juxtaposition are indicated. Blue and orange arrows
point at the intercellular bridge and juxtaposed sister cells, respectively. Numbers
correspond totime in seconds after anaphase onset. Scale bar, 5 ym. This figure

corresponds to figure S2 in Santos and Silva et al., 2023.

15. Contractile ring components disperse along the intercellular
bridge after SPD-1 inhibition, and successful cytokinesis after partial

SPD-1 inhibition correlates with formation of a mini-midbody

To understand why partial SPD-1 inhibition allows cytokinesis to complete while
penetrant inhibition does not, we examined the state of midzone microtubules. Bundled
midzone microtubules were abundant in control embryos, were substantially decreased at
the semi-restrictive temperature, and were undetectable at the restrictive temperature (Fig.
21A). For spd-1(RNAi) and corresponding control EMS cells, imaging could be performed
under compression, which improves image quality because the spindle is situated closer to

the coverslip (Fig. 21B). As in spd-1(oj5) at the semi-restrictive temperature, residual
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microtubule bundles were detected at the midzone after spd-71(RNAi) (Fig. 21B). In
agreement with this, (AIR-2::GFP) and centralspindlin (CYK-
4::mNeonGreen) signal was detected in the intercellular bridge in spd-1(0j5) at 22°C and
after spd-1(RNAI). At the restrictive temperature neither AIR-2::GFP nor CYK-4::GFP were
detected in the midzone of spd-1(0j5) cells. We conclude that cytokinesis completion after

spd-1(RNAI) or in spd-1(oj5) at 22°C correlates with the presence of a residual central
spindle (Fig. 21A-C).
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Figure 21- Residual midzone microtubules are observed after SPD-1 depletion and
partial inactivation of spd-7(oj5) at 22°C in EMS cells.

(A,B) Images of tubulin-labeled microtubules (GFP::TBB-2), centralspindlin component
CYK-4 (CYK-4::mNeonGreen) and chromosomal passenger protein AIR-2 (AIR-2::GFP) in
control, spd-1(oj5) at 22°C, spd-1(0j5) at 26°C and spd-1(RNAi|) at 20°C EMS cells co-

expressing either a probe for the plasma membrane (mCherry:PH) or for the contractile ring
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(myosin, NMY-2::mKate2) filmed under no compression (A) or under compression (B).
Orange arrows point at residual microtubules traversing the midzone. Scale bars, 5 um. (C)
Schematic illustrating the presence of residual bundled microtubules when SPD-1 is
partially inhibited (spd-7(RNAi) and spd-1(oj5) at 22°C) and their absence when SPD-1 is
fully inhibited (spd-1(0j5) at 26°C). Scale bars, 5 um. This figure corresponds to figure 3 in
Santos and Silva et al., 2023.

To better characterize the distribution of the chromosomal passenger protein
complex (as judged by AIR-2::GFP) and the centralspindlin complex (as judged by CYK-
4::mNeonGreen) within the elongated intercellular bridges observed upon SPD-1
perturbation, we performed 3D spatial reconstructions. We observed that NMY-2::mKate2
formed a hollow cylinder filled with AIR-2::GFP and CYK-4::mNeonGreen during bridge
elongation (Fig. 22). We did not find strong evidence that CYK-4::mNeonGreen signal also
overlapped with that of NMY-2::mKate2. This analysis suggests that the remaining AIR-2
and CYK-4 present in the bridges is attached to residual central spindle microtubules and

not to the broadened contractile ring.

AIR-2::GFP CYK-4::mNeonGreen
NMY-2::mKate2 NMY-2 NMY-2::mKate2 NMY-2
NMY-2 . - NMY-2 - -
AIR-2 MERGE CYK-4 CYK-4 MERGE

: -! -!

Figure 22- AIR-2 and CYK-4 localize in the inner part of the elongated intercellular
bridges after SPD-1 inhibition.

Stills of the EMS cell rotated in different orientations, from embryos co-expressing AIR-
2::GFP or CYK-4::mNeonGreen, NMY-2::mKate2 and a probe for chromosomes
(mCherry::HIS-58) in an SPD-1 depleted embryo during bridge formation. A reconstructed
surface is observed in blue based on NMY-2 fluorescence or in magenta based on AIR-2
or CYK-4 fluorescence. The stills are accompanied by schematics representing the bridge

stage. Scale bar,5 pm.

We next examined how SPD-1 inhibition affects contractile ring components. During
cytokinesis in control EMS cells, the contractile ring folds back onto itself at the tip of the
cleavage furrow. Myosin (NMY-2::GFP) and anillin (ANI-1::GFP) localized in the contractile
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ring throughout constriction and persisted at the midbody. A fraction of myosin and anillin
was shed from the midbody 582+28 s after anaphase onset (n=12), but most of the signal
persisted at the midbody even after the midbody was released 10461162 s after anaphase
onset (n=7; Fig. 23D, D’). In contrast, myosin and anillin became dispersed along the
intercellular bridge and spread into the lateral sides of the furrow in spd-1(0j5) cells at 22°C
and 26°C (Fig. 23A-C). When the bridge reached its maximum length, the continuous
myosin and anillin signal became fragmented and decreased over time. Residual myosin
and anillin concentrated at the center of the bridge in a midbody-like structure in spd-1(0j5)
at 22°C, which persisted during sister cell juxtaposition (Fig. 23A). The presence of residual
Aurora B, and centralspindlin at the center of the bridge after spd-1(RNAi) and spd-1(oj5)
at 22°C supports the idea that partial inhibition of SPD-1 allows for formation of a mini-
midbody (Fig. 24). In agreement with this, residual ESCRT-I (TSG-101::GFP) was observed
in the mini-midbody after spd-7(RNAi). In spd-1(0j5) at 26°C, no mini-midbody was
observed, and myosin and anillin completely disappeared from the bridge shortly before
furrow regression (Fig. 23B, and 24B). These results suggest that the residual microtubule
bundles observed in spd-1(RNAi) and spd-1(oj5) at 22°C support the formation of a mini-

midbody, which in turn allows bridge sealing and completion of cytokinesis.
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Figure 23- Myosin and anillin distribute along intercellular bridges after SPD-1
inhibition and the formation of a mini-midbody ensures cytokinesis completion after
partial SPD-1 inhibition.

(A,B) Images of time-lapse videos of the region of the furrow in control and spd-1(oj5) at
22°C (A) or control and spd-1(oj5) at 26°C EMS cells (B) expressing myosin (green, NMY-
2::GFP, left) or anillin (green, ANI-1::GFP, right), the plasma membrane probe mCherry::PH
and the DNA probe mCherry::HIS-58. Periods of intercellular bridge elongation and
shortening, as well as sister cell juxtaposition are indicated. Yellow arrowheads point at the
myosin/anillin signal on the laterals of the furrow, blue arrowheads point at the myosin/anillin
that persists within the intercellular bridge, and orange arrowheads point at the midbody or
mini-midbody. Numbers correspond to time in seconds after anaphase onset. (C)
Schematic illustrating that some myosin/anillin signal persists in a mini-midbody in spd-
1(0j5) at 22°C but it completely disappears in spd-1(0j5) at 26°C, which leads to furrow
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regression and cytokinesis failure. (D) Mean time after anaphase onset (mean + 95% CI)
when some NMY-2::GFP (orange circles) and ANI1::GFP (blue circles) shed from the
midbody and when midbody release happens in control EMS cells, at 22°C. n is the number
of cells analyzed. (D’) Images of time-lapse videos of the region of the midbody showing
shedding events at 22°C, indicated by the blue arrowheads. Numbers in images correspond
to time in seconds after anaphase onset in (A), (B) and (D’). Scale bars, 5 um. This figure

was adapted from figure 4 and figure S3 in Santos and Silva et al., 2023.
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Figure 24- CYK-4 and AIR-2 are able to accumulate in intercellular bridges of spd-
1(RNAI), spd-1(0j5) EMS cells at 22°C but not at 26°C.
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(A) Images showing that reduced chromosomal passenger protein AIR-2 (AIR-2::GFP),
centralspindlin component CYK-4 (CYK-4::mNeonGreen), and ESCRT-I component TSG-
101 (TSG-101::GFP) are present in the mini-midbody observed after spd-1(RNAi) in EMS
cells co-expressing NMY-2::mKate2 or NMY-2::mCherry. Orange arrowheads point at the
midbody or mini-midbody and blue arrowheads point at AIR-2, CYK-4 and TSG-101 in the
intercellular bridge. Two time points during bridge elongation and sister juxtaposition are
shown for each case. (B) Images of centralspindlin component CYK-4 (CYK-4::GFP) and
chromosomal passenger protein AIR-2 (AIR-2::GFP) in control, spd-1(0j5) at 22°C and spad-
1(0j5) at 26°C EMS cells co-expressing a probe for the plasma membrane (mCherry:PH)
or a probe for the contractile ring (myosin, NMY-2::mKate2). Orange arrowheads point at
the midbody or mini-midbody and blue arrowheads point at AIR-2 and CYK-4 in the
intercellular bridge. Two time points during bridge elongation and sister juxtaposition are
shown for each case. Scale bars, 5 ym. This figure was adapted from figure 4 and figure
S3 in Santos and Silva et al., 2023.

16. Anillin depletion aggravates cytokinesis in SPD-1-inhibited
cells

Anillin is involved in coordinating the transition from contractile ring to midbody ring
during late cytokinesis in D. melanogaster S2 cells (Kechad et al. 2012). In the C. elegans
early embryo, however, the anillin ANI-1 is not essential for cytokinesis (Maddox et al.
2007). C. elegans also expresses two additional anillin paralogs (ANI-2 and ANI-3), but
these have not been implicated in embryogenesis (Maddox et al. 2005). We next
investigated how co-inhibition of ANI-1 and SPD-1 impacts cytokinesis in EMS cells. ANI-1
depletion on its own resulted in symmetric furrow closure (Fig. 25A, B), a slower second
half of contractile ring constriction, and an even slower final phase of constriction (Fig. 25C).
Central spindle microtubules were unaffected (Fig. 25D), and cytokinesis completed in all
cells (n=20).

Strikingly, ANI-1 depletion in spd-1(oj5) at 22°C severely aggravated cytokinesis
failure in EMS cells, with 88% of furrows not completing ingression (Fig. 26A). The presence
of residual microtubule bundles at the midzone suggested that ANI-1 depletion in spd-1(0j5)
at 22°C did not further compromise central spindle formation beyond the defects observed
in spd-1(o0j5) (Fig. 26B). Although an intercellular bridge formed in the double inhibition, it
did not elongate or thin out as much as the intercellular bridge in spd-1(0j5) cells (Fig. 26C),
reaching a maximum length of 3.5+0.5 ym (versus 5.6+0.5 um in spd-1(0j5) cells at 22°C;
n=10 and n=33, respectively; P=0.0001). After reaching a maximum of 97% ingression,
furrow ingression in the double inhibition stalled until regression ensued (Fig. 26D). Mini-
midbodies were not observed at any point (Fig. 26C). At 26°C, all ani-1(RNAI);spd-1(0j5)
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EMS cells failed cytokinesis. 87% already stopped furrowing at 70+6% ingression (n=20),
and, after a period of pause, their furrows regressed (Fig. 26A, B). We conclude that
depletion of ANI-1 in SPD-1-inhibited cells aggravates cytokinesis defects without

aggravating defects in central spindle formation.
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Figure 25- ani-1(RNAi) slows down furrow ingression and causes symmetric furrow
closure but does not affect midzone microtubules.

(A) Images of time-lapse videos of control and ani-1(RNAj)) EMS cells. Numbers
correspond to time in seconds after anaphase onset. Scale bar, 5 um. Schematic on the
bottom illustrates successful furrow ingression after ani-1(RNAi). (B) NMY-2::GFP
fluorescence intensity measured along a line scan that covers both sides of the cleavage
furrow at 70% ingression in a control and ani-1(RNAi) EMS cell, as illustrated on the right.
(C) Mean contractile ring diameter over time in ani-1(RNAi) EMS cells at 22°C or 26°C and
corresponding controls (mean £ 95% CI). Ring diameter is normalized to ring diameter

before ingression, time zero corresponds to anaphase onset, and n is the number of cells

79



analyzed. (D) Images of tubulin (GFP::TBB-2) in control and ani-1(RNAi) EMS cells. Scale

bars, 5 um. This figure corresponds to figure S4 in Santos and Silva et al., 2023.
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Figure 26- ANI-1 depletion in spd-1(0j5) embryos at 22°C leads to myosin loss and
furrow regression during late furrowing.
(A) Percentage of EMS cells that succeed/fail cytokinesis for each condition. n is the

number of cells analyzed. (B) Images of tubulin (GFP::TBB-2) in EMS cells filmed under no
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compression. Orange arrowheads point at residual microtubules traversing the midzone.
Schematic on top illustrates that the presence of residual bundled microtubules at the
midzone is similar in spd-1(oj5) at 22°C and ani-1(RNAI);spd-1(0j5). (C) Images of time-
lapse videos of EMS cells showing that the intercellular bridge does not elongate as much
and furrow regresses before membrane sealing in ani-1(RNAI);spd-1(0j5) at 22°C.
Arrowheads as in Figure 23A. (C’) Images of the intercellular bridge of an ani-1(RNAI);spd-
1(0j5) EMS cell at 22°C showing that the myosin signal at the bridge disappears before
furrow regression. (D) Individual curves of contractile ring diameter over time after
anaphase onset in ani-1(RNAI);spd-1(0j5) EMS cells at 22 °C. Average curves (mean +
95% Cl) are shown for ani-1(RNAi) and spd-1(0j5) at 22°C. Ring diameter is normalized to
ring diameter before ingression, time zero corresponds to anaphase onset, and n is the
number of cells analyzed. (E) Schematic illustrating that furrow ingression does not
complete and furrow regression ensues after myosin loss from the intercellular bridge in
ani-1(RNAIi);spd-1(0j5) at 22°C. Orange arrowheads point at midbody or mini-midbody.

Scale bars, 5 um. This figure corresponds to figure 5 in Santos and Silva et al., 2023.

17. Co-inhibition of ANI-1 and SPD-1 results in progressive

myosin loss from the constricting contractile ring

To understand why co-inhibition of ANI-1 and SPD-1 aggravates cytokinesis defects
relative to the single inhibitions, we examined myosin localization. In contrast to single
inhibitions, depletion of ANI-1 in spd-71(0j5) cells at 22°C or 26°C caused myosin to
progressively disappear from the contractile ring until it was barely detectable just prior to
furrow regression (Fig. 26C, C’, E, 27C-D). Furthermore, acute inactivation of myosin during
the second half of furrow ingression in otherwise normal EMS cells, using the temperature
sensitive mutant nmy-2(ne3409), resulted in abrupt stalling of ingression followed by furrow
regression (Fig. 28A, A’). These results suggest that ANI-1 depletion in spd-1(0j5) cells

aggravates cytokinesis defects due to a failure to maintain myosin in the contractile ring.
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Figure 27- ANI-1 depletion in spd-1(0j5) embryos at 26°C leads to myosin loss and
furrow regression at 70% furrow ingression.

(A) Percentage of EMS cells that succeed and fail cytokinesis for each condition. n is the
number of cells analyzed. (B) Individual curves of contractile ring diameter over time after
anaphase onset in spd-1(0j5) and ani-1(RNAI);spd-1(oj5) EMS cells at 26°C. Average curve
(mean = 95% CI) is shown for ani-1(RNAi) at 26°C. Ring diameter is normalized to ring

diameter before ingression and n is the number of cells analyzed. (C) Images of time-lapse
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videos of EMS cells showing that furrow regression occurs before an intercellular bridge
forms in ani-1(RNAI);spd-1(o0j5) at 26°C. (C’) Images of the furrow region of an ani-
1(RNAI);spd-1(0j5) EMS cell at 26°C showing that the myosin signal disappears, before
furrow regression. (D) Schematic illustrating that furrow ingression fails at an early stage
and furrow regression ensues after myosin loss from the furrow in ani-1(RNAI);spd-1(0j5)
at 26°C. Orange arrowhead points at the midbody. Scale bars, 5 um. This figure

corresponds to figure 6 in Santos and Silva et al., 2023.
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Figure 28- Myosin is required for continuous furrow ingression and ring regression
after co-inhibition of SPD-1 and ANI-1 occurs at the stage when the contractile ring
encounters midzone microtubules in control embryos.

(A) Individual curves of contractile ring diameter over time after anaphase onset in nmy-
2(ne3409) EMS cells. Temperature was upshifted from 16°C (blue) to 26°C (orange) during
the second half of furrow ingression. Ring diameter is normalized to ring diameter before
ingression. (A") Images of time-lapse videos of the furrow region of nmy-2(ne3409) EMS
cells upshifted to restrictive temperature at 58% and 93% ingression. Numbers correspond
to time in seconds after anaphase onset. Scale bar, 5 um. (B) Percentage of furrow
ingression (mean % * 95% Cl) when the ring labeled with NMY-2::GFP touches the central
spindle labeled with GFP::TBB-2 or SPD-1::GFP (white arrow). Images on the left show the

time point when measurements were determined. Scale bar, 5 ym. (C) Instantaneous
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constriction rate (mean + 95% CI) against percentage of furrow ingression in control EMS
cells. Blue dashed line segments are linear regressions used to determine the point when
the contractile ring starts to constrict slower, which is indicated by the vertical gray line. This

figure was adapted from figure 7 in Santos and Silva et al., 2023.

18. Ring regression after co-inhibition of SPD-1 and ANI-1
occurs at the stage when the contractile ring encounters midzone

microtubules in control embryos

We found that 70% ingression, which is when furrowing stops on average in ani-
1(RNAI);spd-1(0j5) cells at 26°C, corresponds to the point when the contractile ring
approaches midzone microtubules in control embryos: the diameter of the contractile ring
when it first approached the central spindle, measured in embryos co-expressing NMY-
2::mKate2 and a microtubule marker (GFP::TBB-2), was 5.5+0.2 um, which corresponds to
69+1% ingression (n=13). Similar values were obtained when measuring the diameter of
the contractile ring in embryos co-expressing SPD-1::GFP and NMY-2:.mKate2 (5.5+0.5
pum corresponding to 70+3% ingression) (Fig. 28B). Analysis of instantaneous contractile
ring constriction rate showed that 72% ingression also corresponds to the stage when
furrow ingression abruptly starts to slow down in control embryos (Fig. 28C).

These observations suggest that the central spindle slows the advance of the
contractile ring. Together with the finding that co-inhibition of SPD-1 and ANI-1 lead to ring
regression at a point when the cleavage furrow would normally encounter the spindle
midzone, our results suggest that anillin in the contractile ring and the central spindle
(through SPD-1 or other central spindle components) act jointly to induce changes in the
contractile ring at this time point. These changes involve the maintenance of myosin in the
contractile ring, thereby ensuring the continuation and completion of furrow ingression (Fig.
29).
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Summary of results. n is the number of examples analyzed in (A), (B), and (C). This figure

corresponds to panel D) from figure 7 in Santos and Silva et al., 2023.
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CHAPTER YV

EXPLORING THE REQUIREMENTS FOR BRIDGE
FORMATION UPON SPD-1 DISRUPTION






Exploring the requirements for bridge formation upon SPD-1

disruption

19. SPD-1 perturbation impacts embryonic viability

Since SPD-1 disruption resulted in successful cytokinesis after the formation of the
elongated bridge between the two daughters of the EMS cell, we tested whether the
occurrence of these impacted embryo development.

We evaluated embryonic viability, which is a readout for defects caused by SPD-1
inhibition or depletion during embryogenesis (Fig. 30A). SPD-1 perturbation resulted in a
significant decrease in embryonic viability (0.2+1 % in spd-1(0j5) at 26°C and 66+21% in
spd-1(RNAi)) when compared with corresponding controls (90+7% in spd-1(oj5) at 16°C
and 100% in non-depleted embryos) (Fig. 30B). The fact that SPD-1 depletion by RNAi also
resulted in some embryonic viability indicates that failure in later embryonic cytokineses

may happen.
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Figure 30- SPD-1 perturbation affects embryo viability.
(A) Embryonic viability test design. (B) Graph showing the percentage of viable embryos

for each condition. n is the number of worms analyzed. **** P < 0.00001.

20. SPD-1-CYK-4 interaction is dispensable for CYK-4
accumulation at the midzone and for central spindle elongation in the
EMS cell

It was previously described that the SPD-1 N-terminal region directly binds to the
CYK-4 C-terminal region (Lee et al. 2015). The SPD-1 mutation in the oj5 allele is within
the CYK-4 binding region and has been shown to weaken the SPD-1-CYK-4 interaction
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(Lee et al. 2015). Thus, the bridges observed after SPD-1 inhibition could be a result of the
loss of this interaction.

CYK-4 mutants that lack the SPD-1 binding region or in which 3 essential residues
for this interaction were mutated (CYK-4(Atail) and CYK-4(EAE), respectively) were
reported to exhibit disrupted central spindles in C. elegans 1-cell embryos (Lee et al. 2015).
In agreement with a disrupted midzone, the centrosome-to-centrosome distance was
reported to abruptly increase at anaphase onset much more than in controls (Lee et al.,
2015). Consequently, the SPD-1-CYK-4 interaction was described to function as a brake
for spindle pole separation (Lee et al., 2015). Bearing this in mind, we wondered whether
the elongated intercellular bridges in EMS cells could also be a consequence of defective
SPD-1-CYK-4 interaction. To test this, we aimed at checking whether EMS cells from
embryos expressing CYK-4(Atail)::GFP or CYK-4(EAE)::GFP also formed elongated
intercellular bridges.

We started by confirming Lee et al., 2015 results, by imaging 1-cell embryos co-
expressing mCherry::tubulin  and CYK-4(WT)::GFP, CYK-4(Atail)::GFP, or CYK-
4(EAE)::GFP. CYK-4(WT)::GFP starts to accumulate at the midzone at anaphase onset
and its levels progressively increase until the midbody forms. By contrast, in cyk-4(Atail)::gfp
and cyk-4(EAE)::gfp embryos, CYK-4 accumulation at the midzone is severely decreased,
and the signal is dispersed; no signal is detected in midbodies (Fig. 31A). We also
confirmed that in both mutants the two centrosomes snap apart and the pole-to-pole
distance drastically increases at anaphase onset when compared with controls (Fig. 31B).
Interestingly, 36% (5/14) and 50% (7/14) of cyk-4(EAE)::gfp and cyk-4(Atail)::gfp 1-cell
embryos, respectively, fail cytokinesis after full furrow ingression.

Next, we checked whether similar differences occur in the EMS cell. Intriguingly, we
observed that although initially slightly less compacted, CYK-4(Atail)::GFP and CYK-
4(EAE)::GFP can accumulate at the midzone and midbody in cyk-4(Atail) or cyk-4(EAE)
EMS cells, indicating the midzone has not been disrupted. In addition, central spindle
microtubules are still observed in the midbodies, although signal seems to be decreased
(Fig. 31C). Supporting these observations is the fact that pole-to-pole distance profiles are
similar to those of controls (Fig. 31D). No bridges were observed in cyk-4(Atail)::gfp or cyk-
4(EAE)::gfp EMS cells and all completed cytokinesis (n=8 and n=9, respectively).

These results indicate that it is not the disrupted interaction between SPD-1 and
CYK-4 that is triggering the formation of the intercellular bridges in the EMS cell. However,
these results revealed the interesting possibility that the mechanisms necessary for central

spindle microtubule bundling and spindle organization are different in the PO and EMS cells.

90



A cyk-4(wt) B

Pole-to-Pole distance

PO

g 30 -

~ 25+

[0]

é 20 -

2 154

3 104

a

S 54

o

DO- 0 T T T 1

0 50 100 150 200
time after anaphase onset(s)
-o-cyk-4 (wt) (n=8)
~o-cyk-4 (A tail) (n=13)
—e-cyk-4 (EAE) (n=15)
C cyk-4(wt) cyk-4 (A tail)

-o- cyk-4 (A tail) (n=9)
~o- cyk-4 (EAE) (n=10) g8 I
0 T ] T 1

50 100 150 200
time after anaphase onset (s)

C=p

i :
Pole-to-Pole distance

5 4

E

g 20

G

3 15-

P o cyk-4 (wi) (n=9)

g

I 1 ) ~
i‘) ' - '.,: \ s .."'
[e] 3 VL A

Q AT 3

o
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(A) Images of time-lapse videos of C. elegans 1-cell embryos co-expressing
mCherry::tubulin and CYK-4::GFP versions. (B) Pole-to-pole distance in the 1-cell embryo
plotted against time after anaphase onset. Schematic on top illustrates how pole-to-pole
distance was measured in the 1-cell embryo. The plasma membrane, microtubules,
centrosomes, and DNA are represented in grey. (C) Images of time-lapse videos of EMS
cells co-expressing mCherry::tubulin and CYK-4::GFP versions. Corresponding DIC
images are overlaid with mCherry::tubulin on the bottom row. (D) Pole-to-pole distance in
the EMS cell plotted against time after anaphase onset. Schematic of 4-cell embryo
illustrating how pole-to-pole distance was measured in the EMS cell. The plasma
membrane, microtubules, centrosomes, and DNA are represented in grey. The contractile
ring is represented in red. Pink arrowheads point out to the presence of GFP signal in the
spindle in (A) and midbodies in (C). Numbers on stills in (A) and (C) correspond to time in
seconds after anaphase onset. Scale bars, 5 um. Error bars in (B) and (D), 95% CI. niis the

number of embryos analyzed in (B) and (D).

21. SPD-1 disruption leads to the abrupt separation of DNA

masses in the EMS cell

SPD-1 depletion leads to the unbundling of central spindle microtubules in the 1-cell
embryo (Verbrugghe et al. 2004) and in the EMS cell of the 4-cell embryos. Due to the
existence of cortical forces pulling the poles apart, the distance between the two
centrosomes should abruptly increase at anaphase after SPD-1 inhibition (Lee et al. 2015;
Verbrugghe et al. 2004). Since we observed that the mechanisms of central spindle
organization may differ in the EMS cell, we checked whether the distance between the two
masses of chromatin also abruptly increased after SPD-1 inhibition in this cell. Measuring
the distance between two masses of chromatids that are moving towards opposing poles is
equivalent to measuring the distance between the two (Fig. 32A). Our analysis
demonstrated that the distance between DNA masses abruptly increases at anaphase
onset in spd-1(RNAi) EMS cells, similar to what happens in the PO (Fig. 32B,C). Similar
results were obtained in spd-1(0j5) at 26°C in EMS and PO cells (Fig. 32B,C). We conclude
that SPD-1 depletion and partial/full inactivation led to similar profiles of DNA-DNA distance
(Fig. 33A) and that the cytokinesis failure observed upon SPD-1 full inactivation is unlikely

a consequence of the abrupt increase in the distance between the two spindle poles.
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Figure 32- SPD-1 perturbation results in abrupt chromosome/centrosome separation
in PO and EMS cells.

(A) DNA-DNA distance (lower curves) and Pole-to-Pole distance (higher curves) plotted
against time after anaphase onset in PO. The schematic on the right illustrates how pole-to-
pole and DNA-DNA distances were measured. The plasma membrane, microtubules,
centrosomes, and DNA are represented in grey, the contractile ring is in red. (B, C) DNA-
DNA distance in PO (B) and EMS cell (C) plotted against time after metaphase in seconds
(s) for spd-1(RNAI), spd-1(0j5) at 26°C, and corresponding controls. The schematic on the
right illustrates how pole-to-pole and DNA-DNA distances were measured in the EMS cell
(colours as in schematic in panel A). n is the number of embryos analyzed. Error bars, 95%
Cl.

22. The abrupt separation of DNA masses is unlikely to be

responsible for intercellular bridge formation after SPD-1 inhibition

Next, we tried to understand whether elongated intercellular bridge formation could
be associated with the abrupt separation of DNA masses after anaphase onset.

To further assess the impact of the abrupt poles separation on bridge formation, we
checked whether intercellular bridges also formed after depletion of EFA-6, whose loss of
function has been described to affect the distance between DNA masses or centrosomes
in a way similar to that of spd-7(RNAi). EFA-6 was described to be a negative regulator of
dynein-based cortical pulling force, and C. elegans 1-cell embryos that lack this protein

present accelerated spindle elongation. First, we confirmed that the DNA-DNA profile in the
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1-cell embryo after efa-6(RNAI) was similar to the previously described and similar to that
we observed after SPD-1 inhibition (Fig. 33A left panel) (Lee et al. 2015). Second, we
looked at the DNA-DNA profile in the EMS cell. In contrast to spd-7(RNAI), EFA-6 depletion
did not affect centrosome-centrosome distance in the EMS cell (Fig. 33A right panel). We
could not use EFA-6 depletion to test whether exaggerated spindle elongation could per se
cause bridge formation. These observations reinforced the idea that the mechanisms that
govern central spindle organization in PO may differ from those in the EMS cell.

Next, we checked whether reducing cortical pulling forces that pull the poles apart
prevents spindle snapping and bridge formation. GPR1/2 together with Ga proteins and
LIN-5 form a complex that anchors cortical dynein to the plasma membrane. Cortical dynein
is responsible for exerting pulling forces on the astral microtubules. Depletion of GPR-1/2
has previously been shown to slow the separation of centrosomes during anaphase in the
C. elegans zygote (Pecreaux et al. 2006; Srinivasan et al. 2003; Nguyen-Ngoc, Afshar, and
Gonczy 2007; Gotta et al. 2003). Therefore, we depleted GPR-1/2 in the EMS cell to check
whether the same happens. Depletion of GPR1/2 in the EMS led to a decrease in DNA-
DNA separation when compared to that in control embryos (Fig. 33B and C). When GPR-
1/2 depletion was combined with SPD-1 partial inactivation, the distance between the DNA
masses was restored to control levels in the EMS cell (Fig. 33B and C). However, depletion
of GPR-1/2 in the EMS cell of spd-1(0j5) embryos resulted in contractile ring tilting, which
made it challenging to determine whether an intercellular bridge still formed or not.
Additionally, 11 out of 15 cells failed cytokinesis after full ingression of the furrow, which
complicated the interpretation even further. Thus, we turned our attention to the P2 cell,
which like EMS cells divides parallel relative to the imaging plane, and forms intercellular
bridges before completing cytokinesis in 90% of spd-1(0j5) embryos at 22 °C (9/10). gpr-
1/2(RNAI) also led to a decrease in DNA-DNA separation in this cell and restored DNA-
DNA distance profile in spd-1(0j5) at 22°C. gpr-1/2(RNAi);spd-1(0j5) P2 cells continued to
form intercellular bridges (88% (7/8) of P2 cells exhibited intercellular bridges). Interestingly,
cytokinesis failure was not observed in this cell (Fig. 33D and E).

Altogether, these results suggest that intercellular bridges observed after SPD-1

inhibition are not a result of abrupt spindle poles separation.

94



>

PO

EMS cell

w
?

30

Pole-Pole distance (um)
N
(=)
™ L
N
(=)
>
D
ﬁa) ;
o]
©
E&H,
N

10 = efa-6(RNAl) (n=4) 10 — efa-6(RNA/) (n=5)
- 1 0 =
spd-1(05) 22°C (n=3) spd-1(0j5) 22°C (n=6) I Eyis
0 —— control (n=3) 0 — control (n=6)  eemreeedd
120 80 40 O 40 80 120 -80 40 0 40 80
Time relative to shallow deformation (s) Time relative to shallow deformation (s)
B C
~30- EMS cell 25 P2 cell
IS
=2 2 w ]
3 . ___spd-1(0j5) 22°C
S 207 + gpr-1/2(RNAJ) (n=11) 45
% spd-1(0j5) 22°C (n=14)
< 104 —gpr-1/2(RNAI) (n=9) 10+
% —control (n=10) 5
: :
O 0- T T T T T 1 0 T T T T 1
0 100 200 300 400 500 600 0 100 200 300 400
time after anaphase onset (s) time after anaphase onset (s)
E
P2 cell
100 e _
o
g
e successful cytokinesis o
° without bridge formation
=2 . . 0
3 successful cytokinesis 3O
5 07 ith bridge formati =&
8 with bridge formation NN
& &
S
%
§=
Sols ,
TNaF .
g ¥ {
NMY-2::GFP
HIS-58::mCherry
PH::mCherry

Figure 33- Bridges observed after SPD-1 inhibition are unlikely to be a consequence
of abrupt spindle pole and DNA masses separation.

(A) Pole-to-pole distance plotted against time relative to shallow deformation in the PO or
EMS cell. Schematic on the right of each graph illustrates dividing PO and EMS cell. The
plasma membrane, microtubules, centrosomes, and DNA are represented in grey, the
contractile ring is in red. (B, C) DNA-to-DNA distance in the EMS cell (B) or P2 cell (C)
plotted against time after anaphase onset. (D) Percentage of P2 cells that completed
cytokinesis after forming or not forming an intercellular bridge. Schematic on the right of
each graph illustrates dividing P2 cell. The plasma membrane, microtubules, centrosomes,
and DNA are represented in grey, the contractile ring is in red. (E) Images of time-lapse
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videos of spd-1(0j5), gpr-1/2(RNAi) and gpr-1/2(RNAi);spd-1(o0j5) P2 cells co-expressing
NMY-2::GFP to label the contractile ring, HIS-58::mCherry to label chromosomes, and
PH::mCherry to label the plasma membrane (fimed at 22°C). Black arrows point to
intercellular bridges. Numbers on stills correspond to time is in seconds after anaphase
onset. Scale bars, 5 um. n is the number of embryos analyzed and error bars correspond
to 95% Cl in panels A-C.
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CHAPTER VI

DISCUSSION AND CONCLUSIONS






Discussion and conclusions
The impact of central spindle microtubules during the second half of the cytokinetic

ring constriction remains far from being completely elucidated.

In this thesis, we explored the changes that the contractile ring suffers when it
approaches the bundled central spindle microtubules, primarily in the 4-cell C. elegans
embryo. We observed that the ring suffers topological and molecular changes that include
the increasing concentration of some contractile and central spindle proteins during the last
phases of ring constriction. We also observed that the central spindle bundler SPD-1
influences anillin turnover in the contractile ring, and that the current list of PRC1/SPD-1
interactors is likely to include contractile ring, midzone, and abscission-related proteins.
Results gathered from SPD-1 inhibition revealed that SPD-1 is required for successful
cytokinesis and to prevent contractile ring broadening during the last phases of cytokinesis.
In addition, our findings revealed that SPD-1 and ANI-1 cooperate to maintain myosin at
the cleavage furrow to ensure cytokinesis completion. All of these conclusions will be further

elaborated and discussed in the next sections.

23. SPD-1 contributes to molecular changes in the contractile

ring during the second half of constriction

Midbody ring is the term given to the contractile ring when it stops constricting and
has already compacted the central spindle. It has been previously described in D.
melanogaster S2 cells that contractile ring to midbody ring transition involves molecular
changes (Amine et al., 2013; Kechad, Jananji, and Ruella, 2012). We gathered evidence
that the contractile ring starts changing at topological and molecular level when constriction
is still under way. It was previously shown that contractile ring constriction slows down when
this encounters the central spindle microtubules in C. elegans early embryonic cells
(Carvalho, Desai and Oegema, 2009). We confirmed the same happens in the EMS cell (at
approximately 72% of ingression). Moreover, our protein distribution analysis showed that
ANI-1, CYK-4, UNC-59, and NMY-2 start to increase their levels at 69-85% of ingression
and ring acquires a circular, rather than a more triangular shape at ~82% of ingression. In
addition, we observed that ANI-1 turnover decreases during the second half of contractile
ring constriction when SPD-1 is depleted by RNAI.

The fact that several changes occur in the contractile ring when it approaches the
central spindle microtubules indicates that these microtubules and/or molecules that

localize in the central spindle contribute to these changes.
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24. SPD-1 putative interaction with contractile ring, midzone,

and abscission proteins

Given that changes in the contractile ring were found to occur when this approaches
the central spindle microtubules, we looked at the impact of depleting SPD-1 in contractile
ring behaviour (section 27-29) and SPD-1 interacting partners (this section). In the context
of a yeast two-hybrid screen we found that SPD-1 interacts with contractile ring ANI-1 and
CYK-1 N-terminus, midzone CYK-4, PLK-1 and CLS-2, and the abscission protein TSG-
101, but not with contractile ring UNC-59, UNC-61, NMY-2, MLC-4, and CYK-7 nor midzone
ZEN-4, AIR-2, BIR-1, and CSC-1 (Fig. 15).

Some of these interactions, such as PRC15"P'- MgcRacGAPCYK# PRC1SPP-l.
PLK1P*1 and PRC15PP-'-CLASP®-52 have already been described in mouse, C. elegans,
Hela cells or Xenopus eggs, validating our screen (Ban et al., 2004; Hu et al., 2012a; Lee
et al., 2015; Jing Liu et al., 2009; Neef et al., 2007; Patel et al., 2012).

An interaction between SPD-1 and TSG-101 has not been previously characterized.
If confirmed, this interaction would have to be temporally regulated as TSG-101 pattern of
localization and midbody accumulation is different from that of SPD-1. TSG-101 starts by
accumulating at the midzone during the last phases of cytokinesis, and its levels
progressively increase until they reach a plateau until abscission ends (Kénig et al., 2017)
(section 10 ). In contrast to depletion of TSG101 in HeLa cells, which leads to cell arrest at
the midbody stage and cytokinesis failure (Carlton & Martin-Serrano, 2007; Garrus et al.,
2001; Lu et al., 2003; Morita et al., 2007), the role of TSG-101 in the C. elegans embryo is
not essential as its depletion delays midbody release but does not prevent abscission
(Green et al., 2013). Thus, the cytokinesis failure observed in SPD-1 inactivated cells at
26°C (Fig. 17) should not due to the absence of TSG-101.

Our yeast-two-hybrid results also revealed that SPD-1 can directly interact with the
N-terminus of the formin CYK-1. If confirmed, more investigation will be necessary to
understand the meaning of this interaction. One hypothesis is that SPD-1 anchors the
central spindle to the contractile ring via CYK-1. To test this, we could in the future
inactivate CYK-1 using an existing cyk-1 temperature sensitive mutant during the last
stages of cytokinesis and check if broadening of the contractile ring also occurs.

The interaction between SPD-1 and ANI-1 that we also detected is for now difficult
to explain, since we saw a synergistic effect between the two proteins. If the interaction
between the two proteins really exists in the context of cytokinesis then the phenotype of

depleting one of them should be the same of depleting the other.
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25. Midbodies in C. elegans EMS cells organize similarly to

those in HelLa cells

Midbody structure has been widely characterized in HelLa cells and it consists of an
extended structure that distances the sister cells apart. It is composed of three different
regions: the midbody ring, the midbody core, and the midbody flanking arms (Elia et al.,
2011; Hu et al., 2012b). In C. elegans embryos, dividing cells remain juxtaposed and the
midbody cannot adopt an elongated configuration. Our analysis in the EMS cell however
revealed that the distribution of midbody components is similar to that in HeLa cells.

Our data indicate that myosin and anillin persist at the tips of the cleavage furrow
until constriction stops, and they adopt a more peripheral configuration than the identified
midbody core proteins, which indicates that they localize at the midbody ring, in agreement
with what was previously published in HelLa cells (Hu et al., 2012b; Kechad, Jananji, and
Ruella, 2012; Wang, 2019). In HeLa cells, anillin and myosin are also observed next to the
two presumptive abscission sites, external to the midbody arms, where they are responsible
for constricting and narrowing the central spindle microtubules allowing for abscission to
take place (Hu etal., 2012b; Wang, 2019). In contrast, we found no evidence that secondary
ingression sites exist in the EMS cell midbody. Interestingly, we observed that the levels of
ANI-1 and NMY-2, but not of CYK-1 nor actin, increase during the last steps of cytokinesis
(Fig. 12). 1 could not find data in the literature reporting contractile ring protein levels during
the last steps of cytokinesis in mammalian cells. The reason for the increase in anillin and
myosin is still unclear, but inactivation of myosin at the very last stages of cleavage furrow
ingression led to furrow regression, which indicates that myosin is required for the last steps
of cytokinesis (also see section 17; Davies et al., 2014, 2018). However, ANI-1 depletion
does not prevent embryonic cytokinesis (Maddox et al., 2005), indicating that the increase
in ANI-1 levels is not critical for cytokinesis.

We show that the midbody core includes SPD-1, TSG-101, PLK-1, CYK-4, TBB-2,
and AIR-2. SPD-1 localization at the midbody core was expected, as its human orthologue,
PRC1, is known to localize at the midbody core in HelLa cells (Hu et al., 2012b). SPD-1
signal starts to fade 540+ 61s after anaphase onset, contrasting with what happens to that
of CYK-4 and AIR-2 that maintain their levels until the midbody is released. According to a
recent publication in HeLa cells, midbody proteins can be divided into two distinct groups:
1) the transient midbody proteins, which accumulate but then slowly start to disappear, and
2) stable midbody proteins, whose levels do not vary during abscission (Halcrow et al.,
2022). In that study, PRC1 and Aurora B were described to belong to the transient midbody

group, supporting in part our results.
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Aurora B and tubulin were found to localize at the midbody arms and midbody core.
Our results revealed that AIR-2 signal extends from the midbody core to the adjacent
regions (midbody arms) and, later, it fades from the midbody arms and accumulates only at
the midbody core until the midbody is released. This partly contrasts with what was
described in HelLa cells: Aurora B starts to accumulate at the midbody core after complete
furrow ingression, and later is translocated to the midbody arms (Capalbo et al., 2019); as
abscission completes, Aurora B is degraded from the midbody arms (Elia et al., 2012;
Green, Paluch and Oegema, 2012; Gruneberg et al., 2004; Hu et al., 2012b) and does not
accumulate at the midbody remnant (McNeely and Dwyer, 2020). In C. elegans, AIR-2
depletion prevents polar bodies extrusion, suggesting a role of AIR-2 during the last steps
of cytokinesis (Schumacher et al., 1998).

The CYK-4 homologue in HelLa cells, MgcRacGAP, has been described to localize
at the central spindle and in the midbody core as the central spindle compacts by the
advance of the contractile ring (Elia et al., 2011). One study reported that MgcRacGAP
translocates from the microtubules to the midbody ring in HeLa cells (Hu et al., 2012b), but
we found no clear evidence for this in the EMS cell. We also observed a substantial increase
in CYK-4 levels during the last stages of ring constriction. The relevance of this increase
might be related to the described CYK-4/centralspindlin complex functions during the last
phases of cytokinesis, including the recruitment of the abscission machinery and the
anchoring of the plasma membrane to the midbody ring (Lekomtsev et al., 2012). In HeLa
cells, centralspindlin recruits CEP55 to the midbody (Zhao et al., 2006), which, in turn,
recruits its downstream effectors ALIX and TSG101. Although CEP55 is not conserved
neither in D. melanogaster nor in C. elegans, it could still be possible that the C. elegans
centralspindlin complex (namely, ZEN-4) directly interacts and recruits ALX-1 and TSG-101
to the midbody, allowing for successful cytokinesis, as described in D. melanogaster S2
and female germline stem cells (Lie-Jensen et al., 2019). Beyond recruiting abscission
effectors, MgcRacGAP also anchors the midbody to the plasma membrane through its C1
domain, in HeLa kyoto cells (Lekomtsev et al., 2012): mutants that disrupt the MgcRacGAP
C1 domain can recruit midbody proteins, but cause the detachment of the plasma
membrane from the midbody, leading to furrow regression after midbody formation
(Lekomtsev et al., 2012).

TSG-101 was proposed to localize in the midbody ring in C. elegans 1-cell embryos
in the absence of central spindle microtubules (Green et al., 2013). Our yeast-two-hybrid
results revealed that SPD-1 can interact with TSG-101, as was discussed in section 24, and
this interaction may be responsible for TSG-101 localization at the midbody core.

In HeLa cells, PLK1 is known to prevent CEP-55 recruitment to the midbody, which

together with ALX-1 are responsible for recruiting the ESCRT machinery to the midbody
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(Bastos and Barr, 2010). Thus, PLK1 levels at the midbody must drop for abscission to take
place in HelLa cells. According to this, our data in the EMS cell indicate that PLK-1
accumulates at the midbody core and its signal starts to decrease 537+87s after anaphase
onset. Our data indicate that PLK-1, like SPD-1, belongs to the group of proteins that
transiently localize to the midbody (Halcrow et al., 2022).

In sum, the midbody in the EMS shares organizational similarities to that in HeLa
cells, however, some differences exist that might rely upon distinct evolutionary

mechanisms.

26. Central spindle organization requirements are not exactly
the same in the PO and EMS cells

Midzone architecture has been mostly studied in unicellular contexts (Wadsworth,
2021). Our analysis in the C. elegans EMS cell revealed characteristics of the central
spindle that are distinct from those in the PO cell (zygote).

Both in the PO and EMS cells, SPD-1 inhibition led to the abrupt separation of the
two centrosomes, because of unbundling of the central spindle microtubules. In contrast,
the impact of perturbing the CYK-4-SPD-1 interaction or EFA-6 is different between the two
cells: expression of CYK-4(Atail) or CYK-4(EAE) mutants or depletion of EFA-6 (Lee et al.,
2015) lead to an affected pole-to-pole distance in PO cells, but not in EMS cells. Moreover,
the CYK-4-SPD-1 interaction is essential for midzone assembly and cytokinesis completion
in PO cells, but not in the EMS cell. As far as | am aware these differences had not been
previously reported in the literature and they may be due to cell-intrinsic and/or cell-extrinsic
mechanisms (Davies et al., 2018; Ozugergin et al., 2022). Indeed, a thorough study of
single-cell transcripts in C. elegans embryos showed differences between cells (Tintori, et
al., 2016). The fact that the EMS cell establishes contacts with neighboring cells may also
be a factor.

Altogether, this indicates that the organization or properties of the central
spindle/cytokinesis in the EMS cell is different from that in the 1-cell embryo but further

studies will be needed to elucidate the mechanisms.

27. SPD-1 is required for robust cytokinesis in the C. elegans

early embryo

Our analysis of the temperature-sensitive spd-1(oj5) allele using a device for fast
and reliable temperature control clarifies that penetrant inactivation of SPD-1, i.e. spd-1(0j5)
at 26°C, results in frequent cytokinesis failure in all cells of the C. elegans early embryo.

The consistent cytokinesis success that we observed after RNAi-mediated depletion of
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SPD-1 correlated with residual microtubule bundles traversing the furrow region, which
indicates that RNAI is not sufficiently penetrant to reveal SPD-1's requirement for
cytokinesis. This idea is further supported by the observations that the phenotype of spd-
1(RNAI) resembled that of spd-1(0j5) at the semi-restrictive temperature (22°C). The EMS
cell of the 4-cell embryo was the most sensitive to SPD-1 inhibition, which is in agreement
with the study that initially characterized the spd-1(o0j5) mutant (Verbrugghe and White,
2004). The reason why EMS is more sensitive to SPD-1 inhibition is not clear and contrasts
with the finding that EMS is more resistant to cytokinesis failure than ABa and ABp following
formin (CYK-1) inactivation or Latrunculin A treatment (Davies et al., 2018). Protection
against cytokinesis failure after actin perturbation in the EMS cell was found to be mediated
by extrinsic regulation through Wnt/Src signaling and direct contact with the neighboring P2
cell. Our observations indicate that Wnt signaling originating from the P2 cell is unaffected
after SPD-1 inactivation because spindle positioning, division axis orientation, and the
extent of EMS-P2 contact appeared normal (Walston and Hardin, 2006; Zhang et al., 2008;
Sugioka and Bowerman, 2018). In addition, we observed the same sensitivity to SPD-1
inactivation when inactivation was acutely inflicted during furrow ingression, past the time
when Wnt signaling is thought to be critical. It remains, however, possible that the Wnt
signaling pathway does have a function during late cytokinesis and that this function is
perturbed when the central spindle and the midbody cannot form after acute SPD-1
inactivation. In fact, Wnt and Src effectors have been localize to the midbody in tissue
culture cells (Fumoto et al., 2012; Kikuchi et al., 2010; Kaplan et al., 2004; Kasahara et al.,
2007; Yu et al., 2021). Alternatively, the increased sensitivity of EMS to SPD-1 inactivation
may be related to intrinsic cell-lineage-specific characteristics. In this latter case EMS
descendants should also display increased sensitivity to SPD-1 inactivation, which remains

to be determined.

28. Residual SPD-1 activity is required to ensure membrane

sealing at the end of cytokinesis

Embryonic cytokinesis typically occurs with a back-to-back configuration of the
cleavage furrow, which results in tightly juxtaposed sister cells. Intercellular bridges that
separate sister cells during the last stages of cleavage furrow ingression are therefore
minimal in normal embryos. Our findings reveal that full or partial inhibition of SPD-1 results
in long intercellular bridges that start to form at ~90% furrow ingression, which suggests
that interactions between the tip of the furrow and the compacting spindle midzone are
required to maintain a tight furrow during the last stages of cytokinesis. As elongated

bridges form in several cells with distinct shapes, identities and number of cell-cell
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interactions, it is unlikely that they arise from pulling forces acting on the EMS cell poles.
Indeed, our experiments show that elongated bridges still form in SPD-1 partially inactivated
embryos where the cortical pulling forces were decreased to avoid abrupt pole separation,
by depletion of the cortical anchors GPR-1 and GPR-2. Elongated bridges could also form
because of the defective interaction between SPD-1 and CYK-4, since the mutation present
in spd-1(0j5) significantly decreases it (Lee et al., 2015). However, we showed that the
inverse mutants of CYK-4 whose interaction with SPD-1 is significantly decreased (cyk-
4(Atail) or cyk-4(EAE)) did not form elongated bridges during the last stages of cytokinesis.
Another possibility is that broadening of the contractile ring is caused by broadening of the
RhoA active signal during late ring constriction. However, our experiments with spd-1(0j5)
embryos expressing the RhoA biosensor that consists of the anillin C-terminus
(AHPH::GFP) did not reveal any increase in signal (data not shown). An attractive possibility
that we did not test is that SPD-1 inhibition compromises the adhesion between the two
sides of the furrow. How midzone microtubules, SPD-1 or other midzone components would
contribute will require further investigation. Of note, we find that partial inhibition of SPD-1
leads to elongation of the intercellular bridge but the increased distance between the sister
cells is transient as these eventually juxtapose. This suggests that any defects in
establishing cell-cell adhesions is only temporary in this condition.

In the SPD-1-inhibited EMS, we find contractile ring components are tightly localized
to the tip of the ingressing furrow but become subsequently broadly distributed along the
entire length of the intercellular bridge and beyond. If SPD-1 is penetrantly inhibited, bridge
thinning is followed by myosin/anillin signal fragmentation until no signal is detectable, which
precedes furrow regression. When SPD-1 is partially inhibited, which allows cytokinesis to
complete, some myosin and anillin remain enriched at a mini-midbody within the
intercellular bridge. Thus, our data suggest that the presence of a residual mini-midbody is
critical to ensure complete sealing during abscission, which is a prerequisite for successful
completion of cytokinesis. However, it has previously been reported that abscission does
not require central spindle microtubules and that the midbody ring is sufficient to scaffold
the abscission machinery in the C. elegans 1-cell embryo (P0) (Kdnig et al. 2017; Green et
al. 2013). To test the requirement for microtubules, both Green et al. and Konig et al. used
spd-1(RNAI), which our results suggest may not completely prevent microtubule bundle
formation at the midzone. Whether the contrasting conclusions regarding the requirement
of a midbody for abscission reflect inherent differences between PO and EMS will require
further investigation. We show that the formation of an elongated intercellular bridge after
SPD-1 inhibition is not EMS-specific but mini-midbody formation could only be examined in

EMS, where the position and orientation of the bridge facilitated this type of analysis.
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Electron tomographic reconstruction of late cytokinesis in the 1- and 4-cell embryo after full

SPD-1 inactivation using spd-71(oj5) would be required to gain further insight into this issue.

29. Anillin and SPD-1-bundled midzone microtubules act
redundantly to maintain myosin in the cleavage furrow during late
cytokinesis

We previously showed that myosin motor activity is required for cytokinesis in the C.
elegans 1-cell embryo (Osdrio et al. 2019). Using fast inactivation of a myosin temperature
sensitive mutant, we now show that myosin is required for continuous furrow ingression:
the moment myosin is inactivated, furrow ingression stalls and is followed by furrow
regression. It is known that RhoA activation is required to recruit active myosin to the cell
equator when furrowing initiates (Pollard and O’Shaughnessy 2019). Our data reveal that
this initial myosin loading step is not sufficient to complete cytokinesis. ANI-1 and SPD-1
act redundantly in EMS to maintain myosin in the contractile ring during the second half of
furrow ingression. While cytokinesis completes when SPD-1 is partially inactivated or when
ANI-1 is depleted by RNAI, cytokinesis fails when the two perturbations are combined:
furrow ingression advances to final stages (97% ingression) but myosin progressively
disappears from the intercellular bridge, which loses the ability to keep thinning and
elongating, and eventually the furrow regresses. When ANI-1 is depleted in the background
of penetrant SPD-1 inactivation, myosin disappears from the contractile ring earlier (70%
ingression). Our data therefore supports the idea that myosin-mediated contractility is
required until the end of cytokinesis, and that anillin in the contractile ring and SPD-1-
bundled midzone microtubules jointly ensure that myosin is maintained/activated at the tip
of the furrow during late cytokinesis. As myosin levels at the cleavage furrow have been
shown to be a good proxy for RhoA activation (Zhang and Glotzer 2015b), it is likely that
myosin's disappearance from the furrow region reflects RhoA inactivation. Indeed, both
ANI-1 and midzone microtubules participate in RhoA activation. Anillin stabilizes active
RhoA at the membrane, increasing its residency time to engage with effectors (Budnar et
al. 2019) and is required for stable RhoA signal (Reyes et al. 2014). The centralspindlin
component CYK-4, which localizes to midzone microtubule bundles, is required for ECT-2-
mediated RhoA activation at the cleavage furrow, and its inactivation leads to a substantial
decrease in active RhoA and myosin levels in the contractile ring and to furrow regression
(Burkard et al. 2009; Wolfe et al. 2009; Basant et al. 2015; Lewellyn et al. 2011; Canman
et al. 2008; Tse et al. 2012; Gomez-Cavazos et al. 2020; D. Zhang and Glotzer 2015b). As
both anillin and SPD-1 interact with CYK-4 (Lee et al. 2018; Ban et al. 2004; Fu et al. 2009;
D’Avino et al. 2008; Gregory et al. 2008), it is conceivable that co-inhibition of ANI-1 and
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SPD-1 directly perturbs CYK-4 activity (i.e. independently of SPD-1's role in central spindle
formation), preventing it from activating RhoA during the second half of constriction.
Unfortunately, it was not feasible to monitor RhoA activity using the biosensor that is
available for C. elegans, because this sensor consists of a C-terminal ANI-1 fragment (Tse
et al. 2012), and cannot be used to address RhoA behavior when the effects of anillin
depletion are being investigated. Another possible explanation for myosin's disappearance
from the furrow region is that the contractile ring loses attachment to the membrane, as both
ANI-1 and CYK-4 contain elements that associate directly with the membrane at the
cleavage furrow (Lekomtsev et al. 2012; Sun et al. 2015).

It has been proposed that the contractile ring transitions into a midbody ring through
molecular changes that occur at a late stage when the contractile ring is almost fully closed
(~1 ym in D.melanogaster S2 cells) (Kechad et al. 2012). Anillin is thought to be required
to template midbody ring assembly and to ensure stable anchoring of the midbody ring to
the plasma membrane (Kechad et al. 2012). Our results raise the possibility that anillin-
dependent molecular changes already occur when the contractile ring comes into contact
with the spindle midzone. Indeed, the constriction rate decreases at 72% ingression in
control EMS cells when the furrow encounters the midzone, and ANI-1 depletion
considerably prolongs the last phase of furrow ingression even when midzone microtubules
are reduced and therefore represent less of an obstacle (Carvalho, Desai, and Oegema
2009). The fact that depletion of ANI-1 and complete removal of midzone microtubule
bundling stalls constriction at the point when the constricting ring would normally encounter
the spindle midzone indicates that contact between the two structures ensures continuation
of ingression. Since the spindle midzone has different dimensions in tissue culture cells
versus embryonic cells, the timing of contractile ring maturation during furrow ingression

may vary between cell types.
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