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deux charges qui font la grandeur de son métier : le service de la vérité et celui de la liberté.
Puisque sa vocation est de réunir le plus grand nombre d'Hommes possible, elle ne peut
s'accommoder du mensonge et de la servitude qui, la ou ils régnent, font proliférer les
solitudes. Quelles que soient nos infirmités personnelles, la noblesse de notre métier
s'enracinera toujours dans trois engagements difficiles a maintenir, le refus de mentir sur ce
gue l'on sait, I'ancrage a la réalité et a la résistance a I'oppression. Pendant plus de vingt ans
d'une histoire démentielle, perdu sans secours, comme tous les hommes de mon age, dans
les convulsions du temps, j'ai été soutenu ainsi par le sentiment obscur que découvrir était
aujourd'hui un honneur, parce que cet acte obligeait, et obligeait a ne pas découvrir
seulement. Il m'obligeait particulierement a porter, tel que j'étais et selon mes forces, avec
tous ceux qui vivaient la méme histoire, le malheur et I'espérance que nous partagions. Ces
Hommes, nés pendant les années 90, qui ont eu quinze ans au moment ou disparaissaient la
notion de famille, l'illusion de démocratie et la liberté d'expression, ont été confrontés
ensuite, pour parfaire leur éducation, a la mondialisation des plaies, la religion de
I'individualisme uniforme, la déconstruction de la Famille, le terrorisme, les crises
économiques, les épidémies de grippes bovines, porcines, aviaire, les guerres sémites; ainsi
gu'a la privation progressive de leurs liberté par le cloud des oligarques européens et aux
dommages auxiliaires du Covid-19. Ces Hommes doivent aujourd'hui élever leurs fils et leurs
ceuvres dans un monde dirigé par des pilotes déconnectés, privés de leurs sens et manchot
qui, a l'aube de la troisieme guerre mondiale, réfléchie bénéfice/risque d’une destruction
nucléaire. Personne, je suppose, ne peut leur demander d'étre optimistes. Et je suis méme
d'avis que nous devons comprendre, sans cesser de lutter contre eux, I'erreur de ceux qui, par
une surenchéere de désespoir et par supériorité intellectuelle et morale fictives ont revendiqué
le droit au déshonneur, et se sont rués dans les nihilismes de I'époque. Mais il reste que la
plupart d'entre nous, dans mon pays et en Europe, ont refusé ce nihilisme et se sont mis a la
recherche d'une légitimité de leurs péres et pairs. Il leur a fallu se forger un art de vivre par
temps de catastrophe, pour naitre une seconde fois, le moment venu, et lutter ensuite, a
visage découvert, contre l'instinct de mort et de destruction a I'ceuvre dans notre Histoire.
Chaque génération, sans doute, se croit vouée a refaire le monde. La mienne sait pourtant
gu'elle ne le refera pas. Mais sa tache est peut-étre plus grande. Elle consiste a empécher que
le monde ne se défasse. Héritiere d'une histoire corrompue ou se mélent les révolutions
déchues, les techniques devenues folles, les dieux morts et les idéologies exténuées, ou de
médiocres pouvoirs peuvent aujourd'hui tout détruire mais ne savent plus convaincre, ou
I'intelligence s'est abaissée jusqu'a se faire la servante de la haine et de I'oppression, cette
génération a d{, en elle-méme et autour d'elle, restaurer a partir de ses seules négations un
peu de ce qui fait la dignité de vivre et de mourir. Devant un monde menacé de désintégration,
ou nos grands inquisiteurs risquent d'établir pour toujours les royaumes de la mort, elle sait
qu'elle devrait, dans une sorte de course folle contre la montre, redéfinir le concept de nation
et de restaurer entre ces nations une paix qui ne soit pas celle de la servitude, réconcilier a



nouveau travail et culture, et refaire avec tous les Hommes une arche d'alliance. Il n'est pas
sar qu’elle ne puisse jamais accomplir cette tache immense, mais il est slir que, partout dans
le monde, elle tient déja son double pari de vérité et de liberté, et, a I'occasion, sait mourir
sans haine pour lui. C'est elle qui mérite d'étre saluée et encouragée partout ou elle se trouve,
et surtout |la ou elle se sacrifie. C'est sur elle, en tout cas, que, certain de votre accord profond,
je voudrais reporter I'honneur que vous venez de me faire. Du méme coup, aprées avoir dit la
noblesse du métier de chercheur, je I'aurais remis a sa vraie place, n'ayant d'autres titres que
ceux qu'il partage avec ses compagnons de lutte, vulnérable mais entété, injuste et passionné
de justice, construisant son ceuvre sans honte ni orgueil a la vue de tous, toujours partagé
entre la douleur et la beauté, et voué enfin a tirer de son étre double les créations qu'il essaie
obstinément d'édifier dans le mouvement destructeur de I'histoire. Qui, aprés cela, pourrait
attendre de lui des solutions toutes faites et de belles morales ? La vérité est mystérieuse,
fuyante, toujours a conquérir. La liberté est dangereuse, dure a vivre autant qu'exaltante.
Nous devons marcher vers ces deux buts, péniblement, mais résolument, certains d'avance
de nos défaillances sur un si long chemin. Quel chercheur dés lors oserait, dans la bonne
conscience, se faire précheur de vertu ? Quant a moi, il me faut dire une fois de plus que je ne
suis rien de tout cela. Je n'ai jamais pu renoncer a la lumiére, au bonheur d'étre, a la vie libre
ou j'ai grandi. Mais bien que cette nostalgie explique beaucoup de mes erreurs et de mes
fautes, elle m'a aidé sans doute a mieux comprendre mon métier et mon Role, elle m'aide
encore a me tenir, aveuglément, aupres de tous ces Hommes silencieux qui ne supportent
dans le monde la vie qui leur est faite que par le souvenir ou le retour de brefs et libres
bonheurs. Ramené ainsi a ce que je suis réellement, a mes limites, a mes dettes, comme a ma
foi grandissante, j'espére que vous aurez retrouvez ici, la source d’inspiration de ce texte qui
n’est autre qu’un discours d’'un écrivain lors d’une cérémonie particuliére, qui résonne
particulierement bien avec la conjoncture actuelle, en plus du parcours de cette écrivain qui
mériterait plus d’attention. En gardant son identité provisoirement mystérieuse pour des
raisons pédagogie, vous étes bien entendus invitez a une petite partie de recherche et
d’écoute, auquel cas, ma tentative n’aura pas été vaine. Cela dit, je me sens plus libre de vous
montrer, pour finir, I'étendue et la générosité de la distinction que vous venez de m'accorder,
plus libre de vous dire aussi que je voudrais la recevoir comme un hommage rendu a tous ceux
qui, partageant le méme combat du doctorat et qui n'en ont recu aucun privilége, mais ont
connu au contraire malheur et désespoir. || me restera alors a vous en remercier, du fond du
coeur, et a vous faire publiguement, en témoignage personnel de gratitude, la méme et
ancienne promesse de fidélité que chaque artiste vrai, chaque jour, se fait a lui-méme, dans
le silence.



Preamble

Adaptation is the driving force of survivability, leading to evolution. Metazoan cells
have the specific abilities to change their shape, move, divide, anchor, communicate and
differentiate according to extracellular and environmental cues. All these processes are
standard features needed at any living scale, from the lonely zygotic cell to a completely
mature multicellular organism with its inner symbiosis between different tissue layers. My
PhD project focuses on the steps between these two extreme parts of the development
spectrum. Especially the phases that succeed the fertilisation up to the 6-cell stage. Specific
molecular and cellular content segregation is needed during each early embryonic phase to
achieve the proper differentiation processes. This vital phenomenon relies on precise and
delicate spatio-temporal regulation of cell events such as polarisation, division and cell
interaction. Together it will physically segregate molecular content according to the cellular
neighbourhood position. All the previously quoted cell mechanism relies on a close interplay
between the three types of the cytoskeleton. These three cellular “bones” comprise
microtubules, intermediate filaments and actin. Microtubules are responsible for the global
architecture of the cells, arranging organelles and playing an indispensable role in
chromosome segregation and vesicular and organelle trafficking. Intermediate filaments are
relatively stable structures, and their role is to reinforce cellular cohesion by anchoring
mechanisms. Actin filaments provide mechanical forces to drive cell shape changes, motility
and cytokinesis. They also directly influence cytoplasm viscosity and are connected with all
the organelles, the nucleus, and the plasma membrane to coordinate every cellular partner
during cellular events, cell shape changes and movement. The fundamental unit of this actin
cytoskeleton is the single monomer of the globular actin protein, G-Actin. This building block
is polymerising into filaments (F-Actin). A plethora of regulatory proteins is called Actin
Bindings Proteins (ABPs) and taken together with G-Actin, and F-Actin, they compose the actin
proteome. This actin proteome will cooperate in organising these filaments into structured
networks of different natures, either parallel, anti-parallel, branched or crosslinked. Then,
these structures assemble and lead to dedicated architectures that are the mechanical basis
to drive motility, interactions, polarisation, division, differentiation and, in fine, adaptation.
My PhD work is focused on studying this actin proteome and dedicated architecture during

the early development of the C. elegans embryo.
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Chapter 1: Actin Proteome and their architectures

1- Actin assembly dynamics and Actin Bindings Proteins

The diversity of actin architectures and the fulfilment of their functions rely on a
variety of auxiliary proteins called Actin Bindings Proteins. These ABPs must be finely spatio-

temporally regulated to adapt the cellular response regarding the in vivo actin dynamics.

a. Globular actin and Filamentous actin

Actin is one of the most abundant proteins in eukaryotic cells. Its globular and
monomeric form, called G-Actin, is a protein of 42kDa with a diameter of = 5.4nm (Collins and
Elzinga, 1975). This G-Actin assembles and polymerises into filaments composed of a double
right-handed helix called filamentous actin or F-Actin with a diameter of 8nm. They have a
persistent length of approximately 10um and a helical pitch of 72 nm (Fujiiet al., 2010; Holmes
et al.,, 1990; Oda et al., 2009). Actin is a polarised protein, and its polarity is transferred at the
scale of the filament (Figure 1), which has a fast-growing end, called the “barbed” end or the
“+” end, which is highly dynamic and a slow-growing end, called the “pointed” end or the “-”
end, which is less dynamic. The barbed end is the target-binding cleft where regulatory protein
can tune the filament elongation, and the pointed end is the nucleotide-binding groove where
ATP is located (Pollard, 2016) (Figure 1.A.B). To polymerise, G-actin has to nucleate. This
nucleation step consists of forming an actin seed composed of dimers or trimers of G-actin
(Kabsch et al., 1990). After reaching this step, the elongation continues more efficiently, and
the elongation rate is a direct function of the available monomers (Pollard, 2016) (Figure 1.C).
Nevertheless, in vitro data showed that the kinetics of this nucleation step s

thermodynamically unfavourable (Pollard, 2016). In vivo, G-actin uses ABPs from the nucleator

family to overcome this thermodynamic barrier (Pollard, 2016) (Figure 1.D).

The monomeric form of actin is encoded by six different sequences in the Human
Genome: ACTA1, ACTA2, ACTB, ACTC1, ACTG1, and ACTG2. These sequences have 90% of
identity despite a broad cellular or tissue localisation pattern. Indeed, ACTB and ACTG1

encode the “cytoplasmic” actin and the four others code for the “muscular” actin. Cytoplasmic
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actin can be considered ubiquitous because it is present in any cell type at any given time
(Chen et al., 2021, p. 202; Kyherdinen and Vartiainen, 2020; Parker et al., 2020). C. elegans
has five coding sequences for actin: act-1, act-2, act-3, act-4 and act-5. Their nucleotide
sequences are heavily conserved as the human actin sequences, and their cellular and tissue
expression can vary. Act-1, act-2 and act-3 form a cluster on the chromosome V of the C.
elegans genome and encode for the cytoplasmic actin. Interestingly act-2 share 98% of its
identity with the human ACTB and 97% with the human ACTG1. These sequence similarities
make the study of C. elegans cytoplasmic actin particularly relevant and portable to the Homo

Sapiens actin.
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Figure 1: From Globular actin to Filamentous actin

(A) Space-filling model of actin showing the nucleotide-binding cleft with ATP in situ and barbed-end
groove. (B) Ribbon diagram of the actin molecule with space-filling ATP . N, amino terminus; C,
carboxyl terminus. Numbers 1, 2, 3, and 4 labels the four subdomains. (C) Mechanism of nucleation,
showing monomers, a dimer, a trimer, and a filament, with estimates of the rate constants for each
step. Unit of association rate constants, umsec; unit of dissociation rate constants, sec™.(D) Diagram
showing the rate constants for actin association and dissociation at the two ends of an actin filament.
The pointed end is at the top, and the barbed end is at the bottom. Unit of association rate constants,
umtsec?; unit of dissociation rate constants, sec™. The K values are the ratios of dissociation rate
constants to association rate constants, the critical concentrations for each of the four reactions. The
horizontal arrows indicate the exchange of adenosine diphosphate (ADP) for ATP.(E) Electron
micrograph of a negatively stained actin filament. A seed was first decorated with myosin heads and
then allowed to grow bare extensions. Elongation was faster at the barbed end than at the pointed
end.Figures and legends are extracted from (Pollard, 2016).
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b. Profilin

In vivo, available monomers of G-Actin for spontaneous nucleation can be sequestered
by Actin Binding Proteins called Profilin. Profilin is a small protein of about 14 KDa that binds
to actin-G monomers’ barbed ends (Schutt et al., 1993) (Figure 2). It has different isoforms
with considerable variation in its primary structure. Despite these variations, the overall
protein fold is well conserved (Eads et al., 1998; Thorn et al., 1997). In C. elegans, profilin is
encoded by three different genes, which are Pfn-1, Pfn-2 and Pfn-3. Notably, Pfn-1 is reported
to be essential for the early embryogenesis process (Polet et al., 2006). Profilin plays a
prominent role in actin cellular homeostasis due to steric interference with G-Actin barbed
end availability for polymerisation (Almo et al., 1994; Kang et al., 1999; Pollard et al., 2000).
Profilin functions are triple. First, inhibiting the spontaneous formation of the actin seed
(dimer and trimers of actin monomers), thus inhibiting spontaneous nucleation (Pollard et al.,
2000); second, blocking polymerisation at the pointed end, which leads to a polarity of the
actin assembly at the barbed end of the actin filament (Pring et al., 1992); third, Profilin
complexed with G-actin can interact with others ABPs that catalyse the nucleation process,
these proteins are called actin nucleators, which are the Arp2/3 (Chereau et al., 2005) complex

and the formins (Paul et al., 2008).

Figure 2: Profilin

Space-filling models of the actin monomer with ribbon diagrams of Profilin. The ATP-binding cleft is at
the top and the barbed end groove is at the bottom. Figures and legends are extracted from (Pollard,
2016).
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c. Formin

Formin protein was discovered initially from the transcriptional analysis of mouse limb
deformity (Woychik et al., 1990). Formin is a large family of proteins. There are 15 different
formins in humans (Schonichen and Geyer, 2010) and 7 in C. elegans (Mi-Mi et al., 2012)
(Figure 3.A). These proteins have very conserved multi-domains and are dimeric, with about
1000 amino acids in total. These domains are Formin Homology 1 (FH1) and Formin Homology
2 (FH2). Outside of these highly conserved FH1 and FH2 domains, the Formin family have
distinct features that regulate their localisation and activity state. First, an anchoring domain
or Binding Domain (BD) interacts with specific membrane lipids (e.g., PIP2). Second, an
activation domain, which is composed of a RhoGTPase-Binding-Domain (GBD) that can bind
to small GTPase (e.g., CDC-42), a Diaphanous Inhibitory Domain (DID) and a Diaphanous
Autoregulatory Domain (DAD). Mechanistically, FH1 and FH2 domains have a distinct role in
fulfilling the two purposes of this large family of proteins: catalysing actin nucleation and actin

filament elongation.

On the one hand, Formins and specially FH2 domains interact in a Homodimeric
manner. Two FH2 domains form a ring-shaped structure surrounding the actin filament
barbed ends (Xu et al., 2004). This association between barbed end and FH2 domains directly
impacts the two formins’ roles. First, during the nucleation step, the FH2 domain binds directly
to the actin monomer's barbed end and stabilises the actin seed's formation (Otomo et al.,
2005). Second, during the elongation step, the FH2 domains follow the actively polymerising

barbed end in a processive manner (Kovar and Pollard, 2004).

On the other hand, the FH1 domain is an intrinsically disordered
protein(Courtemanche and Pollard, 2012; Higgs, 2005) with a proline-rich region that binds to
the profilin or the profilin-actin complexes, which increases the local concentration of
available actin monomers for polymerisation at the barbed end of a growing filament (Paul et
al., 2008). This protein family have its regulatory mechanism. At an inactivated state, the DID
and DAD domains interact, wrapping in a “close” form the FH1 and FH2 domains together,
which prevents actin polymerisation. At an activated state, GTPase, like RhoA, Racl or Cdc42,
interacts with the GBD domain, which removes the interaction between the DID and DAD
domains (Foldi et al., 2017) (Figure 3.B). FH1 and FH2 domains are now in an “open” form.

They allow FH2 to bind to the barbed end and processively follow FH1, which is here to gather
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profilin-actin complexes, catalysing the addition of actin monomers to the nascent filament,
which is built in a linear manner (Courtemanche, 2018) (Figure 3.C). In vivo, the nucleation
step catalysed by formin needs to be spatio-temporally regulated. Spatial regulation came
from the Bindings Domain (BD) of formin. It allows the protein to be embedded in the plasma
membrane. Temporal regulation comes from the Rho signalling pathway, which begins at the
plasma membrane. Downstream, the Rho signalling pathway releases the DAD domain from
the DID domain inhibition and brings the formin to the “open” conformation allowing
nucleation to be promoted and the actin polymerisation to start at the actin cortex at a specific
timing point. These regulatory characteristics of formins tune the dynamics of the actin
cytoskeleton and drive physiological processes such as cell division, cell polarisation, cell
migration and morphogenesis (Rottner et al., 2017). Together, formins are recruited beneath
the plasma membrane to overcome the actin seed nucleation process's thermodynamic
barrier and increase the polymerisation rate of the growing actin filament toward its barbed
end. These linear filaments will serve as building blocks for a complex meshwork with
dedicated actin architectures necessary for crucial cellular processes, such as the actomyosin

cortex, cytokinesis ring, stress fibres cell junctions, and filopodia.
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Figure 3: Formins and their mechanics of activation and filaments elongation

(A) Seven formin genes of C. elegans with protein-coding exons colour-coded to match predicted
product structural domains, including DIA-related formin G domains (dark green), FHOD-specific G
domain (G2; olive), DIDs, dimerisation domains (DD), helical (H) or coiled-coil (CC) regions, FH1
domains, FH2 domains, core DAD sequences, and zinc finger domain (ZFD). Extracted from (Mi-Mi et
al., 2012) (B) Domain structure and regulation of a formin (DRF). The domains abbreviated are as
follows: GTPase binding domain (GBD), diaphanous inhibitory domain (DID), dimerisation domain (DD),
coiled-coil region (CC), formin homology 1 (FH1) and 2 (FH2) domains, followed by the diaphanous
auto-regulatory domain (DAD) and the C-terminal tail (CT). formins are regulated by auto-inhibition,
where binding of the DAD to the DID domain keeps the molecule closed and inactive. The binding of
an activated Rho GTPase to the GBD releases the DAD from DID, subsequently opening and activating
the protein. Extracted from (Foldi et al., 2017). (C) Cartoon representation of the addition of a profilin-
bound actin subunit (dark blue and orange circles) to the barbed end of an actin filament bound by a
representative formin FH1FH2 construct. The unstructured FH1 domains extend outwards from the
FH2 dimer and contain multiple polyproline tracts (in this case, six green ovals per FH1 domain).
Profilin-actin complexes bind the polyproline tracts and are delivered directly to the barbed end in a
Bloop closure. Extracted from (Courtemanche, 2018).
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d. Arp2/3 complex

Arp2/3 complex is composed of the Actin-related proteins Arp2 and Arp3, as well as
five other proteins named ARPC1(p41), ArpC2(p34), ARPC3(p21), ArpC4(p20), and ArpC5(p16),
make up the seven tightly bound subunits that make up the Arp2/3 complex (Machesky et al.,
1994; Rouiller et al., 2008) (Figure 4.A.B). Based on its affinity for the actin monomer-binding
protein profilin, the complex was initially isolated from Acanthamoeba castellanii (Machesky
et al., 1994). It was subsequently purified from several different species, including humans
(Welch et al., 1997), the yeast Saccharomyces cerevisiae (Winter et al.,, 1997) and other
organisms (Ma et al., 1998; Rohatgi et al., 1999). C. elegans homologues of the Arp2/3
complex are arx-1 for Arp3, arx-2 for Arp2, arx-3 for p41, arx-4 for p34, arx-5 for p21, arx-6
for p20, and arx-7 for p16 (Sawa et al., 2003). These different purified protein complexes share
the same component composition, indicating that the complex originated early in the
development of eukaryotic cells. The nascent Arp2/3 complex is inactive (Blanchoin et al,,
2000; Machesky and Gould, 1999; Robinson et al., 2001). To be activated, it requires the
presence of a pre-existing actin filament (Machesky et al., 1999) and an activator of the
Nucleation Promoting Factor (NPF) family (Machesky et al., 1999; Welch et al., 1998). The NPF
family is characterised by a C-terminal homology domain called VCA divided into three motifs,
each of which plays a major role in activating the Arp2/3 complex. First, the V motif (for
"Verprolin homology" or also called WH2 for "WASp homology 2"). Second, the central C-
connector motif. Third, the C-terminal A motif consists of an "Acid" sequence. Both the C and
A motifs contribute to the association with the Arp2/3 complex (Marchand et al., 2001) and
allow conformational change of the latter heterodimer (Goley et al., 2004; Rodal et al., 2005).
The V motif interacts with a G-actin monomer (Chereau et al., 2005; Marchand et al., 2001).
The VCA domain is sufficient for activating the Arp2/3 complex and initiating branching actin
polymerisation (Machesky et al., 1999). In the inactive form, the two subunits, Arp2 and Arp3,
are distant from each other (Pollard, 2007; Rouiller et al., 2008; Volkmann et al., 2001).
Following activation of the complex by an NPF, Arp2 and Arp3 dimerised and mimicked the
barbed end of an actin filament, which can then be elongated (Robinson et al., 2001; Rouiller
et al., 2008; Volkmann et al., 2001). Taken together, it forms the actin seeds that initiate the
daughter filament's elongation. This activation responds to upstream cues that trigger the

formation of new actin filaments. From a cytoskeletal structure point of view, Arp2/3 complex
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cross-links newly generated filaments into arrays of Y-branches with a characteristic branch
angle of 70° (Blanchoin et al., 2000; Mullins et al., 1998) (Figure 4.C). This interaction between
the NPF and the “mother filament” keep the Arp2/3 complex in its active and stable form
(Goley et al., 2004; Rodal et al., 2005) and also stabilised by the Arp2/3 complex, which is
located at the base of the Y-branch between the filaments, both in vitro and in vivo (Svitkina
and Borisy, 1999; Volkmann et al., 2001). Based on investigations of the formation of cortical
actin networks at the leading edge of motile cells, specifically in lamellipodia and the
reconstitution of actin-based motility from pure proteins in vitro, Arp2/3 complex-mediated
the assembly of a dense and contractile meshwork of short actin filament. These short
filamentous networks require an interplay with another Actin Binding Protein, Capping
proteins, to generate sufficient actin-driven forces that can deform a membrane or push

objects forward (Loisel et al., 1999).
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Figure 4:The Arp2/3 complex and its Y branching

(A)Ribbon diagram showing the seven subunits of the Arp2/3 complex. (B) Model of the branch
junction from reconstructions of electron micrographs. (C) Arp2/3 complex binding on a mother
filament and initiating a new branched and recruiting actin monomers. Figure adapted from (Rouiller

et al., 2008).
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e. Capping protein

Capping protein is a heterodimer of 64 kDa containing alpha- and beta-subunits (Eckert
et al., 2012) which are comparable in structure and that firmly bind to actin filament barbed
ends, preventing the polymerisation and depolymerisation of G-Actin at this barbed end
(Edwards et al., 2014; Kim et al., 2010; Wear et al., 2003). This steric blocking machinery is
realised by the “mushroom” conformation between the alpha and the beta subunit (Edwards
et al., 2014) (Figure 5). Capping proteins are highly conserved in nearly all eukaryotic species,
including humans, fungi, and plants, and it is present in all of their cells and tissues (Cooper
and Sept, 2008). In C. elegans, capping protein is also found and is composed of two subunits
encoded by two genes, cap-1 (Alpha-subunit) and cap-2 (Beta-subunit); the proteins produced
are respectively CAP-1 and CAP-2. Capping protein interactions largely influence the behaviour
of the actin filament barbed ends. For instance, in striated muscle cells, capping proteins are
a crucial component of the Z-disk in the sarcomere, giving rise to its other name CapZ, where
it blocks the actin filaments barbed ends (Schafer et al., 1995). Capping proteins is also
mandatory for establishing cortical actin and membrane protrusion in migratory cells (Cooper
and Sept, 2008; Mejillano et al., 2004) in a close interplay with the Arp2/3 complex inside
dendritic actin filament networks (Wear et al., 2003). Capping proteins are here to maintain
the contractility of a dense and branched network with short actin filaments. Another role of
capping protein is to inhibit the filament’s growth and limits the surplus of filament, and
maintain the availability of the pool of G-actin subunits for other filament nucleation and
elongation at different locations. During C. elegans early embryogenesis, it has been reported
that capping proteins play a role in stabilising the position of the pseudocleavage furrow and
the correct completion of the polarisation steps with the proper definition of the pole of

polarity proteins (PAR) PAR-2 and the PAR-6 domains (Bhanshali, 2016).
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Figure 5: Capping protein in interaction with actin filaments

Space-filling model of a short filament with heterodimeric capping protein (CP) in cyan and blue at
the filament barbed end. Figure adapted from (Pollard, 2016).
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2- Actin in vivo, structures and roles

Actin is assembled in different architectures designed to fulfil various cellular roles. In this
section, we uncover the main types of actin architectures found in a generic range of the
cellular model. | will also focus on these structures encountered in our model system: the C.
elegans embryo. Researchers have used the Caenorhabditis elegans model's transparency and
reproducibility for decades to examine how actin networks are controlled and adapted during
developmental processes (Agarwal 2019). The zygotic stage that happens right after
fertilisation is particularly studied. During this phase, many remarkable cell events are
entangled, such as cellular polarisation, specific segregation of molecular content (Rose and
Gonczy 2014), symmetry breaking, microtubule assembly, and spindle displacement (Cowan
2004; Begasse 2011). The actin network is organised in various structures, such as the
actomyosin cortex, the cytokinesis ring, and some motile architecture called lamellipodia and

filopodia to achieve all these mechanisms (Blanchoin et al., 2014) (Figure 6).

Stress fibers
antiparallel contractile structures

Fllopodium
parallel bundies

Lamellipodium
branched and crosslinked
networks

Figure 6: Overlay of actin architecture and mechanics in the moving cell.

schematic representation of the cell with the different architectures indicated: i) the cell cortex; ii) an
example of a contractile fiber, the stress fiber; iii) the lamellpodium; and iv) filopodia. The zoom regions
highlight architectural specificities of different regions of the cell. Figure and legend extracted from
(Blanchoin et al 2014)
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a. Actomyosin cortex

Most animal cells have a cellular cortex, a thin actin network located beneath the
cellular plasma membrane that lines the inner side of the cell. This network is interconnected
with actin-lipid bindings proteins such as the Ezrin family (Biro et al., 2013; Bretscher et al,,
2002). Its thickness depends on the experimental model, ranging from 50nm to 200nm
(Morone et al., 2006) and can increases up to 1.4 to 4 um in meiotic mouse oocytes (Chaigne
et al., 2013). It comprises a dense meshwork of actin filaments and about 150 regulatory
proteins, the ABPs (Biro et al., 2013). This actin cortex is also named actomyosin cortex for the
reason that, in addition to actin, its second crucial component is the molecular motor from
the myosin family, especially the Non-Muscle Myosin-2 (NMY-2) (Henson et al., 2017). In
cooperation with actin filament, this myosin gives the key features of this network its
contractile properties (Salbreux et al., 2012; Sens and Plastino, 2015). Actin filaments are
pulled by NMY-2, causing the network to constrict. These forces create cortical tension, a key
element in determining cell surface tension. In addition, the cortical actin’s turnover is a few
tens of seconds (Fritzsche et al., 2013; Mukhina et al., 2007) and impacts the cortical
viscoelasticity and its contractile properties (Hiraiwa and Salbreux, 2016; Salbreux et al., 2012;
Turlier et al., 2014). Last but not least, the cortical tension is not only regulated by myosin
activity and actin turnover; the activity of the actin regulatory proteins, ABPs, also regulates
it. All these regulation partners, all along the cell surface, create a gradient of cortical tension
that is implicated in cell shape changes such as those seen during cell migration, cell division,
and tissue morphogenesis (Levayer and Lecuit, 2012; Maddox and Burridge, 2003; Maitre et
al., 2016; Matzke et al., 2001; Sedzinski et al., 2011; Stewart et al., 2011). These cell shape
changes can be caused by a swift reaction of the actomyosin cortex to external stimuli. For
instance, during cortical blebbing and cell migration (Charras and Paluch, 2008), cell division
(Stewart et al.,, 2011), and tissue morphogenesis(Munjal and Lecuit, 2014). Importantly,
improper control of cortical contractility has been connected to developmental abnormalities,
such as problems in neural tube closure (Escuin et al.,, 2015) or even cancer and
immunodeficiencies (Moulding et al., 2013; Remmerbach et al., 2009). Taken together, the
actin cortex has a vital impact on cellular physical properties, and these control the behaviour

of cells and can affect their commitment to a particular lineage (Engler et al., 2006; McBeath
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et al., 2004; Paluch et al., 2016) and their gene expression and, thus, can modulate and

feedback into cell fate (Ege et al., 2018; Knoll and Beck, 2011).

i. C. elegans zygotic actomyosin cortex

C. elegans is a unique system to study the actomyosin cortex, thanks to its large and
completely transparent embryo, which allows detailed microscopic observation of a large and
flat cortex (Reymann et al., 2016). We will examine the actomyosin cortex and its highly active
and contractile properties during the zygotic stages, especially the polarisation phase. Like
other systems, many ABPs cooperate to activate and regulate the mechanical properties of
the actomyosin cortex and actin turnover (Najafabadi et al., 2022; Yan et al., 2022). A
particular category of ABPs influences actin filament dynamics: actin nucleators, the formin
family, the Arp2/3 complex, and the capping protein. These proteins are already described in
section 1 of this chapter. Interestingly, the regulation between ABPs and cortical properties is
particularly illustrated and studied during zygotic polarisation. Before this crucial phase,
cortical actomyosin foci create cortical ruffles located around the oocyte cortex(Figure 7.A).
When the sperm content approaches the future posterior pole, cell symmetry is lost. Sperm
entry and its centrosome lead to a local downregulation of the cortical myosin (NMY-2) and,
de facto, inhibits actomyosin contractility at the posterior pole of the newly fertilised zygote
(PO) (Figure 7.B). It creates a density gradient of actomyosin between the anterior and the
posterior pole, thus generating a contractility gradient. This generates an actomyosin flux
toward the anterior side, increasing the density of the actomyosin cortex to the future anterior
pole (Figure 7.C) (Pacquelet, 2017; Rose and Gonczy, 2014). Thus, initiating a shift of the
cortical ruffles toward the anterior side of the freshly fertilised zygote (Figure 7.D). This cell
shape changes correlate with a specific distribution of the PAR proteins embedded in the
plasma membrane (Munro et al., 2004). Remarkably, NMY-2 cooperatively establishes the
PAR protein’s polarisation (Gross et al., 2019). Indeed, in parallel with the formation of these
two cortical domains with different actomyosin activities, there is specific molecular
segregation of the PAR proteins, which is also happening. The PAR proteins are separated into
two categories, the anterior PAR proteins (aPAR), PAR-3 and PAR-6 and the posterior PAR
proteins (pPAR), PAR-1 and PAR-2; both of these subgroups have a mutually antagonistic
relationship between them (Rose and Gonczy, 2014). Importantly, pPAR has the ability to
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inhibit NMY-2 activity. Together with the antagonistic effect between aPAR and pPAR and the
NMY-2 inhibition by pPAR, it exacerbates the anterior accumulation of NMY-2 as well as aPAR,
increasing the contrast between the anterior and the posterior pole in terms of actomyosin
density and pole identity. This embryonic cortical polarisation reaches its paroxysm by forming
a deeper ingression which can be morphologically comparable to the cytokinetic one, which
is therefore named the pseudocleavage furrow (Figure 7.D), which creates the two cortical
domains of polarity, the anterior pole and the posterior pole with an asymmetric spatial
distribution between them prior to the anterior side (Munro et al., 2004). Polarisation
continues until the maintenance phase (Lang and Munro, 2017). Moreover, this actomyosin
polarisation does not only rely on NMY-2 and PAR proteins distribution. Indeed, cortical
properties are also regulated by ABPs that are also polarised during this crucial step, with a
mutualistic effect between the specific ABPs segregation that tunes the cortical mechanical
parameters and the polarisation of PAR proteins (Munro et al., 2004). In addition, we can
speak about the role of an actin bundler, such as PLST-1, in cortical stability. It plays an
essential role in regulating the interconnectivity of the actin network and tuning the anterior
cortical tension (Ding et al., 2017). Moreover, HMR-1, a cadherin reported to be involved in
cell-cell adhesions, plays a role independently from its initial adhesion purpose because there
is only one cell in the zygote. It was shown that HMR-1 is also involved in tethering the cortex
to the cell membrane, spatially regulating the upstream Rho Signalling that affects the
actomyosin cortex stability, flows, and attachment to the cell membrane (Padmanabhan et
al., 2017). This relationship will be further discussed in detail in chapter 3. After this
polarisation step, the asymmetric distribution of actomyosin, ABPs and PAR proteins define a
specific position of the interface between the anterior and the posterior pole that is then fixed

by the position of the future cytokinetic ring.
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Figure 7: The dynamic reorganisation of C. elegans actomyosin cortex

Surface views of cortical NMY-2 during the polarisation phase. (A) at late meiosis Il (B-C), during cortical
flow, and (D) at pseudocleavage. Blue asterisks indicate positions of the sperm MTOC. Arrowheads in
(A) and (B) indicate colocalization of foci and furrows on the egg’s surface. Blue arrows in (B) indicate
foci moving away from the sperm MTOC. White arrow in (C) indicates a new focus forming at the edge
of posterior clear zone. Small white arrowheads in (D) indicate the pseudoclevage furrow. Figure
extracted from (Munro et al., 2004).

b. The cytokinesis ring in C. elegans embryo

The anteroposterior polarity needs to be established entirely by realising the first
embryonic division and giving rise to two different daughter cells, the AB and P1 cells. This
division is realised by another cortical structure that emerges to seal this zygotic asymmetric
division, the cytokinesis ring. The cytokinesis ring is a contractile actin structure that drives
membrane ingression and segregates molecular and cellular components between two
daughter cells (Figure 8.A.B) (Leite et al., 2018). Cytokinesis happens in two phases. The first
is its assembly at a precise position in terms of centring or specific offset and orientation, and
the second is its ingression with proper kinetics. The assembly step requires the cooperation
of the Arp2/3 complex and CYK-1 to nucleate the actin filament network that belongs to the
cortex during cytokinesis (Chan et al., 2018). It was also shown that actin filaments align at the
cytokinetic ring location because of convergent cortical flows towards the cell equator. These
flows were sufficient to drive the ring formation (Li and Munro, 2021; Reymann et al., 2016)

(Figure 8.C.D). For the kinetics of cytokinesis, also called constriction, both nucleators, Arp2/3
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and CYK-1, as well as NMY-2, are required for its completion. The Arp2/3 complex is
mandatory to temporally regulate the assembly and constriction of the contractile ring (Chan
et al., 2018). CYK-1 is necessary for cytokinetic ring constriction and equatorial membrane
deformation (Chan et al., 2018). Interestingly, NMY-2 is required and not sufficient to drive
the ring’s contractile forces (Lecuit et al., 2011; Osorio et al., 2019; Sellers, 2000). Interestingly,
Arp2/3is not enriched directly at the cleavage furrow position, unlike CYK-1, which is enriched
at this position and also mandatory for filaments elongation. (Chan et al., 2018). Indeed, the
Arp2/3 complex positively regulates the ring assembly and constriction, mitigating CYK-1
activity via a G-actin competition (Burke et al., 2014; Chan et al., 2018). ABPs controlling
cortical parameters, like PLST-1 and HMR-1, influence the cytokinetic ring's position and
assembly or ingression (Agarwal and Zaidel-Bar, 2019; Delattre and Goehring, 2021; Leite et
al., 2018; Pacquelet, 2017; Rose and Gonczy, 2014; Samandar Eweis and Plastino, 2020).
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Figure 8: The cytokinesis in the early C. elegans embryo

(A) Schematic representation of cell membrane in C. elegans embryos from the 1 to the 32-cell stage.
(B) Confocal images of embryos coexpressing NMY-2::GFP and a membrane probe tagged in mCherry
(Red). Scale bar, 10 um. Figure extracted from (Carvalho et al 2009). (C) Surface views of cortical myosin
Il (NMY-2::mKate2, top panels) and F-actin (UTR::GFP, bottom panels) obtained by near-TIRF imaging
at the indicated starting by the anaphase onset Scale bars, 5 um. Figure Extracted from (Li and Munro
2021). (D) Actomyosin cortical organization at the onset of cytokinesis in embryos expressing both
Lifeact::mKate2 (Red) and NMY-2::GFP. Scale bar, 10 um. Figure extracted from (Reyman et al 2016)
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¢. Lamelipodium and filopodium during embryogenesis

The lamellipodium is one of the main actin architectures in most motile systems. The
lamellipodium comprises branched, crosslinked actin networks that assemble in a sheet-like
structure protruding out at the migrating front of the cell ( ). It is the fundamental
element for cell movement. Localised actin polymerisation forces and pushes the cell
membrane forward, thus translating the cellular centre of mass. The lamellipodium has a
wide, persistent and thin optical section, allowing many studies to decipher its molecular
composition. Its formation beneath the plasma membrane is triggered by the upstream
signalling of the Rac subfamily of small GTPase (Ridley and Hall, 1992; Steffen et al., 2013) that
will lead to the local activation of the Arp2/3 complex and the nucleation of branched actin
networks (Steffen et al., 2014; Stradal and Scita, 2006). Capping proteins also accumulate at
the leading edges of lamellipodia to prevent extensive actin filament elongation, keeping a
dense distribution of shorter filaments and maintaining the availability of actin monomers for
other nucleation events (Mejillano et al., 2004). Following nucleation, there is also a
cooperative action of the other nucleator family, which is the formin. Some formins will
generate actin filament subsets independent of the Arp2/3 complex, which is essential for
creating lamellipodial forces and mechanical stability (Kage et al., 2017). The combined action
of formins and Arp2/3 creates this important motility feature that needs to be directed to

orientate cell expansion and migration (Figure 9.C).

All the types of cell migration need to be oriented (Yamada and Sixt, 2019), either if
they travel along the Extra Cellular Matrix (ECM) or pass through the least resistant way. For
this purpose, migrating cells used a dedicated actin structure called microspike, finger-like
structure or filopodium. This filopodium is also located at the front of the cell. Filopodia are
finger-like structures composed of an aligned bundle network that extends outward to the
cellular body. It participates in different, sometimes independent, mechanisms such as
anchoring, sensing, positioning and orientating cellular responses. They are composed of
straight filaments nucleated by formins at their tip and parallelly aligned actin due to actin

crosslinker proteins called fascin (Hoffmann et al., 2014; Jaiswal et al., 2013; Vignjevic et al.,

2006). During embryogenesis, historically, filopodia first found in the sea urchin embryo
during its first 4 and 8-cell stages (E.A Andrew, 1897). This actin finger-like structure is involved

in embryonic coherence, completing cellular movement and morphogenetic events in a wide
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variety of model organisms. For instance, the zippering of the epithelial sheet during the dorsal
closure in the Drosophila melanogaster embryo (Millard and Martin, 2008); embryo
compaction at the 8-cell stage in the Mus musculus embryo (Fierro-Gonzalez et al., 2013). The
guestions about the molecular composition were addressed on the model organism
Dictyostelium discoideum. It revealed that formin dDia2 were located at the tip of these
filopodia, dDia2 interacted with the ABP profilin2 and Racl, and filopodia bodies were
composed of aligned parallel actin filaments (Schirenbeck et al.,, 2005). This specific

architecture, assembly mechanism, and roles will be discussed in more detail in Chapter 2.

i. Motile structures in C. elegans embryo

Regarding our favourite model system, filopodia are implicated during the epibolic
cellular movement of hypodermis during the ventral closure in the Caenorhabditis elegans
lima bean stage (Williams-Masson et al., 1997). In addition, in the early stages of C. elegans,
at the 8-cell stage, filopodia were reported to protrude toward the anterior side of the embryo
(Pohl and Bao, 2010). At the same cell stage, a lamellipodium is also observed. It comes from
ABpl and protrudes toward the dorsal side of the embryo (Pohl and Bao, 2010). Both of these
structures are involved in chiral morphogenesis during the establishment of the bilateral body
plan axis (Pohl and Bao, 2010). Recently, also during the 8-cell stage of C. elegans
embryogenesis, another lamellipodium was described to protrude from ABpl, but this time,
toward the EMS cytokinetic furrow during the EMS division, somehow participating in the EMS
division itself (Caroti et al., 2021). These recent findings addressed a new set and scale of
guestions regarding the importance of these structures during embryogenesis and the

putative dynamical diversity of their related implications.
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Figure 9: Details of motile structures

(A) EM Overview of the edge of protrusions in B16F1 Cells, scale bars indicate 1 um. (B) Enlargement
of the boxed region, scale bars indicate 0.2um. Figures extracted from (Yang et al., 2007). (C)
Overviews of the functions of actin nucleators at the leading edge of motile cells. Nucleation-
promoting factors such as WASp and Scar/WAVE bring together Arp2/3 complex with an actin
monomer on the side of a filament to nucleate a branch. The free barbed end of the branch
grows until it is capped. Bottom left-hand corner: Formins nucleate unbranched filaments and
remain attached to their barbed ends as they elongate. Processive actin polymerisation in
association with a formin FH2 domain. Figure adapted from (Pollard, 2007).
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Chapter 2: Filopodia, from bottom to the tip

1- Characteristic of these finger-like structures

Filopodia is a temporary protrusive structure at the leading edge of a motile cell that
faces toward the extracellular environment. On an Evolutionary scale, filopodia are widely
distributed in every Eukaryotes’s phylogenetic group (Sebé-Pedrds et al., 2013). Filopodia are
dedicated to a variety of roles, as discussed below. Nevertheless, if generalisation is still
allowed in the 21st century, we can assume that filopodia, which are often associated with
lamellipodia, are participating in cell migration or extension (Chhabra and Higgs, 2007; Pollard
and Borisy, 2003). To fulfil these different roles, filopodia must adapt their morphology and
molecular composition in coordination with precise spatio-temporal regulation of their

initiation mechanisms.

a. Morphological characteristics and roles

This cellular protrusion has a morphology described as finger, antennae or tentacle,
with a width ranging from 0.1 and 0.3um and a length rarely exceeding 10um. Their
architecture can be separated into three different sections. The base that links filopodia to the
underlying cell cortex, the core body and the tip often contain characterised functional
features (Fig 10. A) (Fischer et al., 2019). Filopodia are used as a sensing mechanism to
orientate cell migration. For instance, in cancer cells, fibroblasts or even macrophages. Cells
produce an abnormally high number of filopodia that sense the surrounding extracellular
environment (Vignjevic et al., 2007). Filopodia are also composed of receptors and act as signal
transduction. They can also be composed of cell adhesion proteins that create adhesions sites,
further used to pull and retract the cell and complete cellular migration or tissue
reorganisation (Galbraith et al., 2007). This role can be observed in the dendritic filopodia of
neuronal cells and leading-edge filopodia from migrating cells. These structures also have a
role in intercellular interactions, wound healing, or embryogenesis with the fusion of epithelial
sheets (Brockes et al., 2004; Raich et al., 1999; Wood and Martin, 2002). These mechanisms
rely on calcium stimulation to form intertwined filopodia (Hakanpaa et al., 2018), which

protrude from opposite cells and act as a zipper reinforcing intercellular contact area and total
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tissue cohesion (Vasioukhin et al., 2000). As we have seen, filopodia have dedicated roles
according to their implication during different cellular processes. Thus, various filopodia exist:
molecular composition is adapted to each function or system, and their precise localisation

within the cell is tightly regulated.

filopedia elongation
Motor transport

Motor transport

cell edge advance .

Figure 10 Morphologie and composition of a filopodium

(A) i) filopodia from endothelial tip cell, myosin X transports adhesion molecules, including integrins
and VASP, to the filopodium tip. ii) Arp2/3 can also be activated and induces small side lamellipodia.
VASP bundle filaments protect them from capping and collaborate with formins at the tip, allowing
rapid F-actin polymerisation to advance the tip. iii) Tip advance is partially balanced by the retrograde
flow of actin, which activates integrins in conjunction with talin binding. Retrograde flow and slippage
of active integrins result in the accumulation of active focal adhesions at the base of filopodia. These
adhesions grow and exert stronger traction allowing forward progress of the cell edge. iv) Key features
of the neuronal filopodia architecture are similar to endothelial cells, except that fascin cross-linking
generally results in tight parallel bundled actin filaments without branches. However, some examples
of branched growth cone filopodia exist. Figure extracted from (Fischer et al., 2019). (B) electron
micrograph showing the arrangement of actin filaments in a filopodium from a cell from (Vignjevic et
al., 2006).and the Figure is extracted from. Figure extracted from (Mellor, 2010).
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b. Molecular composition

Filopodia are composed of a diverse assortment of proteins. This diversity creates a
wide range of different morphological characteristics and roles. These differences are even
more pronounced when looking at other model organisms (Sebé-Pedros et al., 2013). Despite
this diversity, proteins family and their functions are conserved. Therefore, these paragraphs
will focus on protein families rather than individual ones. Filopodia are composed mainly of
the building blocks of all actin architectures, G-actin and F-actin, which are tightly organised
in parallel bundles (Fig 10 A.B), surrounded by a double layer of the plasma membrane.
Filopodia have common molecular components. These components can be regrouped into
regulation-related categories: spatial regulators with membrane phospholipids, temporal
regulators with signalling molecules, morphological regulators with actin nucleators, cross-
linking proteins, functional regulators with molecular motors and anchoring proteins. All these
molecular partners will cooperate to establish, elongate and functionalised the filopodia.
Filopodia need to be dynamically regulated in a spatio-temporal manner. Spatial regulation
comes from a specific type of lipids. One of these lipids is the phosphatidylinositol-4,5-
bisphosphate (PtdIns(4,5)P2), also called PIP2. This specific lipid is a molecular positioning hub
where signalling molecules and their effectors are colocalising (Etienne-Manneville and Hall,
2002; Hirani et al., 2019; Jacquemet et al., 2019; Scholze et al., 2018). It goes in pair with the
temporal regulation of filopodia. It is achieved through the activity of signalling molecules that
belong to the GTPase family, such as RhoA, Racl and Cdc42 (Etienne-Manneville and Hall,
2002; Ridley, 2006). This GTPase family are responsible for regulating cell morphology and, by
extent, actin cytoskeleton. GTPases are positively regulated by Guanine nucleotide Exchange
Factors (GEF) located at the plasma membrane (Etienne-Manneville and Hall, 2002; Nobes and
Hall, 1995; Ridley and Hall, 1992). Upon this step of functionalisation by GTPases, there is a
downstream activation of the effectors, such as the formin proteins or the NPF WASP and N-
WASP, which in fine, activate actin nucleation machinery and promote F-actin nucleation and
elongation right beneath the plasma membrane. Filopodia initiation comes as long as there is
a persistence of these activated signalling pathways. The precise localisation at the plasma
membrane, of temporarily regulated partners, like GTPase, their GEF and NPF, promote a
positive spatio-temporal regulation of actin nucleators. These nucleators must be activated by

a GTPase such as RhoA, Racl or Cdc42 (Chen et al., 2010; Lebensohn and Kirschner, 2009;
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Pellegrin and Mellor, 2005). Because of the close interaction between these GTPases with the
lipids PIP2 and the presence of the BD of formin embedded into the plasma membrane, it
ensures a targeted actin filament nucleation and a filament elongation at the cell cortex.
Importantly, actin nucleators are crucial features for any actin cytoskeletal structure. As seen
in chapter 1, there are two families of actin nucleators, the Arp2/3 complex and the formin.
These two nucleators build two different actin filaments for filopodia formation (Mattila and
Lappalainen, 2008). This combination of nucleators has two distinct roles at two different
filopodia localisations. First, the Arp2/3 complex builds arrays of Y-branched filaments that
converge at some branching points, establishing a filopodia base which connects the filopodia
body and the actin cellular cortex and will, later on, promotes lamellipodia extension.
Therefore, Arp2/3 is located at filopodia’s base (Mellor, 2010; Yang and Svitkina, 2011).
Second, the formin nucleates and elongates straight filaments that specifically push against
the plasma membrane and extend the filopodia body toward the extracellular environment
(Yang et al., 2007). Hence, formin is located at the tip of filopodia (Schirenbeck et al., 2005).
These parallel actin filaments elongated by formins are further crosslinked by actin-binding
proteins, such as the fascin, which is then mandatory (Vignjevic et al., 2006). To provide their
extracellular anchoring, signal transduction and mechanical roles, filopodia are composed of
adhesive proteins such as integrins and cadherins (Fierro-Gonzélez et al., 2013; Lagarrigue et
al., 2015), as well as molecular motors such as a member of the myosin family (Bornschlogl,
2013; Chan and Odde, 2008; He et al., 2017; Kim et al., 2018). Filopodia are straight, tightly
aligned, parallel actin filaments embedded in the actin cortex. These can generate forces and
trigger morphological changes at the cellular and tissue or embryonic scales. Despite an
overall consensus on filopodia morphology and the elongation machinery, their initiation

mechanism is not entirely elucidated and still needs to be characterised.

c. Initiation mechanism

The previous paragraphs mention the diversity of roles and molecular compounds
associated with fulfilling the role attributed to filopodia. The only admitted paradigm is their
finger-like, elongated shape and elongation mechanism. Their precise molecular composition
and functions vary and are not causality linked. Filopodia are pioneers during cell positioning
and movement and are often associated with lamellipodium formation. Nevertheless, a

fundamental question remains about the mechanism implicated in filopodia initiation. The
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wide diversity of processes and cellular models where filopodia are involved increases the
difficulty for the scientific community to identify a common mechanism for this filopodia
initiation. Therefore, Yang and associate focus their discussion on a standardised experimental
system, the leading edge of a migrating cell (Yang and Svitkina, 2011) (Figure 11). After
gathering all the knowledge in this field, two models of filopodia initiation emerge (Yang and
Svitkina, 2011). First is the convergent model. Filopodia emerge from the actin network that
is present actin cortex of a lamellipodium leading edge. Individual filaments that comprise the
filopodial bundle arise at branching sites of other filaments, and filopodia far ascend from the
lamellipodial actomyosin cortical meshwork. Typically, these branched points are dispersed
throughout the filopodium's base through an interplay between the Arp2/3 complex and the
capping protein. This cause the filaments to converge into bundles, and filopodia emerge from
the edge of the lamellipodium and are elongated by a cluster of formins. This convergent
model is supported by different experimental systems, such as disrupting the localisation of
the Arp2/3 complex in macrophages (Machesky and Insall, 1998), the motility of neuronal cells
(Korobova and Svitkina, 2008), the dorsal closure of the drosophila embryo where filopodia
came out from a lamellipodium (Gates et al., 2007) and the thrombocytes lacking WASp (Falet

et al., 2002). Secondly, the tip nucleation model or “de novo” initiation.

This second model came from experiments that perturb the system heavily and can be
considered irrelevant (Block et al., 2008; Schirenbeck et al., 2005; Steffen et al., 2006).
Nevertheless, this drastic approach reveals that Arp2/3 is not required for filopodia
maintenance after initiation. The point of view shared in the community is that these two
proposed models work simultaneously. Filopodia are characterised by the organisation of
their inner actin filaments. They are straight, cross-linked and parallel. To do so, the elongation
and maintenance of filopodia are done by the action of the actin nucleator, formin and the
capping protein. Preceding the elongation, Arp2/3 play a central role in establishing a dense
meshwork that sets the basement of filopodia, where formin is clustered and positioned with
specific spatio-temporal dynamics with the engagement of the Rho Signaling pathway. The
difficulties encountered in other experimental models and the remaining questions can be

addressed by studying physiological, stereotyped and reproducible embryonic development.
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Figure 11Models of filopodia initiation

(Top) Convergent elongation model: (1) Branched actin network is formed in lamellipodial by Arp2/3-
mediated nucleation. (2) Elongation factors (Ena/VASP or formin) maintain continuous elongation of
some barbed ends. (3) Interaction between barbed ends, likely also mediated by Ena/VASP or formin,
results in synchronised parallel elongation of several converged filaments. (4) Parallel filaments are
cross-linked by fascin resulting in the formation of an actin bundle. (5) Over time, the Arp2/3 complex
that nucleated filopodial filaments dissociate, leaving free pointed ends of the splayed actin filament.
Tip nucleation model (bottom): (1) Activated formin is clustered on the plasma membrane. (2) Formin
cluster nucleates a bunch of actin filaments and maintain their elongation. (3) Elongating filaments are
cross-linked by fascin to form an actin bundle. Figure extracted from (Yang and Svitkina, 2011)
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2- Embryonic presence in many other models

Embryogenesis and cellular differentiation rely on gene expression, which depends on
molecular content segregation influenced by cell polarisation and position regarding their
neighbourhood. The actin cytoskeleton governs these last features. It is particularly true at a
tissue scale, where morphogenetics events drag entire cell tissues to reposition them and
trigger cellular differentiation. During these particular morphogenetics events, filopodia are
mandatory features that cooperate for sensing, anchoring and pulling on cells or tissues.
Taken together, they are crucial parameters for cell positioning and cell motility. Here | will
cover some significant discoveries about filopodia during embryogenesis across different
model organisms, highlighting the structural and mechanical diversities and the crucial
importance of filopodia during embryogenesis, shared among Metazoan, with a particular

emphasis on C. elegans embryogenesis.

a. The Historical case of Sea urchin

In the late 19t century, embryogenic extracellular protrusions were first mentioned as
“filose protoplastic” or “spinning activities “ (E.A Andrew, 1897). These spinning filose were
observed in echinoderms embryos, especially in the Sea urchin and Star-fish embryos from
the first to the 8-cell stages (E.A Andrew, 1897). At this time, Andrews has a very inspiring and
insightful hypothesis about the spatio-temporal dynamics of these spinning structures and
their roles regarding cell cycle progression. These hypotheses remain poorly tested today
(Sherlekar et al., 2020). As a pioneer observation, it leads to an opposition reflex from a
sceptical embryology community, considering these structures abnormal (E.A Andrew, 1897).
It was only in the middle of the 20™ century, with technical improvement, Andrews’s
observation on spinning structures in the 8-cell stage Sea urchin embryo was proved to be
accurate and received the named filopodia (Vacquier, 1968) (Figure 12). Interestingly, these
Andrew’s spinning structures, or filopodia, were first observed in different experimental
conditions on other sea urchin strains, either at Woods Hole or at the Zoological Laboratory
of the Sorbonne, Roscoff, Britany. In parallel, these structures were also observed in
phylogenetically separated animals, from vertebrates to Echinoderms and passing by

nematodes.
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Figure 12: Filopodia in the Sea urchin early embryo

Orange arrows show the presence of filopodia during the early steps of Sea urchin embryogenesis. (A)
Localisation of these structures during early embryogenesis. 1) the 2-cell stage. 2 and 3) at the 4 cell-
stage ,4) in the central tube at the 8-cell stage. The lenght of the embryo is about 100um. (B)
Magnification of filopodia from the 4-cell stage. Scale bar, 1um. Pictures extracted and adapted from
(Vacquier, 1968).

41



b. Embryonic compaction in Mus musculus embryo

After fertilisation, early Mammalians embryos undergo a stereotypical series of
cleavage and divisions, resulting in relatively rounded cells. With the example of the Mus
musculus embryo at the 8-cell stage, cells flatten their membranes against one another,
increasing cell-cell contact and forming the first epithelium-like structure. This morphogenetic
process, called compaction, governs the mice embryo's early morphological establishment
and lineage identities(Rossant and Tam, 2009). Compaction is crucial for preparing the embryo
for implantation on the uterine wall (Johnson et al., 1986, 1981). The compaction of
preimplantation embryos depends on cell-cell contacts mediated by adhesion molecules such
as E-cadherin (E-cad) (Larue et al., 1994; Stephenson et al., 2010). E-cad links actin filaments
and cell shape through dynamic interactions with intracellular catenins (Cavey and Lecuit,
2009). As an example of the consequence when E-cad is deleted: mouse embryo exhibit
compaction abnormalities (Larue et al., 1994; Stephenson et al., 2010). These irregularities
influence the success rate for embryonic implantation to the uterine wall, resulting in non-
viable embryos (Landry et al., 2006). This makes compaction a primordial event for future
embryo viability. This event needs proper Intercellular contacts. This requires dedicated
cellular structures that regulate cell shape and mechanistically increase the contact area
between cells by drawing them to each other. These structures are filopodia (Fierro-Gonzalez
etal., 2013) (Figure 13). In addition, these filopodia are dependent on E-cad and are composed
of the molecular motor Myosin X which attracts cells to each other (Fierro-Gonzalez et al.,
2013). Interestingly, the first clue on the change in the intercellular contact area and these
membrane protrusions was reported during the '70s (Calarco and Epstein, 1973; Ducibella et
al., 1977), and it took 40 years of dedicated perseverance in parallel with technical
improvements to identify the reason for this phenomenon: Filopodia (Fierro-Gonzalez et al.,

2013).
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Figure 13: Filopodia form during Mus musculus embryo compaction

(a) Microinjection of RNA into one cell at the 2-cell stage allows visualization of E-cad—GFP in half of
the cells of the embryo during compaction. (b,c) Microinjected live 8-cell stage embryos expressing E-
cad—GFP. In b, E-cad—GFP-labelled filopodia (arrow) extend from the apical border membrane region
of a filopodia-forming cell (left) on top of the neighbouring cell apical membrane (right). In ¢, two cells
show E-cad—GFP-labelled filopodia (white and yellow arrowheads distinguish filopodia from each cell).
(c’) Schematic diagram of the embryo from c. (d) Detection of filopodia using E-cad antibodies. IF,
immunofluorescence. (e) Membrane-targeted mCherry (memb-mCherry) labels bona fide E-cad
filopodia extending from two cells (white and yellow arrowheads). (f) Selected time frames show
extension and retraction of filopodia over time. Orthogonal scale bars, 5 um. Figure and legends
extracted from (Fierro-Gonzalez et al., 2013).
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c. Dorsal closure in the Drosophila melanogaster embryo

On another clade and another morphogenetic event, with Drosophila melanogaster at
a later stage between stages 14 to 16. During this period, a specific morphogenetics event
happened: the Dorsal Closure (DC) (Young et al., 1993). This process consists of the fusion of
epithelial sheets, where a continuous epidermis is formed when two epithelial sheets
approach each other on the surface of the embryo and meet at the dorsal midline. An analogy
can be made with neural tube closure in vertebrates. This tissue migration and fusion process
can also be observed during embryonic development and wound healing (Martin and
Parkhurst, 2004). In case of an abnormal completion of this morphogenetic event, it leads to
severe phenotypes such as spina bifida and cleft palate. These phenotypes can be observed in
human embryonic development. Mechanistically, this mutual attraction between epithelial
sheets is done by a zippering mechanism and realised by the action of filopodia. Filopodia
protrude from one sheet to another, and when they match the corresponding sheet cell, they
interdigitate and proceed to the fusion of the sheets (Millard and Martin, 2008) (Figure 14).
This mechanism is dependent on the signalling of the GTPase Cdc42 and the localisation of
Ena (Gates et al., 2007; Jacinto et al., 2002). To conclude, it reinforces the crucial role of

filopodia in the completion of morphogenesis, using their sensing and zippering process.
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Figure 14: Close up to the Dorsal Closure in Drosophila melanogaster embryo

(A) Zippering in en-RFP-moesin (red), ptc-GFP-moesin (green) expressing embryos. Images showing
filopodial matching. i) Red and green filopodia protrude from leading edge cells. ii) Contacts are made
between red filopodia from opposing epithelia, while at the same time separate contacts are made
between green filopodia. iii) Further contacts are made between red filopodia; however, green
filopodia in close proximity to these red filopodial contacts do not interact. iii. Green filopodia
transiently form contacts between ptc-GFP-moesin cells over the top of the fused red cells.
Arrowheads indicate the described filopodial interactions. Scale bars 10 um. (B) Dorsal view of
embryos at the start i), midway through ii), and shortly after completion of DC iii). Figures and legends
extracted from (Millard and Martin, 2008).
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3- Special case of filopodia during C. elegans embryogenesis

After the previous observation of different model organisms ranging from
echinoderms to mammals, we will now focus on the C. elegans embryogenesis and the
presence of this structure that is starting to be familiar to our readers. C. elegans was
intensively used to observe and characterise embryogenetic processes during the previous
decades. Filopodia were observed at different stages of development. Here, we will highlight
these structures in C. elegans, using the C. elegans homologous name of proteins and

respecting the chronological order of discoveries.

a. Dorso-Ventral closure during the lima bean stage

Morphogenetic events that lead to embryonic tissue reorganisation are driven by
cellular migration and intercellular interactions. These events need the protrusive and
contractile characteristics of the actomyosin cortex and filopodia architecture. Epiboly is a
morphogenetic event where the two opposite sides of a tissue layer (e.g., epithelial tissue) are
moved and fused to encapsulate another tissue layer. Regarding the C. elegans embryo, In
1997, William-Masson described an epiboly event called the Dorso-Ventral closure, which
happens during the lima bean stage (Williams-Masson et al., 1997) (Figure 15). Initially,
epithelial cells are assembled in a sheet at the dorsal side. The two leading edges of this tissue
move in an epiboly process. Indeed, they surround the inner tissue of the embryo and fuse
together at the embryonic ventral midline (Williams-Masson et al., 1997). This Dorso-Ventral
closure is a two-step mechanism. The first step is an initial migration, where the two posterior
pair cells of each edge of the epithelial sheet migrate and pull the hypodermis. They circle the
embryo and the two posterior cells anchor between their pair. Importantly, these cells used
actin-rich protrusive structures called filopodia to fulfil these roles of migrating and anchoring.
Once these four cells approach the ventral midline, the remaining cells of this tissue express a
substantially increased density of F-actin located on the cellular side where they are
contactless, which will lead to the formation of an actin ring. The second step is the closure
itself; it depends on the contractility of this actin ring that will pull the double edge of the
epithelial tissue toward the ventral midline in a “Tying” mechanism. Once the two edges are

reunited, the newly localised ventral epithelial cells create junctions that seal and complete
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this epiboly event (Williams-Masson et al., 1997). Morphologically, this process can be

considered the equivalent of the dorsal closure in the Drosophila Melanogaster embryo.

Figure 15: Dorso-Ventral closure during the lima bean stage of C. elegans embryo

(A) Nomarski micrographs of ventral enclosure and the different steps in chronological order from A
to D. All views are ventral. Bar, 10 um. (B) Wild-type embryos stained with phalloidin and viewed by
laser scanning confocal microscopy during ventral enclosure and the different steps in chronological
order from A to D. Scale bar, 10 um. (C) Scanning electron micrographs of the early and late stages of
ventral enclosure. A) Lateral view of a pre-enclosure embryo showing the left-hand leading cells; B)
Lateral view of an enclosed embryo. The leading cells have met at the ventral midline, and have
assumed a rectangular shape (black arrows). The ventral pocket cells have mostly enclosed, and have
constricted ventral tips (white arrows). Anterior is toward the top, and dorsal is toward the right. Bar,
10 um. Figures extracted from (Williams-Masson et al., 1997).
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b. The 8-cell stage and the L-R body plan axis

Preceding the lima bean stage, during the 8-cell stage of the C. elegans embryo,
filopodia and lamellipodia are reported to be present in the ABpl cell (Pohl and Bao, 2010).
Indeed, ABpl forms three different actin structures: a lamellipodium on his dorsal side,
another protrusion on his ventral side, and filopodia on this anterior side. Taken together,
these will lead to a displacement of ABpl toward the anterior side (Pohl and Bao, 2010) (Figure
16.A). It has been reported that the formation of these dynamical protrusions needs a proper
RhoGTPase signalling pathway (Pohl and Bao, 2010). Remarkably, these ABpl filopodia
participate in the chiral morphogenesis that establishes the Left-Right Body plan axis in the 8-
cell stage C. elegans embryo (Pohl and Bao, 2010). Simultaneously forming the ABpl ventral
protrusion, the EMS cell starts its cytokinesis, creating the two daughter cells, the MS cell at
the anterior side and the E cell at the posterior side. The ABpl ventral protrusion migrates
toward the EMS cytokinesis groove (Pohl and Bao, 2010) (Figure 16.A). The question remains
about the ABpl ventral protrusion migration, which can only be passive because of spatial
opportunities created by the EMS cytokinesis groove or active with a defined purpose
regarding the future MS and E cells and then this protrusion needs to be named lamellipodium
instead of simply protrusion. Indeed, the molecular content of this protrusion is dynamically
enriched in the adhesive proteins, the E-cadherin HMR-1 (Caroti et al., 2021). Before the EMS
division, HMR-1 is localised all along the interface between ABpl and EMS. During cytokinesis,
ABpl ventral protrusion dive into the groove of the EMS cytokinesis with an anteriorisation of
HMR-1 toward the future MS cell. After cytokinesis completion, HMR-1 is explicitly located at
the interface between ABpl ventral protrusion and MS. This polarised protein distribution
depends on the Wnt signalling pathways making this ABpl ventral protrusion a clear
lamellipodium (Caroti et al., 2021) (Figure 16.B).. Filopodia make the ABpl cell migrate toward
the embryo's anterior side, positioning and anchoring its dorsal and ventral lamellipodia on

other cells to establish the Left-Right body plan axis (Caroti et al., 2021; Pohl and Bao, 2010).
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Figure 16: Motile structures in C. elegans 8-cell stages embryo

(A). Chiral morphogenesis and its underlying cellular behaviors. Left panels: 3D projection with
matched schematics. The color code of this schematic matches that of the small circles. Plasma
membrane is shown in red (PH-domain of PLC161 fused to mCherry) and nuclei in green (HIS-72::GFP,
HIS-72 is a H3 variant histone). Right panel: Features specific to ABpl and ABpr are indicated with
circled numbers in the boxes outlined in gray.Figure extracted from (Pohl and Bao, 2010).(B)
Distribution of the E-cadherin HMR-1 across the interface between EMS and ABp/ABpl. Note that ABpl
forms a lamellipodium that precedes the ABpl movement following EMS division. Lifeact marking F-
actin in red, the E-cadherin HMR-1 in green. Arrow heads indicate HMR-1 foci. Scale bar indicates 10
pum. Figure and legends extracted from (Caroti et al., 2021).
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c. Very early stages

In this section, we will cover the most recent findings about filopodia presence
discovered in the earliest step of embryogenesis. Before filopodia identification,
Phosphatidylinositol 4,5-bisphosphate (PIP2) rich domains were reported to be
asymmetrically enriched at the zygote’s anterior (Nakayama et al., 2009; Scholze et al., 2018;
Wang et al., 2017). A similar anterior enrichment was observed with the RhoGTPases family,
CDC-42 and RHO-1, the RHO-1 regulator ECT-2, and a subpopulation of PAR-6 and PKC-3
associated with CDC-42. Additionally, these molecular partners are colocalising with the PIP2
domains (Motegi and Sugimoto, 2006; Panbianco et al., 2008; Scholze et al., 2018; Schonegg
et al., 2007; Wang et al., 2017). It has been suggested that PIP2-enriched microdomains can
operate as organising platforms for regulating cortical actin organisation, cell polarity, and
asymmetric zygote division (Scholze et al., 2018) (Figure 17.A). Further investigations, in which
| participated, revealed that these tubular microdomains were, in fact, a double membrane
surrounding an entire structure to four layers of phospholipids that virtually correspond to a
local enrichment of lipids with CYK-1 at their tips (Hirani et al., 2019) (Figure 17.B).. The core
body of this structure is composed of actin filaments that are cross-linked and parallelly
aligned by a cross-linking protein, PLST-1 (Hirani et al., 2019) (Figure 17.C). The tip of the
filopodia contains the formin nucleator because of its processive activity (Hirani et al., 2019).
All these characteristics allow us to qualify this structure, filopodia (Hirani et al., 2019). This
publication also showed that these architectures were present at the 1, the 2 and the 4-cell
stages of C. elegans embryogenesis (Hirani et al., 2019) (Figure 17.D). Nevertheless, a set of
guestions remains. What are their molecular composition and precise temporal dynamics
during these three first embryonic steps? Are there any filopodia in the early cell stages? Are
all these early filopodia the same? Is there another type of actin architecture? These
preliminary questions will pave the way for answering the fundamental and ultimate question:

what might be the role of these filopodia during early embryogenesis?
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Figure 17: Filopodia in the early stages of C. elegans embryogenesis

(A) PIP2 cortical structures overlap with ECT-2, CDC-42 and RHO-1 and partially with actin. (A-E) Dual-
color spinning disk confocal cortical imaging of pseudocleavage embryos harboring the indicated pairs
of fusion proteins, with high magnification views of the boxed regions. Scale bars: 10 um. Figure and
legends extracted from (Scholze et al., 2018). (B) Confocal cortical images of embyro expressing CYK-
1::GFP and mCherry::PHPLC&1 at representative time points. Boxed areas are shown magnified 3x
below. The asterisk indicates large pulsatile foci common at polarity establishment and cytokinesis.
Scale bars: 5 um. (C) Cortical images of two embryos expressing PLST-1::GFP and mCherry::PHPLC&1 .
Inset is marked and magnified on right showing merged and single channel images. (D) Surface images
of 2 and 4-cell stage embryos expressing CYK-1::GFP and mCherry::PHPLC&1. Arrowheads mark CYK-1-
tipped membrane structures at cell contacts. Figures and legends fro B and C are extracted from
(Hirani et al., 2019).
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Chapter 3: C. elegans early embryogenesis

1- C. elegans early embryogenesis and body plan axis formation

C. elegans adult hermaphrodite has precisely 959 somatic cells. The entire lineage has
been carefully and manually tracked thanks to the transparency of the cuticle and an
enormous amount of patience and dedication (Kimble and Hirsh, 1979; Sulston et al., 1983;
Sulston and Horvitz, 1977) and the finding that the cell lineage of C. elegans is almost entirely
invariant between individuals. By retrospective analysis, we can predict embryonic
development, which is essential when looking at single-cell levels during early embryogenesis
(Sulston et al., 1983). The C. elegans embryogenesis combines an invariant lineage and early
cell specification from the zygotic stage onwards. A combination of symmetry-breaking events
of different natures enables the “tour de force” of assigning each cell its identity and setting
the fate of the respective lineages in the first few divisions. Actomyosin cortex dynamics,
cellular polarisation of membrane-associated proteins, spindle positioning, segregation of cell
fate determinants, mechanical, chemical or diffusion gradients, and phase-separated granules
(De Henau et al., 2020; Hamill et al., 2002). All the cited processes and molecular distributions
are required to set the identity of the founder cells that will produce differentiated cell lineage
(Gonczy and Rose, 2005). Before establishing differentiated cell lineage, the first step of the
embryonic specification is the establishment of the body plan axis. These are, in chronological
order, the Antero-Posterior axis (A-P), the Dorsal-Ventral axis(D-V) and the Left-Right axis (L-

R) (Figure 18).
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Figure 18: Early C.elegans embryonic lineage and body plan axis establishment

(A) Cell lineage of the early embryo. The horizontal lines connect sister cells; the length of the vertical
lines indicates the relative cell cycle duration of each founder cell. The major cell types produced from
each founder cell are shown. (B) Schematic diagram of cell positions at different stages. The germ-line
precursors (P cells) are shown outlined with green, and each of the founder cells generated by
asymmetric division are indicated with a different color. The daughters of founder cells are named by
their position; e.g., ABa is the anterior daughter of AB, whereas ABal is the left daughter of ABa. The
embryo proper is surrounded by an eggshell, schematized by a black line. On the Right panel, the
correspond body plan axis acquired at this stages is represented in orange doube arrowhead. Figure
Adapted from (Rose and Gonczy, 2014).
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a. The Antero-Posterior axis (A-P)

In C. elegans hermaphrodites, a mature oocyte travels through the spermatheca,
where it comes into contact with a sperm cell, fertilisation occurs, and the newly formed
zygote (PO) is expulsed in the uterus. Sperm typically enters the egg on the opposite side of
the oocyte nucleus and create the premise of the posterior side and, de facto, the anterior
side. In addition to DNA, the sperm brings a pair of centrioles that establish the pericentriolar
material (PCM) and form a centrosome that will build the zygotic microtubule cytoskeleton.
This centrosome also contains the mitotic Kinase Aurora A (AIR-1) that influences many
protein activities. Together, the newly arrived centrosome and its components interact and,
per se, perturb the entire zygote cytoskeleton, especially the posterior actomyosin cortex.
These cytoskeletal rearrangements will start a chain of events that causes the embryo to
polarise and finalise the Antero-Posterior (AP) axis. In the beginning, NMY-2 foci are uniformly
distributed in the actomyosin cortex of the oocyte (Munro et al., 2004). Once fertilisation
happens, sperm brings the centrosome components, AIR-1, that will directly downregulate
the cortical posterior NMY-2 activity (Zhao et al., 2019). This event will locally disrupt the
contractile and the viscoelastic properties of the posterior actomyosin cortex and induce a
cortical flow towards the anterior pole of the zygote that will polarise the cortical materials
along the AP axis (Figure 19.A) (Munro et al., 2004). Importantly, to equilibrate the
intracellular forces, this cortical flow orientated toward the anterior side induces a
cytoplasmic stream directed toward the posterior side (Hird and White, 1993; Munro et al.,
2004; Wallenfang and Seydoux, 2000). This cytoplasmic flow participates in the pronuclei
fusion, the alignment and positioning of the mitotic spindle along the AP axis, and the
polarisation of cytoplasmic materials such as mRNA and P-Granules (Albertson, 1984;
Goldstein and Hird, 1996; Hird and White, 1993; Hyman and White, 1987; Strome and Wood,
1983). This polarisation induced by these double flows polarises the zygote in two
approximately equal portions at 50% of the zygotic length. It already defines two cortical
poles, one at the anterior side and the other at the posterior side (Hird and White, 1993). This
results in an anterior enrichment of cortical components such as F-actin, NMY-2, other ABPs
and, concomitantly, proteins physically linked to this cortex, the PAR proteins. The PAR
proteins family are cortical proteins, the main proteins that dictate the polarisation in animal

cells (Goldstein and Macara, 2007; Kemphues et al., 1988). This protein family comprises
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supportive and antagonistic interaction rules by mutual phosphorylation inhibition
mechanism (Kemphues, 2000; Ramanujam et al., 2018). During zygotic polarisation, PAR
proteins are distributed on the two sides of the zygote and directly influence cortical dynamics
(Lang and Munro, 2017). The PAR proteins family are segregated into two poles regarding
their positioning along the embryo. This way, these two poles are defined as Anterior and
Posterior, respectively, the Anterior PAR proteins (aPAR); with PAR-3, PAR-6, PKC-3; and the
Posterior PAR proteins (pPAR); with PAR-1, PAR-2, LGL-1; (Hoege and Hyman, 2013). During
zygotic polarisation, anterior PAR proteins (aPAR), PAR-3, PAR-6 and PKC-3, are dragged
toward the anterior side because of the cortical flow. Posterior PAR proteins (pPAR), PAR-1
and PAR-2 are localised to the posterior side because of the antagonistic effect against the
aPAR and their ability to enhance the downregulation of NMY-2 (Lang and Munro, 2017).
Importantly, by the end of the cell cycle, the Anterior and the Posterior domains are defined
and distributed asymmetrically, with a higher spatial distribution for the anterior pole, with
molecular content such as NMY-2 and aPAR, for about 55% of the cellular volume (Figure 15.B)
(Jankele et al., 2021; Ou et al., 2010; Pacquelet et al., 2015). The interface between these two
asymmetric polarity domains will position the mitotic spindle and the associated cytokinetic
ring, leading to an asymmetric division of the zygote (P0O) into two daughter cells, AB from the
anterior side and P1 from the posterior side(Figure 19.C). This first asymmetric division is the
physical landmark of the AP axis establishment, thus sealing the fate of the future cell lineages

with specific molecular segregation in each daughter cell.
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Figure 19: Zygotic polarisation and the establishment of the A-P axis

(A) Symmetry breaking in the one-cell embryo. AIR-1 (blue cloud) is the cue that initiates polarisation
of the embryo. AIR-1 diffuses from the sperm centrosome (red spheres) and downregulates
actomyosin at the adjacent cortex. This causes a local weakening, and produces cortical flows (black
arrows) directed away from this point, which also serve to separate the centrosomes (red arrows).
Figure and legends extracted from Samar et al. (B) Left: images from time-lapse differential
interference contrast (DIC) microscopy, time is displayed in min:sec from the beginning of the
recording. Middle: images from time-lapse fluorescence confocal microscopy at approximately
corresponding stages.Right: corresponding schematics, illustrating the distribution of the anterior
(red) and posterior (blue) PAR proteins. Embryo is approximately 50 um long and is surrounded by an
eggshell (visible in A and shown schematically. Figures and legends extracted from goncy rose. (C)
Schematic representation of all the polarisation partners Centrosomes: black discs; microtubules:
black lines; chromosomes, pronuclei and nuclei: gray ovals and discs; NMY-2: green network and foci;
cortical PAR-3/PAR-6/PKC-3: red; cortical PAR-2 and PAR-1: blue; cortical GPR-1/2: green; cortical LET-
99: gold; Cortical force generators are represented with empty rectangles, the net pulling force acting
on each spindle pole with red arrows. Figures and legends extracted from (Rose and Gdnczy, 2014).
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b. The Dorsal-Ventral axis(D-V)

After this first division, molecular content is physically separated and specified
according to their future cell fate. The developmental fates and division patterns of the first
asymmetric division's daughters, AB and P1, differ. AB and P1 will divide asynchronously. The
second cleavage is the division of the AB cell. Because of its anterior background, the AB cell
has only aPAR (PAR-3) (Figure 20.A) (Bergmann et al., 2003; Cheng et al., 1995). The AB spindle
is orientated according to the distribution of the PAR-3 protein. Indeed, spindle orientation
on the AP axis is prevented by PAR-3, leading to a 90° orientation that position the mitotic
spindle orthogonally along the AP axis, at the centre of mass of the AB cell and positioning the
future cytokinetic ring at the cell equator (Bergmann et al., 2003; Cheng et al., 1995) (Figure
20.B). AB cell divides symmetrically into the two daughter cells, ABa and ABp. They are named
according to their position along the Antero-Posterior axis and establish the founder cells for
the lineage corresponding to the hypodermis, neurons, and pharynx. The third cleavage is the
division of the P1 cell. As the AB cell, the P1 cell is de facto enriched in pPARs, PAR-1 and PAR-
2. During the prophase of P1, an anterior PAR-3 domain arises and forms a gradient between
aPAR (PAR-3) and pPAR (PAR-1, PAR-2). The two pPARs and P-granules are translocated
further into the posterior side of P1 (Boyd et al., 1996; Goldstein and Hird, 1996; Guo and
Kemphues, 1995). This second polarisation step establishes another asymmetric distribution
of molecular content in the P1 cell. P1 divides asymmetrically, creating EMS and P2 (Figure
20.B).. Where EMS is localised more anteriorly and P2 more posteriorly, these two founder
cells give rise to the Muscle and intestine for EMS and the Germline for P2. These two
divisions, in combination with the confined ovoid environment of the eggshell, lead to the
formation of a collection of cells with a stereotypical spatial arrangement with specific cell
contacts with the so-called diamond shape of the 4-cell stage. This will favour signalling
pathways that molecularly define the Dorso-Ventral (DV) body plan axis. Two major signalling
pathways are implicated at the 4-cell stage: Notch signalling and Wnt signalling. Both of these
pathways are triggered by the P2 cell and propagate toward the anterior cells of the embryo.
P2 Notch signalling directly irradiates the ABp cell, which becomes the Dorsal cell (Crittenden
etal., 1994; Evans et al., 1994), and P2 Wnt signalling targets the EMS cell, which becomes the
Ventral cell (Rocheleau et al., 1997). After these two asynchronous divisions, specific cell

arrangement and signalling pathway, the DV axis is established between ABp (Dorsal) and EMS
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(Ventral), and lineages start to be determined with their proper cell fate determinants

distribution in each cell.

c. The Left-Right axis (L-R)

The 4-cell stage set up a specific cell arrangement that allowed the proper induction of
cell specification in dedicated lineage via signalling pathways. The subsequent division will be
from the AB daughters. ABa and ABp divide simultaneously and symmetrically to form the
future epithelial tissue (Sulston et al., 1983). The spindles of these two cells are arranged in
an orthogonal manner regarding the AP and the DV axis. These spindles slope toward the
anterior side during telophase, creating a left daughter cell which is more anterior with a
different set of intercellular interactions (Figure 20.C.D). (Sulston et al., 1983; Wood, 1991).
This last step physically establishes the LR body plan axis. After AB daughter division, EMS
divide asymmetrically and creates the MS cell, the muscle precursor and the E cell, which is
the precursor for intestinal tissue (Sulston et al., 1983). Taken together, the decision-making
process governing the establishment of these body plan axes is ruled by two parameters,
cellular interactions and the correct completion of asymmetric and symmetric divisions. This
last parameter is determined by symmetry-breaking cues induced by specific protein

segregation.
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Figure 20: Polarity and spindle positioning from the 2 to 6-cell stage embryos.

(A) Early two-cell stage. As a result of asymmetric spindle elongation during anaphase, the first division
is unequal and generates a larger anterior blastomere AB and a smaller posterior blastomere P1. (B)
After the centrosomes migrate onto a transverse plane, the P1 nucleus rotates 90° during late
prophase, aligning the centrosomes on the AP axis. By this time, asymmetric PAR domains have been
reestablished .(C) At fourth cleavage, the spindles in the AB daughters initially set up along the
left/right plane and the centrosomes in EMS are also on the left/right plane. PAR domains become
established in the P2 cell, and GPR-1/2 become enriched at the P2/EMS cell contact. (D) In the AB
daughters, the spindles shift slightly anteriorly during telophase, so the left daughters assume a more
anterior position. In EMS, the nucleus rotates to align on the AP axis, and the P2 nucleus rotates so
that one centrosome is adjacent to the P2/EMS cell contact. Figure Extracted from (Rose and Gonczy,
2014).
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2- Cell identity acquisition

To establish a completely differentiated lineage, each differentiated cell needs to have a
precise toolkit of molecular content. Some of these components are segregated specifically
during lineage establishment with a mutualistic cooperative effect. During the first part, we
already described the crucial impact of the polarity proteins, the PAR proteins and the
different intercellular signalling pathways. Especially during the establishment of the A-P D-V
body plan axis and their influence on the symmetrical properties of divisions, especially on the
point that the cellular polarity influences the choice between symmetric or asymmetric
division. This asymmetric division is the starting point of the creation of cellular diversity and,

to an extent, cellular specificity.

Nevertheless, other molecular partners are specifically segregated and participate in the
establishment of cellular identity. These other differentiation compounds are cell fate
determinants and mRNA. Importantly, in parallel with the specific segregation of these
molecular content, a targeted mechanism of protein and mRNA degradation occurs to ensure
the proper molecular quantities of each of these components, thus reinforcing the effect of
polarisation. These mechanisms, such as the ubiquitin pathways (DeRenzo and Seydoux, 2004;
Pintard et al., 2004), are a completely different subject, not directly related to our questioning.
This explains why | am not introducing these regulation machinery. Nevertheless, it is an

essential feature that we consider when analysing our results.

a. Cell fate determinants

Downstream of the PAR proteins segregation, other segregated components are involved
in the fate specification of cells; the polarity mediator: MEX-1, MEX-5, MEX-6, POS-1, and SPN-
4. Downstream these polarity mediators some components are the cell fate regulators APX-1,
GLP-1, PIE-1, and SKN-1. Here we presented a small portion of these protein categories that
are precisely reviewed by Rose and Gonczy (Rose and Gonczy, 2014). All these components
can bind and induce mRNA translation in a specific lineage. For instance, PIE-1 is related to the
P lineage, and MEX-5,6 are related to the Anterior side ad the early AB lineage (Rose and
Gonczy, 2014)(Figure 21). Another category of cell fate determinant is the P granules, also

called “germ granules” because of their specificity to the P lineage. These, not membrane-
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bound granules, contain mMRNA and RNA-binding proteins specific to the differentiation of the
P lineage (Smith et al., 2016). Cell fate determinants provided a complete genetic environment
to allow genome expression. They are involved in translational control of the maternally
loaded mRNA. As nicely suggested by the P granules distribution, a particular mRNA set is
distributed in each cell. Nevertheless, P granules are only related to the P lineage; other
lineages must have a specific mMRNA abundance to differentiate in their appropriate lineage.
To do so, mRNA outside of P granules must be precisely segregated in a particular manner

among the different cells during early embryogenesis.

MEX-5

POS-1, MEX-1, PIE-1
GLP-1

MES-1

APX-1

SKN-1, PAL-1

PIE-1, SKN-1, PAL-1
P granules

colINTH

Figure 21: Asymmetric localisation of polarity mediators and cell fate regulators in the
early embryo.

Mediators and cell fate regulators are localized to the cytoplasm (boxes and dots in legend), the
membrane (thick lines) or nuclei (circles). In addition, all the polarity mediators and PIE-1 are localized
on P granules during the early divisions. MEX-5, MEX-3, MEX-1, PIE-1, POS-1, and P granules are
uniformly present in the cytoplasm just after fertilization, but become asymmetrically localized during
the one-cell stage (A) and two-cell (B) stages. In addition to cytoplasmic localization, PIE-1 and SKN-1
enter the nucleus. As the cell cycle proceeds at the two-cell stage, MEX-5 becomes distributed in an
anterior to posterior gradient in P1 and thus more MEX-5 is inherited by EMS. At the four-cell stage,
MEX-5 begins to disappear (light pink) from the AB cells, but is still present in the EMS; MEX-5 is
similarly lost from the other somatic daughters as divisions proceed. Figure and legends extracted
from (Rose and Gonczy, 2014).
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b. mRNA abundance among cells

C. elegans is the first multicellular organism completely sequenced, containing about
19 000 genes (C. elegans Sequencing Consortium, 1998). During embryogenesis, the first
event of transcription and translation occurs during the Zygotic Genome Activation (ZGA),
which is reported to happen at the four-cell stage in C. elegans (Evans and Hunter, 2005;
Seydoux and Dunn, 1997; Tora and Vincent, 2021). This means that from fertilisation to the
four-cell stage, cellular mRNA and protein distribution rely on specific segregation from the
initial maternal loadings to bring the cell into a favourable genetical state for proper cell
differentiation. In a recent study, these mRNA cell differences were quantified by using single-
cell transcriptomics. They quantified the patterns of mRNA distribution between individual
cells during early embryogenesis (Osborne Nishimura et al., 2015; Tintori et al., 2016). We
extracted information regarding our proteins of interest using their online available data set.
At the 2-cell stage, cyk-1 and cap-1 mRNA are slightly more enriched in AB compared to P1,
and arx-2 mRNA is equivalently distributed between AB and P1. At the four-cell stage, they
observed that cyk-1 mRNA is more abundant in ABp, equivalent in ABa and P2 and almost
absent in EMS; arx-2 mRNA became significantly more distributed in P2 cells compared to the
other; finally, cap-1, in the descending order, is more enrich ABp, ABa, P2 and then EMS
(Tintori et al., 2016) (Figure 22). Although the meticulous and precise work realised by the
Goldstein lab and the fabulous open-source information they provide, we need to consider
that these single cells mRNA distributions were taken, as named, in a single-cell context.
Without considering the cell cycle and inter-cellular interaction, which can affect cell fate
markers distribution and mRNA degradation machinery. Nevertheless, my approach aims to

verify some of their data at a protein scale and in an in vivo context.
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Figure 22: Relative transcript abundances of our targeted ABPs

Data extracted from the online freeware at: http://tintori.bio.unc.edu/. The dashed line represent the
Zygotic Genome Activation step. It represent the mRNA relative distribution from the 1 to the 16-cell
stage, where we can already see a specific pattern of distribution.
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3- Interplay between cell identity acquisition and actin cytoskeleton

All these molecular segregations, specifically the PAR proteins distribution, are
influenced by the actomyosin cortex dynamics and Vice Versa; the actomyosin cortex
dynamics is a crucial feature that impacts the PAR proteins distribution (Cowan and Hyman,

2007; Gan and Motegi, 2021; Munro et al., 2004; Ramanujam et al., 2018; Zonies, 2010).

a. Relationship between PAR and actomyosin cortex

To pursues the differentiation process in the early steps of embryogenesis, molecular
content such as transcription factors, cell identity markers and mRNA are segregated in a
specific manner (Gonczy and Rose, 2005; Rose and Gonczy, 2014; Tintori et al., 2016). On the
one hand, many studies showed that perturbation of the actomyosin cortex impacts PAR
proteins’ distribution. In RNAi experiments, perturbation of the formin CYK-1 or the other
actin nucleator, the Arp2/3 complex, during the zygotic stage affects the balance between the
PAR-6 and the PAR-2 distribution. It influences the positioning of the future cytokinetic ring
(Chan et al., 2019; Mangal et al., 2018; Pittman and Skop, 2012) (Figure 23.C).. The Arp2/3
complex is also implicated in the regulation of the RhoA signalling and especially the
downstream Cdc42 foci present at the zygotic stage (Shivas and Skop, 2012) (Figure 23.D). At
a later stage of development, the two subunits of the Arp2/3 complex, ARX-2 and ARX-3, are
implicated in the cell epithelial cell fusion during the transition between the comma and the
2-fold stage, and a disruption of these two subunits leads to 100% of embryonic lethality
(Zhang et al., 2017). At another scale, the entire actomyosin cortex, the cadherin HMR-1 is
implicated in the link between the plasma membrane and the actomyosin cortex and the
precise localisation of the PAR-2 and PAR -6 (Padmanabhan et al., 2017) as well as the global
embryonic cohesion (Yamamoto and Kimura, 2017) (Figure 23.B).. On the other hand, other
studies showed that a disruption in the PAR-2 distribution affects HMR-1 localisation
(Yamamoto and Kimura, 2017). PAR protein distribution is finely regulated, and a perturbation
drastically affects many cellular parameters at a different layer, such as embryonic inner
cellular organisation cell shape and actin cytoskeleton organisation (Singh and Pohl, 2014)
(Figure 23.A). Other studies have already linked mechanical properties of the actomyosin
cortex, such as contractility, flow patterns or chirality, and early embryonic C. elegans lineage

(Naganathan et al., 2018; Pimpale et al., 2020; Pohl and Bao, 2010). Still, up to now, it was
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never explored if some single-cell differences exist in terms of actin nucleating capacities and

how such differences impact cell identity acquisition.
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Figure 23: The close relationship between PAR proteins and ABPs

(A) Spindle rotation and MBR dynamics in par-2 and par-6 RNAi embryos. Maximum projection still
images; arrows point to the AB-P1 Midbody. Figure extracted from (Singh and Pohl, 2014). (B)
Micrographs of embryos expressing HMR-1 fused with GFP protein in untreated or par-3 RNA]
condition. Figure extracted from (Yamamoto and Kimura, 2017). (C) Cortical plane images of control,
ARX-2—depleted, or CYK-1 partially depleted embryos coexpressing GFP::PAR-2 and mCherry::PAR-6 at
50 s after anaphase onset. Mean fluorescence intensity (+95% Cl) of cortical GFP::PAR-2 (green),
mCherry::PAR-6 (red) and GFP::anillinANI-1 (black) along the length of control (left), ARX-2— depleted
(middle), or CYK-1 partially depleted (right).Values from n number of embryos were normalized to the
maximum mean signal in controls. Dashed line indicates the furrow position. Scale bars, 10 um. Figure
and legends adapted from (Chan et al., 2019). (D) ARX-2 affects actin dynamics and polarity
establishment. i) (Left) Cortical Z-series projections of embryos expressing GFP—PAR-2 and treated with
arx-2 RNAI. (Right)Percentage of total cortical area occupied by GFP—PAR-6 ii) (Left) Cortical Z-series
projections of embryos expressing GFP-PAR-6 and treated with arx-2 RNAI. (Right) Percentage of total
cortical area occupied by GFP—PAR-2 . Scale bars, 20 um. Figure adapted from (Shivas and Skop, 2012).

b. ABPs specific segregation

In the previous section, we saw the relationship between actomyosin dynamics and the
proper distribution of PAR proteins. In chapter 1, we saw how ABPs regulate the actin cortex
dynamic and how this actin cortex can impact the differentiation process. Following this
cortical organisation, especially during the zygotic stage, as the other molecular partners for
the differentiation process, ABPs are segregated in a specific manner to tune the actin
cytoskeleton of individual cells regarding their commitment to a particular lineage. Previous
studies showed a distribution pattern for the different ABPs during one of the first cellular
processes happening right after fertilisation, called polarisation. Cortical flow is initiated
around the sperm pronucleus, dragging molecular components and actin proteome to the
anterior side of the zygote. Here are a few examples of this process: actin filaments
themselves are asymmetrically segregated, either by MOE-1 labelling (Shivas and Skop, 2012;
Velarde et al., 2007) (Figure 24.A) or using the Lifeact probe (Reymann et al., 2016) (Figure
24.C). NMY-2, responsible for the contractility of the actin cortex, is segregated at the anterior
side of the zygote after the polarisation step (Pacquelet, 2017; Reymann et al., 2016;
Schonegg and Hyman, 2006). Other ABPs are non-equally distributed the scaffolding proteins,
Septin (Jordan et al., 2016) (Figure 24.D); the E-cadherin HMR-1, implicated in adherent
junctions (Padmanabhan et al., 2017) (Figure 25.B); DYN-1, a protein that regulates
endocytosis and actin comet formation (Ai and Skop, 2009; Pittman and Skop, 2012).
Regarding CYK-1, it has been reported that CYK-1 is equally distributed along the anterior-
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posterior axis of the zygote and slightly enriched on the posterior side after the anaphase
onset (Zaatri et al., 2021) (Figure 24.B). Other dissimilarities can be observed at later stages,
such as the NMY-2 and the actin-F probe Lifeact::mKate2 at the 8-cell stage (Caroti et al., 2021)
(Figure 25.A). Taken together, it shows the close interplay between these PAR proteins’
distribution and the integrity of the actomyosin cortex and how a perturbation on one partner
can affect the other and Vice Versa. ABPs are rulers of the actomyosin cortex dynamics. ABPs
repartition among cells is a fundamental parameter that will directly influence the actomyosin
cortex in individual cells and, by extent, participate in the proper polarisation of PAR proteins,
cell fate determinants distribution and, in fine, cellular differentiation. (Fig 3. F). Nevertheless,
these studies showed a specific ABPs distribution with precise measurements done during a
particular snapshot of the embryogenesis. However, the dynamical establishment of these
ABPs content differences still needs to be clarified and quantifying the mutual effect between

ABPs amount and the cell fate determinants distribution still needs to be discovered.
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Figure 24: ABPs anteriorisation during polatisation

(A) DIC and Z projection of a Wild type embryo expressing GFP::MOE, tagging actin filaments. Figure
extracted from velarde 2007. (B) CYK-1::GFP during the anaphasis with or without Unc-59 Septin RNAi
treatment. Quantification of the relative CYK-1::GFP abundance in total (right plot) or seconds before
rotation (bottom). Figure extracted from (Zaatri et al., 2021) (C) Cortical section embryos expressing
Lifeact::mKate2 taging actin filaments and NMY-2::GFP during pseudocleavage. Figure extracted from
(Reymann et al., 2016). (D) GFP::SEPTIN and GFP::ANILLIN during metaphase and cytokinesis with or
without par-6 and par-2 RNAI treatment. Figure extracted from (Jordan et al., 2016)
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Figure 25: ABPs specific segregation at later cell stages
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(A)Wild type embryos expressing Lifeact::mKate2 and NMY-2::GFP during the 2, the 4 and the 8-cell
stages. Corresponding relative intensity on the right panel. Figure extracted from (Caroti et al., 2021).
(B) Wild type embryos expressing HMR-1::GFP, Histone (Red) and membrane (Red) from the
polarisation to the 4-cell stage. Figure extracted from (Padmanabhan et al., 2017).
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Reymann Lab “lens.”

C. elegans embryogenesis follows a well-defined developmental pattern in which
invariant cleavages lead in some divisions to a reproducible arrangement of cell interactions
together with controlled distribution of cellular compounds required to define the first
founder cells. These differentiated cells are set notably via cellular polarisation, asymmetric
or symmetric divisions or intercellular signalling events. All these processes rely in part on the
actin cytoskeleton, which is involved in cell shape and mechanical integrity, as well as the
organisation of the intracellular space, while responding actively to the environment, such as
cell positioning within the embryo. To do so, actin is organised in various functional structures
that are tuned in a spatio-temporal manner, such as the thin actomyosin cortex attached to
the plasma membrane, cytokinesis rings or filopodia. The regulation of these actin networks
is orchestrated by a plethora of Actin Binding Proteins, such as nucleators, molecular motors
or bundlers, that change the 3D organisation, dynamics and properties of these specific actin
structures. The physical properties of these microscopic networks control the macroscopic
cellular behaviours, can affect the process of cell commitment and gene expression profiles,
and can therefore modulate and provide feedback into cell fate acquisition. In the early C.
elegans embryo, correlations were already made between cortical properties like contractility,

actin dynamics, flow patterns, chirality and lineage pattern or axis establishment.

One general objective of the Reymann lab is to understand how the nucleation of actin
architectures is temporally and spatially controlled in the different founder cells of C. elegans
embryos and how it can affect their fate. To decipher these mechanisms, we aim to answer
the following questions: Are Actin Binding Proteins (ABP) equally distributed between sister
cells? If not equally distributed, how do these protein imbalances impact actin architectures?
How is the actin nucleation machinery spatiotemporally controlled? Are the cortical actin
properties inheritable? My PhD project is part of this lab’s big picture. My dedicated aim, duty,
mission, and quest were thus to study the relationship between actin architectures, molecular
content and cell identity throughout the early C. elegans embryogenesis. During this period, |
pursued my objective and, following the path of discoveries, four aims emerged from this PhD
work, which | will summarise here in a concise sentence; an exception is not the beginning of

a habit, and | will detail it in the following pages.

71






Aims of the project

AIM 1: Spatio-temporal dynamics of the three major cortical actin regulators during the

early embryogenesis of C. elegans.

Before gene regulation and intercellular signalling pathways occurred in the C. elegans
embryo, as a result of every cell division pattern, each ABPs are segregated differently in each

cell, defining a specific cortical identity and questioning the paradigm of symmetric division.

AIM 2: Molecular characterisation of membrane-rich microdomains appearing in the

anterior cortex of the polarising C. elegans zygote and identified as filopodia.

During the polarisation phase, the anterior side of the zygote has tubular membrane
microdomains that appear to be filopodia, once identified, these filopodia were also found at

different cell-cell contact area.

AIM 3: Temporal characterisation of filopodia during the 2 and 4-cell stages.

In addition to the spatial localisation of these filopodia at the cell-cell contact area,

their numbers at the cell-interface are dynamically correlating to the cell cycle progression.

AIM 4: Emergence of a lamellipodium-like structure during the 4 to 6-cell transition.

At the end of the 4-cell stage, filopodia that are present at the intercellular contact
area between the AB daugthers completely disassemble and a fraction of second after, during
the transition between the 4 to the 6-cell stage, the inner side of the EMS cell reorganise its

cortical actin network into a lamellipodium-like structure.

72






AIM 1: Spatio-Temporal dynamics of the three major cortical actin dynamics regulators

during the early embryogenesis of C. elegans.

In the introduction, | depict the close and mutualistic relationship between the
actomyosin cortex and cell identity acquisition. Most of the studies on this crucial process are
focused on the cell identity perspective and mechanical aspects of the cortex without a deep
insight into the actin cortex composition. ABPs are the molecular regulators of this actin
cortex, and some key players ABPs, responsible for the regulation of polymerisation dynamics
(respectively growth and arrest), are the actin nucleation proteins and the capping protein. In
C. elegans, these molecular players are the formin CYK-1, the Arp2/3 complex and the capping
protein CAP-1. The first aim of my PhD project was to characterise the global dynamics of
these three main actin cortex regulators during these early steps of embryogenesis, from the
zygote to the 4-cell stage. As a first hint, single cells transcriptomics already informed us about
the stereotypic segregation of their respective mRNA distribution. | aimed to verify these
affirmations at the protein level and in a physiological manner, focusing on the dynamical
endogenous protein expression in an in ovo context. To respect my approach, | used the
CRISPR/Cas9 genome editing tool, spinning disk microscopy and bioinformatics image
quantification. This allows me to map these three actin bindings proteins’ relative abundance
between each cell. | set up a pipeline of live imaging spinning disk microscopy and semi-
automated quantitative image analysis giving as output a reference distribution of
endogenous protein densities in each cell. This method allows to follow protein spatio-
temporal abundance at the cortical and cytoplasmic planes and compare the differential
segregation between cells. | found differences in proteins content between cells. At the 2-cell
stage, CYK-1 is equilibrated between the AB and P1 cells. We can observe strong cortical
recruitment during the cytokinesis ring building, and ARX-2 and CAP-1 are more concentrated
in AB than in P1. Cellular differences arise particularly at the 4-cell stage. Surprisingly, it shows
asymmetries between sister cells from a symmetric division such as ABa and ABp for all these
3 ABPs. There are also similarities between cells that came from different lineages, like ABp
and EMS concerning CYK-1 and ABa and EMS for ARX-2 and CAP-1. Taken together, ABPs
distribution is different between cells, and they are not following the lineage and the
transcriptomics data. The cortical distribution of ABPs (actively recruited pool in the actin

cortex) is more dynamic. It reflects the differences observed at the cytoplasmic pool (passive
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pool) due to the spatio-temporal regulation at the cortex. A manuscript of this work is written
and will be submitted for peer review in the short term. At the time of writing, January 2023,
| present the manuscript as it is, with the understanding that is not submitted yet and

additional figures and discussions will be added in the coming weeks.
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Asymmetric distribution of actin-related proteins can
precede known cell differentiation events in the early
C. elegans embryo.
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Abstract:

During the stereotypic embryogenesis of the nematode Caenorhabditis elegans and
from the first division onwards, cell differentiation arises from a combination of cell
polarisation, asymmetric or symmetric divisions and intercellular signalling processes. This
pattern of embryonic cell differentiation is driven by the specific segregation of molecules
occurring during each cell division, covering diverse categories of molecular content, such as
polarity proteins or cell fate determinants, transcription factors, p-granules and mRNAs. These
distribution patterns are coupled with the stereotypical dynamics of cortical actin, which also
plays a crucial role in these processes. However, compared to other molecular contents, how
the actin per se is segregated from the first asymmetric division onward remains poorly
understood. This study presents quantification of the intracellular distribution of three
essential actors of actin polymerisation: two nucleators, namely a formin CYK-1 and the
Arp2/3 complex via ARX-2 as well as a capping protein CAP-1, from the zygote to the 4-cell
stage. We found that asymmetric divisions correlate with asymmetries in actin-related
content too. Surprisingly, differences in content are also revealed in the AB daughter cells

before the onset of cell signalling events that lead to ABp differentiation. Thus, asymmetric



distribution of actin-related proteins can precede cell differentiation at these stages, opening

a new scope for the role of actin in enabling cell identity acquisition in the early embryo.

Introduction:

The actin cytoskeleton is a significant actor controlling cell shape and cell mechanics.
As such, it is required for different cell-cycle-specific events. To fulfil these fundamental
purposes, the actin cytoskeleton is organised in various highly dynamic and sometimes
temporary structures, notably at the cell periphery: the thin and contractile actomyosin cortex
coupled to the plasma membrane, the cytokinesis ring assembled during cell division and
physically separating the daughter cells, as well as cellular protrusions either filopodia or
lamellipodia, actin filaments populating the cell cytoplasm or even assembled in the nucleus
(Blanchoin et al., 2014; Etienne-Manneville, 2004). Actin can be found in a dynamic steady
state: “filaments continuously assemble and disassemble while sometimes maintaining
constant network structures” to full fill each of these functions (Plastino and Blanchoin, 2018).
To control actin assembly dynamics, cells repress spontaneous polymerisation via G-actin
sequestering proteins and actin nucleating agents to catalyse filament nucleation and
elongation (Pollard, 2016). Two main actin nucleators are the formin family and the Arp2/3
complex. On the opposite side, some proteins block filament elongation, such as capping
proteins, while others fragment filaments, such as the cofilin family. Suppose upstream
signalling events are crucial in regulating the recruitment of specific Actin Binding Proteins
(ABPs) in time and space. In that case, self-assembly properties about biochemical, mechanical
and geometrical constraints are also at work because the different local combinations of these
many proteins produce different types of actin networks. Local biochemical equilibrium,

together with structural and mechanical feedback, thus maintains a diversity of co-existing



actin networks in a dynamic steady state (Manhart et al., 2019; Plastino and Blanchoin, 2018).
To rapidly change actin networks, cells tune protein’s availability and activity, thus modifying
the mechanical properties of the emerging architectures (Naganathan et al., 2018) and
controlling cells. In cascade, the actin cytoskeleton can therefore affect cells commitment
during differentiation in different cell types as well as during critical morphogenetic events
during embryogenesis, such as during epithelial sheet closure, to name just one (Fischer et al.,
2019; Martin-Blanco and Knust, 2001; Williams-Masson et al., 1997).

C. elegans embryogenesis combines an invariant lineage and early cell specification
from the zygotic stage onwards. A combination of symmetry-breaking events of different
natures enables the “tour de force” of assigning each cell its identity and setting the fate of
the respective lineages in the first few divisions. Cellular polarisation of membrane-associated
proteins, segregation of cell fate determinants, mechanical, chemical or diffusion gradients,
as well as phase-separated granules (De Henau et al., 2020; Hamill et al., 2002) or asymmetries
in volume during division are but a few examples of the required symmetry breaking events
driving these cell differentiation events (Gonczy and Rose, 2005; Rose and Gonczy, 2014;
Samandar Eweis and Plastino, 2020). In addition, many studies have already revealed some of
these events' interconnection and direct coupling. For example, mechano-chemical coupled
mechanisms link the establishment of actomyosin-based cortical flow and membrane-
associated polarity. Overall, this underlines the complexity of the scenario leading to the
robust embryonic choreography at work in this nematode embryo.

The rapid segregation of cellular compounds has been intensively studied during the
zygotic anterior-posterior polarisation stage: an actomyosin contractility gradient is
established after fertilisation, inducing cortical flow towards the anterior pole. Cortical flow is

thus dragging all actin-associated cortical and membrane-associated proteins to the anterior



side of the zygote. Mechanical forces via friction and chemical interactions via a change in
protein turnover are coupling flows to establish anterior versus posterior protein domains
(Delattre and Goehring, 2021; Goehring and Grill, 2013). In addition to PAR polarity proteins,
studies have already revealed the anterior enrichment of actin filaments using the MOE-1
labelling system (Shivas and Skop, 2012; Velarde et al., 2007) or using the Lifeact probe
(Reymann et al., 2016); NMY-2, responsible for the contractility of the actin cortex (Pacquelet,
2017; Reymann et al., 2016; Scholze et al., 2018; Schonegg and Hyman, 2006); the scaffolding
proteins, Septin (Gilden and Krummel, 2010; Jordan et al., 2016; Nguyen et al., 2000); the E-
cadherin HMR-1, implicated in adherent junctions (Padmanabhan et al.,, 2017); DYN-1, a
protein that regulates endocytosis and actin comet formation (Ai and Skop, 2009; Shivas and
Skop, 2012) as well as the Rho GTPase RHO-1 and CDC-42 and their Guanine nucleotide
Exchange Factor (GEF) ECT-2 (Scholze et al., 2018). Regarding an essential formin in the early
embryo, namely CYK-1, it has been reported that it is enriched in the outer anterior cortex and
then progressively switching to an increase in the extreme posterior cortex just before the
anaphase cortical rotation (Zaatri et al., 2021). These asymmetric distributions of cellular
content define two non-identical cellular halves: giving rise to the larger AB daughter and
smaller P1 daughter, which also differ in molecular content. This first cleavage is followed by
the division of the AB cell, which is known to divide symmetrically, giving rise to the two AB
daughters, ABa and ABp, which are named according to their position along the antero-
posterior axis. A second PAR polarity gradient is established in the P1 cell, leading to its
asymmetric division into the larger ventral EMS cell and the smaller posterior P2 cell (Delattre
and Goehring, 2021; Gan and Motegi, 2021; Gonczy and Rose, 2005; Horvitz and Herskowitz,
1992; Rose and Gonczy, 2014; Sulston et al., 1983). Due to eggshell confinement and imposed

cell-cell contacts of the diamond-shaped 4-cell stage, signalling from P2 leads to the



differentiation of EMS and ABp but not its sister cell ABa with whom P2 has no direct contact
(Evans et al., 1994; Rocheleau et al., 1997). In conclusion, different studies have already linked
mechanical properties of the actomyosin cortex, such as contractility, flow patterns or chirality
and early embryonic C. elegans lineage (Naganathan et al., 2018; Pimpale et al., 2020; Pohl
and Bao, 2010) but up to now, it was never explored if some single cell differences exist in
terms of actin nucleating capacities and how much difference impact cell identity acquisition.

We aim to characterise the global dynamics of three main actin-binding proteins from
the zygote to the four-cell stage known to impact actin polymerisation and cortical mechanics
(Naganathan et al., 2018). We targeted three essential actors: two nucleators, a formin CYK-1
and the Arp2/3 complex via its subunit ARX-2, and a capping protein, CAP-1. CYK-1 belongs to
the formin family and is known to be mandatory for the first cell cytokinesis completion
(Jordan et al., 2016; Severson et al., 2002; Swan et al., 1998). Arp2/3 complex is required for
cortical filament nucleation and stability in early embryogenesis (Severson et al., 2002; Yan et
al., 2022) and is mandatory for cell migration during gastrulation (Knight and Wood, 1998; Yan
et al.,, 2022). Interestingly, balanced nucleation via Arp2/3 and CYK-1 sets filaments
homeostasis and is required for “timely assembly and constriction of the contractile ring”
(Chan et al., 2018). CAP-1 also impacts actin organisation during the zygotic stage or in the
adult germline (Ray and Zaidel bar, 2021). When each of these three proteins is partially
depleted via RNAI, the physical properties of the cortex are affected: the hydrodynamic length
is reduced in all three cases leading to a decrease in cortical chiral flows in the zygote
(Naganathan et al., 2018) but an increase in the actomyosin based contractility in the gonad
depleted of CAP-1 is observed (Ray and Zaidel bar, 2021). The balance between actin
nucleation via formin or Arp2/3 sets the entanglement of actin networks, the amount of

monomeric actin available for each of these polymerisation events, and the rate of filament



capping is critical to set filaments length, actin network organisation also determines
contractile capacities and turnover. For all these reasons, CYK-1, ARX-2 and CAP-1 are thus
crucial for determining the actin cytoskeletal steady state and contractility.

To sum up, some tight regulations of ABPs content impact cell specificities in terms of
cytoskeletal architectures, scaling up to specificities in terms of mechanical properties and
extending up to control of cell potency. Several recent findings are showing more and more
direct causality links between actin dynamics and cell fate, one of the last being the study of
Aloiso et al, which demonstrates how a slight imbalance of one actin nucleator can lead to a
significant impact on cell state and cell fate (Aloisio and Barber, 2022). To better understand
these particularities of the cellular specification process, there is a crucial need for a
guantitative assessment of cellular content, especially of the actin regulation machinery. To
fill this knowledge gap, we addressed the following questions using the model organism C.
elegans: do these proteins have a specific spatio-temporal distribution in some early
embryonic cells? Do all cells have equal actin nucleation capacities? These results will be
fundamental to understanding how cortical actin properties are inherited over the first few
divisions and how it could impact further lineage commitment. To answer these questions, we
have set up a pipeline of live imaging spinning disk microscopy and semi-automated
guantitative image analysis giving as output a reference map in space and time of
endogenously expressed proteins densities in each cell. This method allowed us to follow
protein spatio-temporal dynamics at the cortical and cytoplasmic planes and compare the
differential segregation between cells during the early dynamical steps of C. elegans
embryogenesis.

We found that at the 2-cell stage, CYK-1 is equilibrated between cells, whereas ARX-2

and CAP-1 are more concentrated in AB than in P1. Cellular differences arise particularly at



the 4-cell stage for all these 3 ABPs. We found that the larger EMS cell inherits more ABPs than
its smaller P2 sister. Surprisingly, we also demonstrate the asymmetric distribution between
sister cells that came from a symmetric division (ABa and ABp). Inversely, we found similarities
at an inter-lineage level between ABp and EMS for CYK-1 distribution, and to a lesser extent,

between ABa and EMS for ARX-2 and CAP-1 but only during the early step of the 4-Cell stage.

Results:

4D mapping of ABPs distribution during the early embryogenesis

To follow the localisation of some of the primary regulators of the actin polymerisation
in the early C. elegans embryo, namely two actin nucleators, the formin CYK-1 and ARX-2, a
subunit of the Arp2/3 complex, as well as the capping proteins, CAP-1, we make use of
CRISPR/Cas9 engineered GFP Knock-In strains (Tables 1). The intensity of the observed
fluorescence acquired using high resolution, and high sensitivity microscopy does thus reflect
the endogenous protein content and should directly correlate with their respective local
concentration. Acquisition in the equatorial section or mid-plane of the embryo reflects the
cytosolic concentration, which can be considered a pool of proteins that transition between
the activated and the inactivated states. Proteins mostly diffuse freely in the cytoplasm but
can also encounter filaments there; indeed, if actin filaments are less densely populating the
cytoplasm, they can also be associated with organelles(Velarde et al., 2007; Venkatesh et al.,
2020) or freely floating in the cytosol and thus impact other cell functions such as via the
regulation of cytoplasmic viscosity (Wagner et al., 1999). In contrast, acquisition in the cortical
plane reflects protein density at the cell cortex. Thus, mainly the actively engaged proteins

with cortical actin filaments or recruited proteins at the actin cortex-cell membrane interface



impact cell shape, cell-cell interfaces, and positioning. We obtained the precise timeline of
ABPs distribution over 25 minutes time course ranging from zygote to the 6-cells stage (Figure
1). As cell cycle progression also affects actin organisation, we decomposed each cell stage in
three phases, an “Early” and “Late” phase (Costache et al., 2022) as well as the cytokinesis
phase, using as reference the onset of membrane ingression that correspond to the time “0”
for each cell stage and represented by a red dashed line on our timeline (Figure 1.A).

As expected, in the equatorial plane, actin-binding proteins in the cytosol show fewer
variations over time when rich actin dynamics are observed at the cell periphery. In addition
to the cell steady-state actin cortex, different transient actin architectures are present notably
at cell-cell interfaces. During the late 2-cell and the late 4-cell stages, membrane protrusions
corresponding to actin structures, namely filopodia, are clearly distinguished by their
characteristic tips labelled with CYK-1::GFP (Figure 1.B) (Hirani et al., 2019). These structures
are enriched in ARX-2 at their base; CAP-1 in their core (Figure 1.C.D). Further characterisation
was performed by the Reymann lab and will lead to a future dedicated publication. In addition
to these actin structures at the cell periphery, we can also observe the precise dynamics of
recruitment of these proteins during the cytokinesis ring assembly and compare each

successive division.

CYK-1 is differentially recruited at the cortex during the cytokinesis of PO,

AB and P1.

We first assessed quantitatively the overall spatio-temporal recruitment of our three
proteins of interest at the cortex. Observation of the actin cortical plane shows some local

actin-binding protein enrichment in correlation with the cell cycle, notably during cytokinesis



ring assembly in PO, AB, and P1 cells (Figure 2.A.B.C). We observe, as expected, significant
recruitment of the CYK-1 formin (Reymann et al., 2016; Tim Davies et al., 2018) compared to
the Arp2/3 complex and CAP-1 capping protein which show only minor or no overall cortical
enrichment during this time cellular period.

In addition, our approach enables us to observe some previously not characterised
cortical recruitments of ABPs. At the early 2-cell stage, between -400s and -200s, CAP-1 is
specially recruited at the cortex of AB and not in the cortex of P1. ARX-2 is similarly cortically
recruited in AB cellular cortex during this early 2-cell stage, between -400s and -250s (Figure
2.B.C). At the late 4-cell stage, cortical ABPs show smaller variation over time. Between 200s
and 400s, CAP-1 is enriched differentially in function of the lineage. In the AB daughters, CAP-
1is cortically enriched for 11% between the early (200s) and the late 4 (400s)-cell stage (Figure
2.D.E). In contrast, in the P1 daughters, CAP-1 is not particularly recruited at the cortex in EMS,
and it decreases by 10% in P2 (Figure 2.F.G). ARX-2 is also cortically enriched in AB daughter’s
cortex for 10% during the same time phase (Figure 2.D.E) and not particularly in P1 daughters
(Figure 2.F.G).

Surprisingly, time alignment with respect to individual ingression onset shows an
asynchrony in the initiation of CYK-1 recruitment between AB and P1, especially earlier for P1,
both if we take the reference time of cytokinesis initiation of AB, light purple, or the reference
time specific for P1, dark purple, as well as a non-equal rate of recruitment between PO, AB
and P1 (Figure 2.H). Indeed, we observe that formin recruitment at the cortex starts at 300s
before ingression onset for P1, at 200s before for AB and 150s for PO. (Figure 2.H). We also
observed a non-systematic correlation between the maximum CYK-1 cortical recruitment and

the ingression onset, especially for PO and P1 (Figure 2.H). Alignment with respect to the peak



of recruitment shows that the recruitment rate is faster for cells showing a shorter assembly
phase (Figure 2.1).

In conclusion, our quantification procedure enables us to compare the recruitment
dynamics of actin-binding proteins, notably during cytokinesis ring assembly, which shows
cell-to-cell variations in terms of timing and rate or amplitude of recruitment. Actin nucleators
trigger the assembly of actin filaments with some local and temporal control in relation to the
cell state, such as to trigger cytokinesis ring formation or the assembly of subcellular specific
actin structures(Hirani et al., 2019; Reymann et al., 2016; Yan et al., 2022). On the one hand,
such assemblies are regulated via upstream signalling cascades leading to the recruitment of
active Rho (Li et al., 2022; Michaux et al., 2018; Scholze et al., 2018), which activates formin,
or the recruitment of WASP family, or CDC42 activator of the Arp2/3 complex at the
membrane. On the other hand, the concentration of the proteins required for actin assembly:
the nucleator, the available monomeric actin molecule often in complex with profilin, and the
filament’s density for Arp2/3 side branching are also important factors to consider (Pollard,
2016; Svitkina and Borisy, 1999; Volkmann et al., 2001), especially if the availability of any of

these proteins is a limited factor (Carlier, 1998; Suarez and Kovar, 2016; Ti and Pollard, 2011).

Cytosolic ABPs are differently segregated in each blastomere, even

between sister cells.

To follow the partitioning of our actin-binding protein of interest at each division step,
we focused first on the quantification of intensities in the cytoplasmic cross-section of the
embryo, thus on the global pool of proteins available in each cell. Observation of the raw time

evolution of the mean intensity in each cell in single embryos shows the inequality of



cytoplasmic mean intensities in these cells (Figure 3.A). We can observe that the mean
cytoplasmic intensity in the larger AB cell is higher than in its smaller P1 sister cell (Figure 3.A).
The ABp cytosolic fraction is enriched at the four-cell stage compared to ABa and EMS, and
the smaller P2 is significantly lower (Figure 3.A). To better assess cell-to-cell variability and the
comparison of different embryos altogether, we used two approaches to compare cells. On
one side, the ratio of the mean intensity of two cells taken at each time point in the midplane
section enables following the time evolution of the contents of cells present during the same
time intervals (Figure 3.B.C.D.E.F). On another side, we used the probability distribution
function of the intensities found in each cell type, and we compiled the convolution of the
normalised distributions for each cell pair giving in a statistically significant manner the cell
pair content differences covering all-time point in each sample (Figure 3.G).

The time evolution of the average mean intensity cell-to-cell ratio between AB and P1
confirms an imbalance in favour of AB (Figure 3.B). At the maximum, CAP-1 is 13% more
concentrated in AB than P1, and ARX-2 is 7% more concentrated in AB than P1 (Figure 3.B).
These differences could be the consequence of the zygotic asymmetric division. The formin
CYK-1 is also observed enriched in the AB cell during the early 2-cell stage, for about 4%
compared to P1 cytoplasm (Figure 3.B). This CYK-1 difference is equilibrated only between the
two sister cells just before the cytokinesis onset of AB when P1 is also recruiting CYK-1 at its
cortex. This observation gives a first hint about the close relation between cytosolic and
cortical content (Figure 3.B).

At the 4-cell stage, ABp is slightly but stably enriched in all three ABPs compared to
ABa, similarly for about 5% for all time points recorded (Figure 3.C). This observation confronts
the paradigm about molecular content in sister cells that came from a symmetric division (Gan

and Motegi, 2021; Priess and Thomson, 1987) and, in fact, show an asymmetric distribution



of actin-related content. All these three proteins show a clear enrichment in EMS compared
to P2 at all steps of the cell stage, with maximum differences of 19% for CAP-1 and ARX-2 and
15% for CYK-1 (Figure 3.D).

We also found similarities between cells even though they came from different
lineages. Indeed, ABa and EMS about their ARX-2 and CAP-1 cytosolic proteins pool, which is
equally distributed transiently during the early 4-cell stage and tend to be more enriched in
the ABa cytosol at the end of the 4-cell stage (Figure 3.E). Between ABp and EMS, their CYK-1
cytosolic pool, which starts to be 7% different in favour of EMS, becomes rapidly equal during
the 4-cell stage (Figure 3.F). Despite these inter-lineage similarities, we also observed essential
differences between cells from different lineages. EMS is more concentrated in CYK-1 than
ABa, with a stable 7% difference (Figure 3.E). ABp is more enriched in ARX-2 and CAP-1
compared to EMS, and this progressive enrichment has a special dynamic because it increases
by about 5% throughout the 4-cell stage (Figure 3.F).

Our second quantification method based on the difference in cell pairs probability
distribution functions confirms that significant cell-to-cell differences exist (Figure 3.G). First,
looking at the difference in raw intensity gives us additional information, as no normalisation
procedure between cells is required in this method. We thus observe that for all cell pairs,
CAP-1 shows a more significant difference, followed by ARX-2 and CYK-1 (Figure 3.G). The shift
of differences observed here is coherent with the above-discussed cell pair ratio of intensities
corresponding to the first quantification method.

In conclusion, cytoplasmic differences are observed along cell separation during the
first three cell divisions. Our results show differences that are more pronounced in the case of
asymmetric partitioning, but that can also surprisingly exist in the case of apparently equal

partitioning of the AB cell. These results indicate that each cell between the 1 to the 4-cell



stages contains a different set of cytosolic concentrations of the formin CYK-1, the Apr2/3

complex, and CAP-1 capping protein.

ABPs differential segregation are enhanced at the cortex with a specific

dynamic.

Following this first important finding, we aimed to verify whether differences at the
cytoplasmic level correlate with differences in protein abundance at the cell periphery. To
assess if the cytoplasmic concentration of proteins could affect the density of active proteins
targeted to the actin cortical plane. Note first that the cortical plane includes the actin cortex
per se and the embedded actin architectures described above, such as filopodia, endocytotic
patches or lamellipodia. Second, in this part of the study, we refer to the cortex as the cell
surface area facing the eggshell, i.e. the cell-free cortex. We excluded the cell-cell contact
interfaces for technical reasons, notably due to the impossibility of attributing the proteins
found at each of these interfaces to one or the neighbouring cell. We thus compared the
guantification of the mean intensities at the cortical planes of each cell, following the same
approaches used for the cytoplasmic plane.

We start by observing the raw time evolution of the mean intensity in each cell cortex
in single embryos. We saw an inequality of cortical mean intensities in these cells (Figure 4.A).
We can observe that the mean cortical intensity in the larger AB cell is higher than in its smaller
P1 sister cell, especially regarding CAP-1 (Figure 4.A). The ABp, ABa and EMS cortical fractions
are enriched at the four-cell stage compared to the total mean intensity of the embryo and

the P2 cell (Figure 4.A).



At the 2-cell stage, we observed a clear enrichment of ARX-2 and CAP-1 in the AB cell
compared to the P1 cell with a maximum of 14% and 22%, respectively (Figure 4.B). CYK-1
cortical distribution, however, is more balanced between these two sister cells and oscillates
around equality (Figure 4.B). This fluctuation can be explained by the fact that the AB cortex
is more enriched in CYK-1 compared to the P1 cortex, but CYK-1 recruitment starts much
earlier in P1 than in AB, as described in the previous results (Figure 2.H). Nevertheless, when
reaching the AB cytokinesis onset, the AB cortex gets rapidly enriched in CYK-1 compared to
P1, for about 7% in favour of the AB cortex, before dropping back as P1 enters ingression onset
too (Figure 4.B). As a result, overall AB and P1 cortex show comparable CYK-1 content.

At the 4-cell stage, the two daughter cells, ABa and ABp, are not equal in terms of ABPs
density found at their cell periphery (Figure 4.C). All three ABPs are more enriched in ABp,
with distinct dynamics (Figure 4.C). On the one hand, ARX-2 and CAP-1 are enriched in ABp
compared to ABa, with a distribution in favour of ABp for about 8% and 12%, respectively, at
the end of the 4-cell stage. On the other hand, CYK-1 is equilibrated between these two cells
with a slight enrichment in the ABp cortex in the late as well as early 4-cell stage (Figure 4.C).
During the 4-cell stage, the EMS cortical plane is enriched for all three proteins compared to
the P2 cortex. These differences increase at the end of the 4-cell stage for CYK-1 and CAP-1
for about 16% and 30%, respectively (Figure 4.D). Notably, only ARX-2 distribution between
these two cells tends to decrease, starting at 25% at the beginning of the 4-cell stage and
equilibrating between these two cells at the end of the 4-cell stage with still a 14% increase in
EMS (Figure 4.D).

Comparing the inter-lineage cortex, ABPs have a different dynamic between cells.
Between ABa and EMS (Figure 4.E), CYK-1 oscillate between 11% differences in favour of EMS

and equality as in the ABa/ABp ratio, whereas ARX-2 and CAP-1 differences increase at the



end of the 4-cell stage for about 9% and 7% respectively (Figure 4.E). Between ABp and EMS
(Figure 4.F), as for cytosolic measurements, we observe a general shift up of the curves, thus
oscillating around equality for CYK-1 and more clearly in favour of ABp for ARX-2 and CAP-1
for a maximum of about 18% at the end of this cell stage (Figure 4.F).

We found concordant results using the probability distribution function of the
intensities covering each sample’s time points (Figure 3.G). To sum up, the following 4-cell
stage ranking in decreasing order can be drawn. For ARX-2 and CAP-1, the ABp cortex is the
cell with the highest protein density, followed by ABa, EMS, and P2. For CYK-1, ABp and EMS
cells are equivalent, then ABa and P2.

Additionally, comparing these data to those obtained in the cytoplasmic plane, we can
observe a general correlation between cortical and cytoplasmic cell pair contents (Figure 5).
These results confirm the hypothesis that the cytoplasm constitutes a buffered reservoir of
available actin nucleator and capping proteins. Their cortical regional recruitment depends on
the general availability of proteins in these stages with some spatio-temporal control via

signalling pathways and cell cycle control.

From ABPs concentration gradients to differential pools of proteins.
(paragraph in preparation)

Up to now, we have compared the mean fluorescence intensity of endogenously
labelled proteins in the cytoplasm or present at the cortical plane, thus correlating
respectively with concentration throughout the volume of the cell and with cortical densities
in the 2D surface of the cell periphery. Next, we questioned whether correlations between

cell volume and cell content could be found. The embryo initially divides from a constant total



volume, and each successive division can be either asymmetric or symmetric, leading to major
differences in volumes for these different cells (Cao et al., 2020). From our data, one can use
the mid-plane section surface ratio as a proxy of cell-to-cell volume difference. The correlation
between these surface and intensity ratios shows (Figure X). Going a step further, we can also
use more precise published measurements of each cell volume and cell surface (Cao et al.,
2020; Thiels et al., 2021) to relate mean concentration to global protein quantities in the

cytoplasm and cortical cell region. Results from these calculations are given in table X.

Discussion

The early embryo relies initially on maternally provided proteins loaded in its large
oocyte (Zacharias and Murray, 2016). In C. elegans, this initial pool of proteins is split through
divisions into the different daughter cells, asymmetrically or symmetrically, along a fixed
lineage and must be sufficient to ensure the success of these first initial divisions (Gonczy and
Rose, 2005; Rose and Gonczy, 2014). Asymmetries have already been characterised for several
proteins, including cell fate determinants and differences in cell contents were shown to be
drivers in early cell identity acquisition. Regarding cytoskeleton proteins, only a few studies
mentioned asymmetries between cells, as for actin (Reymann et al., 2016; Shivas and Skop,
2012) or myosin (Munro et al., 2004; Pacquelet, 2017; Reymann et al., 2016; Schonegg and
Hyman, 2006) for which a gradient of free NMY-2 molecules in the cytoplasm was recently
characterised (Najafabadi et al., 2022). Here we have shown that temporal and spatial
variation of other master regulators of actin assembly, such as formin, the Arp2/3 complex or
capping proteins, exist both in the cytoplasm and the cortical plane, leading to unequal
distributions of these proteins between sister cells. These data suggest that concentration

gradients of freely diffusing actin-binding proteins in the cytoplasm can exist, a gradient which



could impact the amount of actively recruited proteins regulating actin nucleation and
dynamics at the cell cortical plane.

Moreover, we have seen that these spatio-temporally controlled distributions can be
inherited in daughter cells. As a result, these asymmetries could amplify cell-to-cell differences
in terms of actin assembly dynamics along the lineage of the early C. elegans embryo. Previous
measurements using single particle tracking of CYK-1 to assess actin filament elongation rate
suggested no significant differences in elongation rate, thus probably no differences in the
availability of actin monomers existing between the one to four-cell stage embryo (Costache
et al., 2022). Modulating the availability of actin nucleators, as we have observed, is an
alternative mechanism to modify differentially actin dynamics between cells.

A key result from our work is the precocious asymmetry observed in the AB daughter
cells, ABa and ABp. Concentrations of CYK-1, ARX-2 and CAP-1 are spatially enriched in the
ABp cell from AB division onwards, thus indicating that a concentration gradient is probably
set ahead or concomitant to AB division. This means earlier than known signalling pathways
coming from P2 direct interaction and leading to the differentiation of the ABp cell. In other
words, the asymmetric distribution of actin-related proteins can precede cell differentiation
in this cellular context. Further perturbation experiments using partial RNAi depletion or
mutants will have to be performed to decipher how these actin content asymmetries impact
cell fate, as well as to test what is the mechanism at work accounting for these existing
differences.

Waiting for these results, we can, however, discuss on potential hypothesis. In most
cases, all actin-binding proteins follow the same trend with respect to cell-cell ratios,
indicating that there might be a generic mechanism at work to regulate the symmetry or

asymmetric distribution of actin-binding proteins. One hypothesis would be that cortices with



higher actin densities, such as the anterior half of the zygote while offering numerous binding
sites for actin-binding proteins, could also induce a local gradient of cytoplasmic
concentrations. Gradient could be amplified over time with some feedback mechanism (more
nucleators leading to more filaments leading to more binding sites). The binding and
unbinding rates to actin filaments and an overall turnover of actin networks would thus be
key parameters controlling such a mechanism. Observation of the distribution of the two
Lifeact probes in the early lineage could support this hypothesis. Lifeact is a peptide binding
to actin filament with fast binding and unbinding kinetics; it was previously shown that when
coupled to mKate2 fluorescent probe, its turnover was one order magnitude slower than
when bound to GFP (Hirani et al., 2019), as a result, Lifeact:mKate2 turnover is comparable to
the turnover of cortical F-actin in the C. elegans cortex (Robin et al., 2014). In the early embryo,
we have been observing an enhanced asymmetry in the Lifeact:mKate2 compared to
Lifeact:GFP: it is notably enriched in the anterior side of the zygote as well as in the AB cell at
the two-cell stage and also more intense in AB daughter cells at the four-cell stage compared
to EMS and P2 (Reymann et al., 2016). This was not observed with the previously used
Lifeact::GFP probe, which is more homogenously distributed at the two and four-cell stages.
Thus, an anterior enrichment of cortical density in the zygote is sufficient to maintain a cellular
asymmetry of a binding partner with the same unbinding kinetics as that of the stably bound
actin-binding protein, which would be released upon disassembly of actin only.

For this reason, we predict that the turnover rate of actin-binding proteins might be
critical in the process of asymmetric inheritance along the lineage. In C. elegans, early embryo
actin turnover was estimated in the same range as CYK-1 formin bulk cortical turnover rate
(Costache et al., 2022). Thus this process could be applicable, as well as for the Arp2/3 or

Capping Protein which are thought to be long-lived on actin filaments.



However, some singularities are also observed, and some proteins show increased
asymmetries compared to other actin-binding proteins, indicating that specific mechanisms
may also exist to maintain equality between the cells or enhance a spatial distribution pattern.
For instance, the CYK-1 formin is surprisingly equally distributed between AB and P1, unlike
actin filament density or Lifeact::mKate2 densities at this stage. One potential explanation
could be that many CYK-1 proteins are relocalised at the cytokinesis ring during division, thus
positioned equally apart from the cell-cell dividing interface. A lesser amount is generally
bound in the rest of the cell cortical plane. This enhanced presence at the cytokinesis
throughout division would ensure an equal partitioning in the daughter cells. This is not the
case for the ARX-2 or CAP-1, which maintain more asymmetries in the cortical and cytoplasm
before and after division. Additionally, we will have to invest in the future whether
endocytosis, a process involving the Arp2/3 complex probably together with capping protein,
which is abundant in the early embryo and also spatially enriched in the anterior side of the
zygote, for instance (Shivas and Skop, 2012) could play a role in the concentration gradient
observed for these two proteins.

In conclusion, we here question the potential of an embryonic control of differential
cellular actin homeostasis and actin cytoskeletal steady states. Concentration gradients could
be sufficient to drive and maintain cellular asymmetries at important actin-binding proteins'
cytoplasmic and cortical levels. Some of the acquired cell-specific cytoskeleton properties
might be key in future steps of cell differentiation events in the early C. elegans embryo. They

could be extended to other processes of cell fate acquisition in other systems.



Materials and Methods

Strains maintenance

C. elegans strains were maintained on nematode growth medium (NGM) plates

seeded with OP50 E. coli under standard conditions (Brenner, 1974) at 20°C. The strains used

in this study are presented in the followingTable 1.

Name Genotype Source
(Reymann et
SWG019 cyk-1(ges1[cyk-1::GFP + LoxP unc-119(+) LoxP) lll; unc-119(ed3) Ill.
al., 2016)
SWG052 cap-1 (ges3 [cap-1::GFP + LoxP unc-119(+) LoxP]) IV; unc-119 (ed3) llI This work
(zhu et al.,
GOU2047 cas607 [arx-2::gfp knock-in]
2016)
(Scholze et al.,
0oD70 ItIs44[pie-1p::mCherry::PH(PLC1deltal) + unc-119(+)]V)
2018)
(Dickinson et
LP539 cpls90[mex-5p::mNG::HaloTag::tbb-2 3'UTR + LoxP] Il
al., 2017)
cyk-1(gesi[cyk-1::GFP + LoxP unc-119(+) LoxP] lll; unc-119 (ed3) lll;
ACRO04 This work
ItIs44pAA173; [pie-1p::mCherry::PH(PLC1deltal) + unc-119(+)] V
cap-1 (ges3 [cap-1::GFP + LoxP unc-119(+) LoxP]) IV; unc-119 (ed3) lll ;
ACRO11 This work
ItIs44pAA173 ([pie-1p::mCherry::PH(PLC1deltal) + unc-119(+)]) V
cas607 [arx-2::gfp knock-in]; Itis44[pie-1p::mCherry::PH(PLC1deltal) +
ACRO13 This work
unc-119(+)]V)
cpls90[mex-5p::mNG::HaloTag::tbb-2 3'UTR + LoxP] Il; Itis44[pie-
ACR090 This work
1p::mCherry::PH(PLC1deltal) + unc-119(+)]V)

Table 1: Strain list




Slide preparation

For all samples, L4 adults were collected 24H before embryo imaging. The
corresponding sexually mature hermaphrodites were dissected on a coverslip in M9 buffer (6
g Na,HPO, 3 g KH,PO, 5 g NaCl and 0.25 g MgS04.7H,0 per litre) and mounted under a 2% or

agarose pad and sealed with VALAP (1:1:1, Vaseline, lanolin and paraffin wax).

Image acquisition

All Microscopy samples were collected using an Inverted Nikon Eclipse Ti equipped
with a Yokogawa CSU-X1 scan head, a simultaneous dual camera with two Prime 95B cameras
(Photometrics) and a 100x1.4 NA objective lens, configured by Gataca Systems (Massy,
France). Image acquisition was controlled by MetaMorph software (Molecular Devices,
Sunnyvale, CA) in a temperature-controlled room set to 20°C. Imaging conditions were
developed to ensure minimal photobleaching and no photo-toxicity to allow for live
observation in three optical sections over ten minutes of embryonic development but with
sufficient sensitivity enabling the detection of low expressed levels of proteins (Figure Sup 2).
Then for sample gathering, fluorophore excitation is done by 20% 491nm and 30% 568nm
laser. Each stack is timely separated by 10sec for a total duration of 10min. A perfect focus
system is set at the cortical plane to track the cortical variation precisely and will correspond
to the first images acquired in each stack. Each Timepoint is composed of 3 different confocal
planes spaced by 3um, the cortical plane (Z=1), the intermediate plane (Z=2), and the

equatorial plane (Z=3).



Segmentation

To access single-cell content and average them in space and time for different
representative embryos, we developed a pipeline of analysis. Standardised samples were
processed and separated by Time and spatial position using the free software Fiji (Schindelin
et al., 2012). Next, we used an interactive segmentation toolkit based on machine learning
algorithms named ILASTIK (Berg et al., 2019). The training was performed on the equatorial
(23) and the intermediate plane (Z2). The segmentation of the complete timelapse was then
obtained automatically. The output obtained was a binary for each time point for these two
confocal planes. The binary of Z2 was then transferred in Matlab and eroded to segment the

cortical plane (Z1).

Quantification

To reposition each embryo acquired for 10 minutes over the timeline of its
development, we used a reference time point chosen as the onset of membrane ingression
observed in the equatorial section (Z3) or shallow membrane deformation (Chan et al., 2018).
(Figure 1.A). This time point is then used as our t=0 in each further quantification.

We quantified a mean GFP intensity for each cell at each time point in each optical
section. To quantify the spatio-temporal dynamics of recruitment of our protein of interest at
the cortex, we normalised the mean cortical intensity by the mean intensity in the cytoplasm
for each time point (Figure 2), thus correcting for the bleaching effect and enabling

comparison between embryos.

We used two approaches to quantify cellular differences. First, we performed cell-to-

cell ratio for cytosolic or cortical mean fluorescence intensities for each time point. This mean



intensity ratio allowed us to estimate the relative proportion of ABPs between cells. Second,
we used the probability distribution function of the intensities found in each cell. We compiled
the convolution of the normalised distributions for each cell pair giving in a statistically
significant manner the cell pair content differences for all time points (Figure 3.G 4.G). All
these quantification approaches are realised with a homemade code developed in Matlab.
The corresponding step-by-step annotated codes are available on our Lab’s Github.

Correlations were made on Matlab, using the mean value of each cell-to-cell mean
intensities ratio at the cortex and the cytoplasm, fitting a linear model ( f(x) = p1*x+p2) (Figure
5).
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Figure 1: 4D mapping of ABPs distribution during the early embryogenesis

Schematic representation of the early steps of embryogenesis in chronologic order; from top to bottom, starting with the zygotic stage and
ending at the 6-cell stage (A) The red dashed lines correspond to the cytokinesis onset corresponding to each cell stage, used as a time
reference for sample time alignement. Spatio-Temporal distribution of 3 ABPs (Cyan) and the membrane marker with PHPLC161 (Red), focused
at the cellular cortex (right panel) and the equatorial plane (right panel); CYK-1::GFP (B), ARX-2::GFP (C), CAP-1::GFP(D).
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Figure 2: CYK-1 is differentially recruited at the cortex during the cytokinesis of PO, AB and P1.

Mean fluorescence intensities at the cortical plane normalised by the mean fluorescence intensities at the equatorial plane, for each time
point. Samples are aligned according to their t=0 corresponding to the membrane ingression onset. Quantified proteins are CYK-1 (blue
curve), ARX-2 (orange curve), CAP-1(green curve). Overall dynamics of cortical ABP::GFP in each cell of the early embryo; PO (A), AB (B), P1 (C),
ABa (D), ABp (E), EMS (F), P2 (G). Comparison of CYK-1:GFP cortical recruitment for cytokinesis ring assembly in PO (Yellow), AB(Deep orange),
P1(purple). time alignment is done with respects to individual ingression onset except for P1’ (light purple) which is aligned regarding the AB
cytokinesis initiation(H); Alignment with respect to the maximum peak of CYK-1::GFP cortical recruitment (). Samples numbers; A : cyk-1(n=4),
arx-2(n=4), cap-1(n=6); B,C : cyk-1(n=6), arx-2(n=6), cap-1(n=14); D,E,F,G : cyk-1(n=5), arx-2(n=7), cap-1(n=10).
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Figure 3: Cytosolic ABPs are differently segregated in each blastomeres, even between sister cells.

Time evolution of the mean intensity at the equatorial plane in each cell in single embryos (A), CYK-1::GFP (left panel), ARX-2 (middle panel),
CAP-1(right panel). Relative cytosolic ABPs abundance; Ratio of the mean GFP intensities between the equatorial plane of each cell at each
time point. AB/P1 (B), ABa/ABp (C), EMS/P2 (D), ABa/EMS (E), ABp/EMS (F); quantified proteins are CYK-1 (blue curve), ARX-2 (orange curve),
CAP-1(green curve), maximum and minimum mean differences are directly annoted to the plot, in the color corresponding to their proteins.
Total difference of intensity between cells using the convolution of two normalised density probability distributions (G); proteins color codes
is still the same and the mean value of these differences are directly annotated in the plot. Samples numbers; B: cyk-1(n=6), arx-2(n=6),
cap-1(n=14); C,D,E,F:cyk-1(n=5), arx-2(n=7), cap-1(n=10)
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Figure 4: ABPs differential segregation are enhanced at the cortex, with a specific dynamic.
Time evolution of the mean intensity at the cortical plane in each cell in single embryos (A), CYK-1::GFP (left panel), ARX-2 (middle panel),

CAP-1(right panel). Relative cortical ABPs abundance; Ratio of the mean GFP intensities between the cortical plane of each cell at each time
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is still the same and the mean value of these differences are directly annotated in the plot.Samples numbers; B: cyk-1(n=6), arx-2(n=6),
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AIM 2: Molecular characterisation of membrane-rich microdomains appearing in the

anterior cortex of the polarising C. elegans zygote and identified as filopodia.

During the beginning of my microscopist journey, the lab and | observed specific
membrane PIP2 microdomains that are localised in the anterior side of the zygote and
especially during the polarisation phase. The second aim of my PhD project was to characterise
actin organisation within these PIP2 microdomains. This work was realised in collaboration
with the lab of Nate Goehring, as we realised early on that we had been working on a similar
topic. We combined our approach with the Goehring lab, which focused more on the
membrane dynamics, when we concentrated more on ABPs composition. Observations of
elongated tubular structures projecting from the cell that resembled filopodia provided a hint
about the morphological nature of these PIP2 microdomains. The formin protein, CYK-1, is
observed at the tips of these microdomains and the core body of these PIP2 extended tubular
structures appears to contain F-Actin and the plastin protein, PLST-1. These architectures
appear right after fertilisation and specifically during the polarisation phase and the
pseudocleavage step at the zygotic stage. where they are pressed against the eggshell. They
are also present at the 2-cell and the 4-cell stages, with the same structures and molecular
organisation are observed. Indeed, they are located in a specific area corresponding to the
cellular interface and arranged in an interdigitated manner. At the 2-cell stage, they are
located at the interface between the AB and P1 cells. At the 4-cell stage, they are located
between the AB daughter cells (ABa and ABp) and between the EMS cells and the AB daughter
cells. RNAi experiment revealed the combined requirement of formin CYK-1 and the Arp2/3
complex to build this finger-like structure. Taken together, these PIP2 microdomains have all
the molecular characteristics to be called filopodia. This work has been published (Hirani et

al., 2019).
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Anterior-enriched filopodia create the appearance of asymmetric
membrane microdomains in polarizing C. elegans zygotes
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ABSTRACT

The association of molecules within membrane microdomains is critical
for the intracellular organization of cells. During polarization of the C.
elegans zygote, both polarity proteins and actomyosin regulators
associate within dynamic membrane-associated foci. Recently, a novel
class of asymmetric membrane-associated structures was described
that appeared to be enriched in phosphatidylinositol 4,5-bisphosphate
(PIP,), suggesting that PIP, domains could constitute signaling hubs to
promote cell polarization and actin nucleation. Here, we probe the
nature of these domains using a variety of membrane- and actin cortex-
associated probes. These data demonstrate that these domains are
filopodia, which are stimulated transiently during polarity establishment
and accumulate in the zygote anterior. The resulting membrane
protrusions create local membrane topology that quantitatively
accounts for observed local increases in the fluorescence signal of
membrane-associated molecules, suggesting molecules are not
selectively enriched in these domains relative to bulk membrane and
that the PIP, pool as revealed by PHp cs1 simply reflects plasma
membrane localization. Given the ubiquity of 3D membrane structures
in cells, including filopodia, microvilli and membrane folds, similar
caveats are likely to apply to analysis of membrane-associated
molecules in a broad range of systems.

KEY WORDS: C. elegans, PAR proteins, PIP,, Cell cortex,
Cell polarity, Filopodia

INTRODUCTION
Micro- to nano-scale heterogeneity in the distribution of proteins and
lipids in the plasma membrane has emerged as a fundamental
organizing principle of the cell (Simons and Ikonen, 1997; Balla,
2013; Schink et al., 2016; Stone et al., 2017). By partitioning
molecules into distinct compartments, local clustering can also serve
a potentially powerful mechanism for regulating molecular behavior.
During polarity establishment in the C. elegans zygote, clustering
of a conserved set of PAR proteins (PAR-3, PAR-6 and PKC-3) on
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the membrane is critical for their ability to be segregated into the
nascent anterior by actomyosin cortical flows (Rodriguez et al.,
2017, Wang et al., 2017; Dickinson et al., 2017), eventually
allowing them to be replaced by a second opposing set of PAR
proteins (PAR-1, PAR-2, LGL-1 and CHIN-1) on the posterior
membrane (Rose and Gonczy, 2014; Goehring, 2014). Cortical
flows are in turn controlled by local foci of RHO-1 activation, which
drive pulsatile actin nucleation and contraction of the cortical
actomyosin network (Nishikawa et al., 2017; Michaux et al., 2018)
(summarized in Fig. 1A).

Asymmetric enrichment of phosphatidylinositol 4,5-bisphosphate
(PIP,), has been observed within another class of membrane-
associated domains in the anterior of the C. elegans zygote
(Nakayama et al., 2009; Wang et al., 2017; Scholze et al., 2018).
Similar enrichment is seen for the polarity-related Rho-family
GTPases CDC-42 and RHO-1, the RHO-1 regulator ECT-2, a
CDC-42-associated sub-population of PAR-6 and PKC-3, and casein
kinase (CSNK-1) (Motegi and Sugimoto, 2006; Schonegg et al.,
2007; Panbianco et al., 2008; Wang et al., 2017). PIP,-enriched
microdomains have been proposed to serve as organizing platforms to
coordinate regulation of cortical actin organization, cell polarity and
asymmetric division of the zygote (Scholze et al., 2018). Despite
being noted over a decade ago, the nature of these domains remains
poorly understood. Here, we show that these apparent microdomains
are filopodia, which create the illusion of local enrichment of
membrane-associated molecules due to induction of changes in local
membrane topology. Our data argues against local enrichment of PIP,
within the anterior of the embryo or within micron-scale domains.

RESULTS AND DISCUSSION

Diverse membrane-associated molecules appear to be co-
enriched in membrane structures

To reveal the nature of these PIP,-enriched domains, we confirmed
previous results that polarity-related proteins RHO-1, CDC-42, and
CSNK-1 colocalized to a similar class of membrane-associated
domains labeled by the PIP, probe, PHp; 5, in C. elegans zygotes.
All proteins labeled similar domains, which varied with the cell
cycle, peaked during polarity establishment and colocalized with
>90% of PIP,-labeled domains (Nakayama et al., 2009; Motegi and
Sugimoto, 2006; Schonegg et al., 2007; Panbianco et al., 2008;
Scholze et al., 2018) (Fig. 1B; Figs S1 and S2). Given this
coincidence, we determined whether the co-labeling was specific.
We therefore co-expressed PHpy 51 with various plasma membrane
markers, including the syntaxin SYX-4 (Jantsch-Plunger and
Glotzer, 1999), a myristoylated form of mKate, mKate,,,,, and the
plasma membrane protein EGG-1 (Kadandale et al., 2005).
Surprisingly, all proteins marked >90% of PHppcs;-labeled
domains (Fig. 1B-E). To further control for non-specific labeling
of bulk plasma membrane, we examined localization of the
membrane dye FM4-64, which also labeled >90% of PHpy cs1-
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Fig. 1. Diverse membrane-associated molecules co-label common membrane structures. (A) Schematic of C. elegans zygote polarization, highlighting
PAR-3 clusters, contractile foci and putative PIP,-enriched membrane domains. Polarization of PAR proteins (red—blue) is induced by anterior-directed
actomyosin cortical flows (gray arrows). (B) Fraction of membrane structures co-labeled by the indicated markers. Sample images are shown in C—F and Fig. S2.
(C-F) Surface images of embryos expressing fluorescent protein (FP)-tagged PHp| c51 With transmembrane syntaxin, SYX-4 (GFP::SYX-4) (C), the oocyte-
enriched membrane protein EGG-1 (GFP::EGG-1) (D), a myristoylated form of mKate, mKate,, (E) and the membrane dye FM4-64 (F). Individual channels and
merged images are shown (whole embryo and a magnification of the indicated area). Scale bars: 10 ym (embryo), 2.5 ym (magnification). (G) Cross-section of
embryo expressing GFP-tagged PHp _c51 with FM4-64 (n=3). Boxes highlight plasma membrane (gray, PM) and filopodia (orange, Filo). The gray band indicates
the region straightened in H. (H) A 20-pixel-wide straightened region taken along the indicated path in G. PHp  c51 and FM4-64 intensity are shown individually with
intensity plots (a.u., arbitrary units) above. Orange and gray boxes highlight regions marked in G. (I) Fluorescence intensity for PM and Filo regions from embryos
co-labeled with PHp cs1 and FM4-64. Intensity normalized to embryo median (set as 1, color coded) with overall median+95% c.i. shown for all datapoints.
Relative median filopodia enrichment between probes is indicated. The relative filopodia enrichment for individual embryo means is also provided (meanzs.d.).

positive domains (Fig. 1B,F; Movie 1). We observed quantitative
agreement in the relative enrichment of the PHp; 5, and FM4-64
signal within the domains, indicating that there was no selective
enrichment of molecules, including of PIP,, within these domains
relative to what is seen for bulk membrane (Fig. 1G-I).

Polarizing embryos exhibit asymmetric filopodia-like
structures

What could be the origin of these PHp c5,-labeled domains that
could explain their non-specific labeling by membrane-associated

molecules? A clue came from observations of extended tubular
structures protruding from the cell that were evocative of filopodia,
which were particularly evident near the pseudocleavage furrow
where the membrane pulls away from the eggshell (Fig. 2A).
Filopodia are thin, dynamic, actin-rich membrane protrusions.
Their formation and extension is driven by actin polymerization
downstream of Arp2/3 and formins, and is regulated by actin
regulatory molecules including actin-bundling and -capping proteins
(Mattila and Lappalainen, 2008), with Myosin-X and formins
typically enriched at their tips (Jacquemet et al., 2019). Because
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Fig. 2. Asymmetric cortical structures resemble filopodia. (A) Magnified region from the pseudocleavage furrow in embryo expressing mKate,,, and CYK-1::
GFP. See Movie 2. (B) CYK-1 localization to large contractile foci (*), and tips of filopodia-like structures revealed by mKate,,, (arrowheads) in embryo anterior.
(C) Surface images of two- and four-cell embryos expressing CYK-1::GFP and mCherry::PHp| cs1. Arrowheads mark CYK-1-tipped membrane structures at cell
contacts. (D) Time course of filopodia movement. Large arrowheads denote CYK-1::GFP puncta at time=0 s. Position in subsequent frames marked by small
arrowheads of corresponding color. See Movie 3. (E) Histogram of CYK-1::GFP puncta velocities. v; denotes meanzs.d. velocity for all CYK-1 puncta. v, is the
mean of embryo means. (F) Growth time course of a single filopodium (arrowhead) from embryo shown in H highlighting LifeAct localization throughout the
extending structure (mCherry::PHp  cs1, left; LifeAct::GFP, middle; merge, right). See Movie 4. (G) Example of LifeAct::GFP labeling throughout extended
mCherry::PHp  cs1-positive filopodia (arrowhead). Labeling observed in 13/13 extended filopodia (three embryos). (H) Extensive colocalization of LifeAct::GFP
with mCherry::PHp| c54 within putative filopodia (arrowheads) (n=4). (I) Cortical image of embryo anterior showing mCherry::PHp| c51 and PLST-1::GFP (top left).
The boxed area is magnified (top right) with individual channels shown below. Quantification and additional images are in Fig. S3A,B. (J) Number of CYK-1 puncta
(normalized to peak number; mean in red with +s.d. in pink) and PHp _cs¢-labeled structures (black circles) over time. Time 0 s is the transition between
establishment and maintenance phase marked by relaxation of the pseudocleavage furrow. Cytokinesis occurs at between 400 and 500 s. (K) Confocal cortical
images of embyro expressing CYK-1::GFP and mCherry::PHp| c51 at representative time points. Boxed areas are shown magnified 3x below. The asterisk
indicates large pulsatile foci common at polarity establishment and cytokinesis. See Movie 5. Colocalization of CYK-1 puncta with mCherry::PHp| c54-labeled

structures in Fig. S3A. Scale bars: 5 pm.

Journal of Cell Science




SHORT REPORT

Journal of Cell Science (2019) 132, jcs230714. doi:10.1242/jcs.230714

there is no homolog of Myosin-X in C. elegans, we examined
localization of the embryonically expressed formin CYK-1 co-
expressed with red fluorophore fusions to PHppcs; or mKatep,y,
(Swan et al., 1998). CYK-1 was enriched at the tips of extended
tubular structures and comet-like structures at the cortex (Fig. 2A,B;
Movies 2 and 3). We interpret the latter structures to be the same as
extended tubular structures but pressed against the embryo surface by
the eggshell. Intercalating CYK-1-tipped finger-like projections were
also observed at regions of cell—cell contacts at both two- and four-
cell stages (Fig. 2C). CYK-1 puncta were distinct from large pulsatile
foci that are also present during the polarity establishment phase
(Fig. 2B,K, asterisks) and which have been shown to coincide with
pulsatile actomyosin (Michaux et al., 2018).

CYK-1-tipped structures were dynamic, exhibiting processive
motion across the plasma membrane at velocities consistent with
prior quantification of filopodia growth rates (Argiro et al., 1985)
(Fig. 2D.,E). To further establish the filopodia-like nature of
these structures, we examined LifeAct::GFP, which extensively
colocalized with the mCherry:: PHp| s signal in putative filopodia
and appeared to extend throughout filopodia-like structures (Fig. 2F—
H, Movie 4). We also found that >80% of filopodia-like structures
were labeled by the C. elegans ortholog of the actin-bundling protein
plastin (PLST-11in C. elegans; Ding et al. 2017) (Fig. 21, Fig. S3A,B),
consistent with data from other systems (Jacquemet et al., 2019).
Finally, the combined loss of both CYK-1 and ARP-2/3 function
prevented their formation (Fig. S3C), consistent with prior work
demonstrating the dependence of PIP, domains on actin (Scholze
et al., 2018). By contrast, loss of either cortical contractility or PAR
polarity did not affect the formation of filopodia, only their
asymmetry along the anterior—posterior axis (Fig. S3D).

Numbers of CYK-1 puncta generally correlated with appearance
of PHpp cs1-labeled structures (Fig. 2J,K; Movie 5): Numbers of
both were initially low, peaking after the transition to maintenance
phase, which coincides with reorganization of the actin cortex
(Fig. 2J,K, 0 s) (Munro et al., 2004; Velarde et al., 2007). Both then
declined and remained largely absent until reappearing at the onset
of cytokinesis (Fig. 2J,K, 400-500 s). This correlation suggests that
filopodia account for the vast majority of PHp; ¢51-labeled structures
in the zygote.

Preferential labeling of distinct F-actin populations by
different LifeAct probes

The colocalization we observe between LifeAct::GFP and PHpy c51
differed from that described in previous work in which PIP,
enrichment was reported to precede LifeAct::mKate enrichment by
nearly 10s (Scholze et al.,, 2018). We wondered whether the
divergent results were due to employment of differently tagged
versions of LifeAct. Co-expression of both GFP and mKate versions
of LifeAct in embryos revealed distinct localization behaviors. Most
noticeably, LifeAct::mKate appeared to segregate preferentially into
the anterior (Fig. 3A,C) and was unequally inherited by the anterior
daughter cell (AB) relative to its sister P1, and again by the P1
daughter EMS relative to its sister P2 (Fig. 3B). Neither behavior
was observed for LifeAct::GFP. LifeAct::mKate also poorly labeled
posterior structures that were labeled efficiently by LifeAct::GFP
(Fig. 3A).

LifeAct::GFP and LifeAct::mKate also showed distinct labeling
of filopodia. Whereas LifeAct::GFP efficiently labeled dynamic
filopodia extending from the cell, LifeAct::mKate was depleted
(Fig. 3D). LifeAct::mKate signal also lagged behind LifeAct::GFP
signal in filopodia moving along the embryo surface and in
cytoplasmic actin comets (Fig. 3E—H, Movies 6 and 7). Finally, we

observed a spatial gap between CYK-1 puncta at filopodia tips and
LifeAct::mKate signal, consistent with a time lag in labeling
filopodia (Fig. 3LJ).

Lags in actin probe localization have been associated with slow
turnover rates in the context of actin flow (e.g. for LifeAct versus
utrophin; Bement et al., 2015; Maiuri et al., 2015). LifeAct is
generally thought to turn over rapidly, but behavior can vary with
fluorophore and expression level (Riedl et al., 2008; Spracklen et al.,
2014; Courtemanche et al., 2016; van der Honing et al., 2011). We
therefore performed fluorescence recovery after photobleaching
(FRAP) assays to analyze the binding kinetics (Fig. 3K,L). LifeAct::
mKate turnover rates were an order of magnitude slower than for
LifeAct::GFP  (r1,=21.6+8.9 versus 0.84+0.27 s; mean=s.d.),
reaching time scales comparable to turnover of cortical F-actin in
the C. elegans cortex (Robin et al., 2014). We conclude that slow
turnover of LifeAct::mKate leads to its localization to a discrete,
potentially more-stable or long-lived, sub-population of actin
structures, which explains the previously observed lag in LifeAct:
mKate localization to PIP,-labeled structures (Scholze et al., 2018).
The temporal lag we observe matches the reported delay between
PHp; 51 and LifeAct::mKate (10 versus 9.3 s). Consistent with this
interpretation, artificially stabilizing LifeAct::GFP at the membrane
by co-expression with a membrane-tethered GFP-binding protein
induced segregation of LifeAct::GFP, reproducing the segregation
phenotype observed with LifeAct::mKate (Fig. 3M). Affinity
differences in LifeAct probes could also potentially explain
reported resistance of cortical actin to actin-disrupting agents in
LifeAct::mKate-expressing lines relative to prior work (Goehring
et al., 2011; Michaux et al., 2018; Scholze et al., 2018).

Membrane topology quantitatively accounts for local
‘enrichment’ of membrane-associated molecules

We next sought to determine how filopodia could result in apparent
local enrichment of membrane-associated molecules. One possibility
is that enrichment simply reflects the local accumulation of membrane
within ruffles, tubes or folds within the imaging plane, increasing
local fluorescence above that seen for the surrounding single
membrane bilayer. This effect, described previously in mammalian
cells, would occur even if protein concentration on the membrane was
uniform (van Rheenen and Jalink, 2002).

To determine whether locally increased signal could be explained
by membrane topology, we compared the distribution of fluorescence
of mCherry::PHp; 5, obtained by confocal microscopy with what
would be expected if membrane concentration were uniform, but a
filopodia was immediately adjacent to the membrane. To this end, we
obtained z-stacks of embryos expressing mCherry::PHp; 5, during
the establishment phase. Bright spots were visible in individual
planes which could be assigned to filopodia in 3-D renderings
(Fig. 4A, arrowheads). These filopodia were brighter than regions
containing a single membrane bilayer, but less bright than the
double membrane bilayer of the pseudocleavage furrow (Fig. 4A,
arrows). Quantification of experimental intensities were then
compared to those obtained from a simulated image, which was
constructed by assuming the presence of a single 5-nm-thick
bilayer, flanked by a second bilayer in the region of the
pseudocleavage furrow, and a 100-nm diameter filopodium,
assuming uniform membrane concentration (Fig. 4C,D, see
Materials and Methods). Intensity distributions were remarkably
similar, with experimental measurements almost exactly matching
predictions from simulated images (Fig. 4E,F).

Thus, for the molecules analyzed here, including PIP,, RHO-
1, CDC-42 and CSNK-1, local cortical signal in filopodia-like
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structures can be fully explained by changes in local membrane
topology, arguing against any concentration of these molecules
within micron-scale domains in the plasma membrane or
asymmetric enrichment of PIP, in the zygote anterior. While
filopodia are the dominant features underlying this phenomenon
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associated molecules, including membrane ruffles, folds or
protrusions, making this a widespread problem for the
quantification of local membrane concentration.
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Fig. 3. LifeAct::GFP and LifeAct::mKate label distinct actin populations in
vivo. (A) Cortical images of LifeAct::mKate vs LifeAct::GFP during the first cell
cycle, quantified in (C). Arrowheads mark posterior filopodial structures that are
only labeled by LifeAct::GFP. Time (min:sec) relative to cytokinesis. (B) Max
3D projections of 1-, 2- and 4-cell embryos. LifeAct::mKate signal in the 4-cell
embryo is shown rescaled to highlight asymmetry between EMS and P2
(arrows). (C) Asymmetry (ASI) of LifeAct::GFP vs LifeAct::mKate signal in 1-
cell establishment phase embryos (panel A). (D) LifeAct::GFP, but not LifeAct::
mKate, labels filopodia extending from the cell surface. (E) LifeAct::mKate lags
LifeAct::GFP labeling of two processive surface-associated filopodia.
Computationally straightened images shown. Dashed lines mark leading edge
of GFP signal for reference. See Movie 6. (F) Lag of LifeAct::mKate relative to
peak LifeAct::GFP signal in fluorescence intensity traces along filopodia.

(G) Time lapse images of a cytoplasmic actin comet labeled with LifeAct::
mKate and LifeAct::GFP and an associated kymograph taken along a trace of
the comet path. See Movie 7. (H) Quantification of LifeAct::mKate time lag
measured from kymographs as in G. Average temporal change across a
minimum of ten positions for each individual comet (dashed lines, n=4) shown
along with mean of embryo means (solid lines). At is the peak-to-peak time lag.
(I) Time lapse of images of a filopodium (outlined) labeled by CYK-1::GFP and
LifeAct::mKate. (J) Quantification of LifeAct::mKate or mCherry::PHp ¢354
relative to GFP::CYK-1 puncta. Meants.d. shown. (K) FRAP analysis of
cortical LifeAct::GFP versus LifeAct::mKate following bleaching of a

6.2x6.2 ym box. Mean FRAP trace (xmax/min; shaded area) (left) shown
along with 74, for each replicate. **P<0.01 (two-tailed t-test). (L) Time series of
FRAP experiments from K. (M) Stabilization of LifeAct::GFP by membrane-
tethered GFP nanobody (PHp, cs1::GBP)-induced segregation. Maximum
z-projections at establishment (top) and maintenance phase (bottom) are
shown (n=3). Scale bars: 5 ym (A,B,D,M), 2.5 um (E,G,|).

It is noteworthy that despite similar asymmetry of anterior
structures, only CDC-42, which is known to interact with anterior-
enriched PAR proteins, exhibited pronounced polarity when
quantified in cross-section and retained this asymmetric enrichment
during the maintenance phase when filopodia largely disappeared.
These data argue against overall asymmetry of either PIP, or RHO-1
or for filopodia being required for CDC-42 asymmetry (Fig. S4).
One should also note that the localization of activity sensors for
CDC-42 and RHO-1 tend not to match localization of the proteins
overall (Nishikawa et al., 2017; Kumfer et al., 2010), consistent with
local regulation of activity, rather than local accumulation alone,
being critical for localized function of these GTPases. Anterior PIP,
enrichment is also difficult to reconcile with observations that the
PI4K kinase, PPK-1, is modestly enriched in the embryo posterior,
which is opposite to what would be expected if high PIP, levels
defined the anterior (Panbianco et al., 2008). LGL and PAR-2 are
also both thought to rely on PIP, for membrane association, despite
being enriched in the posterior (Motegi et al., 2011; Dong et al.,
2015). We therefore favor a global, rather than local, role for PIP,,
which is consistent with the sensitivity of the zygote to bulk changes
in PIP, levels (Scholze et al., 2018).

The existence of PIP, membrane domains remains controversial
(van Rheenen and Jalink, 2002; Stone et al., 2017; van den Bogaart
et al., 2011; Wang and Richards, 2012; Ji et al., 2015). While we
cannot rule out the existence of PIP, membrane domains that are not
revealed by the probes used to date, in light of our data, we feel there
is currently no compelling experimental evidence to support the
existence of PIP, microdomains or anterior PIP, enrichment in the
C. elegans zygote.

MATERIALS AND METHODS

Strains, growth and media

C. elegans strains were maintained on nematode growth medium (NGM)
under standard conditions (Brenner, 1974) at 16°C or 20°C unless otherwise
indicated. Strains are listed in Table S1.

Strain construction

mKate,,, consists of the first 11 amino acids of SRC-2, harboring the N-
myristoylation site, followed by a 3xMyc tag, mKate and the coding
sequence of iLID (Guntas et al., 2015). The coding sequence is expressed
under the mex-5 promoter and nmy-2 3'UTR in plasmid pNG17, which was
introduced by biolistic bombardment into DP38 worms creating strain
NWGO0045 (Praitis et al., 2001). SWG19 was generated by backcrossing
SWG4 (Reymann et al., 2016) to the N2 strain (four times). For membrane
tethering of LifeAct::GFP, we crossed NWG0047 (PH::GBP::mKate) with
TH220 (LifeAct::GFP).

RNAi

RNAI was performed according to previously described methods (Kamath
etal., 2003). Briefly, HT115(DE3) bacterial feeding clones were inoculated
from LB agar plates to LB liquid cultures and grown overnight at 37°C in the
presence of 10 pg/ml carbenicillin. 100 ul of bacterial cultures was spotted
onto 60 mm agar RNAI plates (10 pg/ml carbenicillin, 1 mM IPTG). L4
larva were added to RNAi feeding plates and incubated for 2048 h
depending on gene and temperature. RNAI clones targeting arx-2, ect-2,
par-2, perm-1, pkc-3 and wve-1 were obtained from the Ahringer library,
which is currently available via Source BioScience (Nottingham, UK).

Embryo dissection and mounting

For imaging, embryos were typically dissected in egg buffer (118 mM NaCl,
48 mM KCl, 2 mM CaCl,, 2 mM MgCl,, 25 mM HEPES pH 7.4) or M9
buffer, and mounted under a 2% or 3% agarose pad and sealed with VALAP
(1:1:1, Vaseline, lanolin and paraffin wax). For FM4-64 experiments, perm-
1(RNAi) embryos were dissected and mounted in 0.75% egg buffer, with 18—
20 um beads (Polysciences, Warrington, PA) under a coverslip, and two
edges were sealed with VALAP to create a flow chamber (Carvalho et al.,
2011; Goehring et al., 2011). FM4-64 (T13320, ThermoFisher UK, 5 pg/ml
in 0.75% egg buffer) was then introduced by capillary action.

Microscopy and image acquisition

Confocal image acquisition

Midsection images were captured on a Nikon TiE with a 100x1.45 NA
objective, further equipped with a custom X-Light V1 spinning disk system
(CrestOptics, Rome, Italy) with 50 pm slits, Obis 488/561 fiber-coupled diode
lasers (Coherent, Santa Clara, CA) and an Evolve Delta EMCCD camera
(Photometrics, Tuscon, AZ). Imaging systems were run using Metamorph
(Molecular Devices, San Jose, CA) and configured by Cairn Research (Kent,
UK). Filter sets were from Chroma (Bellows Falls, VT): ZT488/561rpc,
ZET405/488/561/640X, ET525/50m, ET630/75m and ET655LP.

Surface confocal images were acquired with spinning disk confocal
microscope every 2 s [for CYK-1: Zeiss C-Apochromat with a Yokogawa
CSU-X1 scan head, Orca-Flash4.0 camera (Hamamatsu Photonics, Japan)
and a 100x/1.42 NA objective lens, run using Micro-Manager; for PLST-1:
Inverted Nikon Eclipse Ti equipped with a Yokogawa CSU-X1 scan head,
simultaneous dual camera with two Prime 95B cameras (Photometrics) and
a 100x1.4 NA objective lens, configured by Gataca Systems (Massy,
France) and run using Metamorph].

HiLo imaging

Unless otherwise specified, surface images were captured by HilLo
microscopy (Konopka and Bednarek, 2008; Tokunaga et al., 2008) on a
Nikon TiE with a 100x N.A. 1.49 objective, further equipped with a iLAS
TIRF unit (Roper, Lisse, France), custom field stop, Obis 488/561 fiber-
coupled diode lasers (Coherent) and an Evolve Delta camera. Imaging
systems were run using Metamorph and configured by Cairn Research.
Filter sets were from Chroma: ZT488/561rpc, ZET488/561x, ZET488/
561m, ET525/50m, ET630/75m, ET655LP. FRAP was performed in a
6.2x6.2 pm box in the anterior of maintenance phase embryos with 20
prebleach frames and an imaging interval of 0.5 s.

Data analysis
Image processing and data analysis were performed in Python (www.
python.org), Matlab (Mathworks, Natick, MA) and Fiji (Schindelin et al.,
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Fig. 4. Bulk membrane accumulation quantitatively accounts for observed cortical ‘enrichment’. (A) Maximum z-projection (i), single plane (ii) and overlay
(iii) of an establishment phase embryo expressing mCherry::PHp cs1. Arrowheads mark visible accumulations of signal in a single plane that can be identified as
cross-sections of membrane structures based on the z-projection. White arrows mark double membrane generated at the pseudocleavage furrow. (B)

Straightened cortical region of the experimental image taken along the yellow line in (Aii). (C) A 5 nm/pixel representation of our filopodia model of the image in B,
including a 100-nm-diameter membrane tube (zoom, i) and a double membrane region at right (zoom, ii). (D) Simulated image following convolution of C. (E) Plot
of mean-normalized intensity along the membrane in the experimental (B, red) and simulated image (D, dashed blue). (F) Quantification of fluorescence intensity
of putative filopodia relative to single membranes and furrow regions in experimental and simulated images. Datapoints from individual embryos are color coded
(n=4), normalized to median values and shown alongside median-normalized data from simulated image replicates (n=10). The median+95% c.i. is indicated by

the whisker plot along with fold-change from median (set at 1). Scale bars: 5 um.

2012). For statistical comparisons, all data points are shown and significance
assessed using a Student’s #-test, two-tailed.

FRAP
FRAP analysis was performed in Matlab using scripts provided in Goehring
et al. (2010), but fit to a single exponential to extract 7;,.

CYK-1 tracking

Filopodia tip velocity measurements were obtained by tracking CYK-
1::GFP puncta, which was performed in Python using the ‘trackpy’
package (https:/github.com/soft-matter/trackpy). Custom Python code
developed for the analysis is available at https:/github.com/lhcgeneva/
SPT. Briefly, a Crocker—Grier algorithm detects local intensity peaks,
which are then fit to a Gaussian point spread function with the detection
threshold adjusted empirically for imaging conditions. An independently
acquired dataset was quantified using the MOSAIC plugin in Fiji (http:/
mosaic.mpi-cbg.de/?q=downloads/imagel) together with custom Matlab
codes (available from corresponding author upon request) for data analysis
to confirm results.

Spatial/temporal fluorescence profiles
In general, fluorescence profiles (both experimental and simulated) were
obtained by tracking a 3-pixel-wide line along the membrane from images
subjected to a Gaussian Blur (o=1 px) to reduce noise. Mean normalized
profiles after subtraction of chip background were extracted and plotted in
Matlab.

For Fig. 3G, clear filopodia-like structures were identified that were isolated
from other structures that would complicate analysis. After obtaining

fluorescence profiles along filopodia in both channels, data from each
filopodium was aligned based on the peak of GFP::LifeAct intensity.

For Fig. 3H, fluorescence profiles along the path of the actin comets were
obtained over time, and the data plotted as a two-channel kymograph.
Temporal change was calculated across a minimum of ten spatial positions
for each individual comet, the resulting data aligned by the time of peak GFP
fluorescence, before averaging to obtain the average temporal profile of GFP
and mKate for each comet. At was defined as the peak-to-peak time
difference between maximal GFP and mKate accumulation calculated from
average temporal profiles of each comet.

For Fig. 3K, profiles of LifeAct::mKate and PHp ¢5; relative to CYK-1
puncta were obtained by first identifying clear filopodia with comet-like
morphologies from a minimum of three embryos each. A 3-pixel line
beginning at the center of the CYK-1 focus and running through the PH- or
LifeAct-labeled region was then defined and straightened in Fiji. Fluorescence
profiles were then extracted in Matlab, normalized to the mean intensity and
plotted as a function of distance from CYK-1 puncta at the filopodia tip.

For quantification of relative peak intensities in Figs 11 and 4F, 3-pixel-wide
profiles across membrane features were extracted; then, cytoplasmic background
was subtracted, and the top three peak intensity pixels summed. Data was
normalized to median intensities obtained in regions of the plasma membrane
devoid of membrane structures, representing a single bilayer configuration, in
the same embryo. Simulated images were treated identically except that they
were normalized to the median value of all single membrane peaks.

Colocalization

Regions of interest (ROIs) were manually defined for a minimum of 30 well-
defined and separated structures in the reference channel for each embryo,
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usually using the channel showing fluorescent protein fusions to PHp cs1.
ROIs were then queried in the test channel to score whether the structure was
labeled by the other molecule, scoring either for the presence of a similar
structure or a tip-localized punctum, in the case of CYK-1. The fraction of
structures showing colocalization was calculated for each embryo.

Asymmetry index

For Fig. 3C, the asymmetry index (ASI) of cortical LifeAct was calculated
by first obtaining mean fluorescence values from selected regions of the cell
cortex in the anterior and posterior halves of the zygote in background
subtracted images. We then calculated ASI according to the equation
ASI=(A—P)/[2(A+P)], where A and P are the fluorescence values in the
anterior and posterior, respectively. The resulting values for ASI range from
—0.5 to 0.5, with 0 being symmetric, and —0.5 and 0.5 being maximally
polarized towards posterior or anterior, respectively.

In Fig. S4, the ASI was calculated from membrane intensity profiles around
the circumference of the embryo extracted from cross-sectional confocal
images. Briefly, a 50-pixel-wide line following the membrane around the
embryo was computationally straightened, and a normalized cytoplasmic
GFP curve was subtracted to isolate membrane signal following the procedure
described in Reich et al. (2019). Mean intensity values corresponding to the
posterior and anterior regions of the embryo (each representing one-third of
the total circumference) were then used to calculate ASI as above.

Image simulations

To simulate fluorescence microscopy images of hypothesized experimental
membrane configurations, a starting image of resolution 5 nm/pixel was
generated to match the dimensions of the experimental image in
Fig. 4B. The membrane bilayer was simulated as a 1-pixel-wide line,
which was used to trace the hypothesized membrane configuration from the
experimental image. This included a region containing part of the
pseudocleavage furrow, which generates a double membrane as well as a
circle 100 nm in diameter to mimic the cross section of the filopodial
membrane. A uniform background level of photons was added before
subjecting the resulting image to a 200-nm-wide Guassian blur and
resampling to the experimental resolution of 0.155 um/pixel. Modulated
Poisson noise and readout noise (five standard deviations) was then added
before processing identically to the experimental image. All manipulations
were performed in Fiji.
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Establishment Maintenance

Figure S1. Diverse signaling molecules appear enriched in cortical structures. (A-D) HiLo microscopy images of
mCherry::PHp s (n>5) (A), GFP::RHO-1 (n = 2) (B), CDC-42::mCherry (n = 3) (C), and GFP::CSNK-1 (n = 2) (D) at the cell cortex
are shown from early symmetry-breaking to maintenance phase. All show cortical structures with a distinct pattern of
appearance, subsequent enrichment in the anterior and dissipation upon entry to maintenance phase. Time (s) relative to

the end of establishment phase. Scale bar =10 um.
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A cDpc-42 RHO-1 Merge

C PH., CSNK-1 Merge

Figure S2. Colocalization of signaling molecules with the PIP, probe PH;, ;. (A) Sample image of surface of embryo
co-expressing GFP::RHO-1 and mCherry CDC-42. Individual channels and merge shown with zoom of inset region to
highlight structures. (B) As in (A), but GFP::RHO-1 with mCherry::PHp ;. (C) As in (A), but GFP::CSNK-1 with mCherry::PHp ;-

Co-enrichment quantified in Figure 1B. Scale bars = 10 um.
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Figure S3. Filopodia are enriched in actin bundling proteins, require actin polymerization, and respond to polarity
cues. (A) Fraction of selected PH; ¢ -labeled structures that exhibit colocalized CYK-1 puncta at tips or enrichment in
PLST-1. Datapoints from individual embryos shown. Median + 95%Cl indicated. (B) Cortical images of two embryos
expressing PLST-1::GFP and mCherry::PHp 5. Inset is marked and magnified on right showing merged and single channel

images. (C) Disruption of both CYK-1 and ARX-2 lead to loss of filopodia like structures. mCherry (i,iii) or GFP (ii,iv)

fusions to PHp ¢, persist when either ARX-2 or CYK-1 are disrupted on their own, but not when both are compromised.

Insets magnified below to highlight filopodia structure. (D) Formation of filopodia is not affected when contractility is

compromised by depletion of the RhoGEF, ECT-2, or when polarity is disrupted by depletion of PKC-3 or PAR-2 by RNAI.

However, asymmetry of filopodia is reduced in all three cases consistent with their asymmetry requiring polarity. ECT-2
depletion compromises symmetry-breaking during the establishment phase (Zonies et al., 2010). Images shown reflect a

timepoint of peak filopodial density just before relaxation of the cortex and filopodial disassembly. Scale bars =5 ym.
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Figure S4. Asymmetry in membrane concentration from midplane images. Membrane fluorescence profiles were
traced from midplane images of embryos expressing the indicated GFP fusions at mid-establishment (5 min pre-NEBD) or
mid-maintenance phase (NEBD). For each embryo the asymmetry index (ASI) was calculated at each timepoint from the
extracted profiles. Note asymmetry of both PHp 5, and RHO-1 is low at establishment phase and is reduced further at
maintenance phase when filopodia dissipate, consistent with filopodia contributing to weak apparent asymmetry during
the establishment phase. By contrast, CDC-42 exhibits moderate asymmetry during establishment when anterior filopodia
are high, but its asymmetry increases further by NEBD, when filopodia dissipate. For reference, the polarity protein PAR-6,
which is not prominently enriched in these structures due to association with PAR-3 clusters, is highly polarized at both
time points. Together these data suggest that filopodia-like structures, despite being highly asymmetric, do not contribute

significantly to overall polarity in membrane concentrations.
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Table S1. C. elegans strains used in this work.

Strain Genotype Source

ACR0O04 cyk-1(ges1[cyk-1::eGFP + LoxP unc-119(+) LoxP] Ill; unc-119 (ed3) Ill; This work

ItIs44pAA173; [pie-1p::mCherry::PH(PLC1deltal) + unc-119(+)] V
ACRO10 plst-1(ges2[plst-1::eGFP + LoxP unc-119(+) LoxP] IV; unc-119 (ed3) Ill; This work

1tIs44pAA173; [pie-Tp::mCherry::PH(PLCS1) + unc-119(+)] V

AD189 unc-119(ed3) lll; asls2[unc-119(+) + pie-1p::GFP::egg-1] CGC, Kadandale et al. (2005)
FT204 unc-119(ed3) Ill; xnIs87[syn-4p::GFP::syn-4::syn-4 3'UTR + unc-119(+)] CGC
JA1354 unc-119(e2498) Ill; wels12[unc-119(+) + pie-1p::GFP::csnk-1] CGC, Panbianco et al. (2008)

JCC146 cyk-1(or596ts); unc-119(ed3); Itls38 [pAAT1; pie-1p::GFP::PH(PLC51) + unc-119  Jordan et al. (2016)
(+)]; ItIs37 [pAA64; pie-1p::mCherry::his-58; unc-119 (+)]JIV

KK1248 par-6(it310[par-6::gfpl) | CGC, Ken Kemphues

NWGO0045  unc-119(ed3) llI; crkis16[mex-5p::mKate::iLiD::nmy-2 3'UTR + unc-119(+)] This work

NWG0047  unc-119(ed3)ll; crkEx1[pNG19: mex-5p::PH(PLC51)::GBP::mKate::nmy- 2 3’UTR  Rodriguez et al. (2017)
+unc-119(+)]; him-5 (e1490) V

OD58 unc-119(ed3) Ill; ItIs38[pAAT; pie-1p::GFP::PH(PLC51) + unc-119(+)] CGC, Audhya et al. (2005)

OD70 unc-119(ed3) Ill; ItIs44pAA173; [pie-1p-mCherry::PH(PLC51) + unc-119(+)] V CGC, Kachur et al. (2008)

SA115 tjils1[pie-1::GFP::rho-1 + unc-119(+)] CGC, Motegi and Sugimoto (2006)

SWGT mex-5p::Lifeact::mKate2 Reymann et al. (2016)

SWG5 plst-1(ges2[plst-1::eGFP + LoxP unc-119 (+) LoxP] IV; unc-119 (ed3) Ili) Reymann et al. (2016)

SWG19 cyk-1(ges1[cyk-1::eGFP + LoxP unc-119(+) LoxP) lll; unc-119(ed3) IlI. Reymann et al. (2016)

TH159 ddIs46[WRM0625bA11 GLCherry::cdc-42; Cbr-unc-119(+)] Rodriguez et al. (2017)

TH220 unc-119(ed3) Ill; ddis86[pie-1p::LifeAct::GFP; unc-119(+)] Redemann et al. (2010)

WS5018 cdc-42(gk388) opls295[cdc-42p::GFP::cdc-42(genomic)::cdc-42 3'UTR + unc- CGC, Neukomm et al. (2014)
119(+)] 1.
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Movie 1. Timelapse video of the surface of a permeabilized embryo expressing PHp, ;,::GFP (middle, cyan) and stained with FM4-64 (left,
red). Scale bar, 2.5 um. Elapsed time (sec). See related Figure 1F.
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™ supp-3.mp4

Movie 2. Timelapse video of filopodia extending into the pseudocleavage furrow in an embryo expressing CYK-1::GFP and mKate,,, ..

Scale bar, 5 um. Elapsed time (mm:ss) shown. See related Figure 2A.
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B supp-4.mp4

Movie 3. Timelapse video of dynamic filopodia on the surface of an embryo expressing CYK-1::GFP and p; ;,::mCherry. Scale bar, 5 um.

Elapsed time (sec) shown. See related Figure 2D.
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h supp-5.mpd

Movie 4. Timelapse video of an extending filopodium labeled with LifeAct::GFP and p; 5;::mCherry on the surface of a one-cell embryo.

Elapsed time (sec) shown. Scale bar, 5 um. See related Figure 2F.
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B s

Movie 5. Timelapse video of the surface of an embryo expressing CYK-1::GFP and PHp, ;;::mCherry by confocal microscopy showing the

appearance, accumulation, segregation and dissipation of filopodia. Elapsed time shown (mm:ss). Scale bar, 5 um. See related Figure 2K.
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B supp-7.mp4

US

Movie 6. Timelapse video of two filopodia labeled with LifeAct::mKate (red) and LifeAct::GFP (cyan) corresponding to straightened
filopodia shown in Figure 3E. Note lag of LifeAct::mKate signal relative to LifeAct::GFP yielding a cyan tip followed by a red tail. Elapsed

time shown (sec). Scale bar, 2.5 um. See related Figure 3F-G.
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Movie 7. Timelapse video of cytoplasmic actin comet labeled with LifeAct::mKate (red) and LifeAct::GFP (cyan). Note lag of LifeAct::mKate
signal relative to LifeAct::GFP yielding a cyan tip followed by a red tail. Elapsed time shown (sec). Scale bar, 2.5 um. See related Figure
3G-H.
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AIM 3: Temporal characterisation of filopodia during the 2 and 4-cell stages.

Careful observation of my data, in association with the findings in Aim 2, made me feel
that filopodia have a proper time window for their appearance. The third aim of my PhD
project was to answer the following question: do filopodia have a specific dynamic of
appearance regarding the cell cycle? The conduction of preliminary data showed that they
appear in a transient and regulated-temporal pattern during the early embryogenesis of C.
elegans, and | decided to extend these investigations. This work was conducted by myself and
a student name Rita Harik that joined the lab for a master 1 internship. To correlate filopodia
appearance and cell cycle timing, we used a strain with histone fluorescently labelled to be
informed about the condensation state of histones and their global organisation that
correlates with the cell cycle, this strain is endogenously expressing CYK-1::GFP. We observe
2-cell and 4-cell stages embryos with 4D spinning disk microscopy at two focal planes: the
cortical plane to observe filopodia appearance and the equatorial plane to observe the histone
states. These preliminary data showed a temporal link between the histone state and the
number of filopodia at the interface (Figure 26. A). Rita and | manually quantified the number
of bright spot in the GFP channel, that correspond to CYK-1::GFP particles, in a Region Of
Interest (ROI) corresponding to the cortical cellular interface (Figure 26. B) and correlated it
with the histone state in a double-blind approach. Despite the guilty pleasure we had to look
carefully and count manually, we wanted to confirm our quantification by an automated
counting method. We used two different bioinformatical counting methods. The first one is a
homemade Fiji macro using a threshold base approach for automatically counting maximum
intensities particles. The second one used the automatic segmentation Fiji plugin named
MOSAIC (Shivanandan et al., 2013) . Despite slight variations due to human eye detection or
bioinformatic parameters, all these three counting methods revealed the same result, the
maximum number of particles of CYK-1::GFP at the cellular interface was suddenly increasing
between the asynchronous Nuclear Envelop Break Down (NEBD) events of the AB cell and the
P1 cell (Figure 26. C). Nevertheless, questions remain about the cellular origin of these
filopodia and their temporal link with the cell cycle. In addition, other preliminary results
recorded during the 4-cell stage converge with the same conclusion (Figure 27). We are

considering presenting these data in a short article such as micropublication (to be written).
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Figure 26: Temporal dynamics of CYK-1::GFP at the cell-cell cortical interface at the 2-cell
stage embryo

Timeline of CYK-1::GFP enrichment at the cortical interface between AB-P1.(A) Double timeline of CYK-
1::GFP (top panel) and Histone::mCherry (bottom panel). Yellow arrow target the first and the last
appearance of a CYK-1::GFP particles at the cortical interface between AB-P1. White arrowheads
indicate the first (AB) and the second (P1) NEBD event. Scale bar 10um. (B) Zoomed timeline on the
ROI corresponding only to the cellular interface (Yellow, dashed lines) for the fives timepoint used in
(A). (€) Quantification of the number of CYK-1::GFP particles inside the ROl used in (B). 3 methods of
quantification are used: Manual counting (Blue line), Thresholding and automatic counting (Yellow
line), Mosaic plugin (Green line). The time period between the two NEBD events is represented with
the grey box, and the corresponding Timepoints in (A) are marked in red.
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Histone::mCherry

Figure 27: Temporal dynamics of CYK-1::GFP at the cell-cell cortical interface at the 4-cell

stage embryo.

Preliminary data. Timelapse and Z projection of the equatorial plane with histone::mCherry onto the
cortical plane with CYK-1::GFP. Yellow arrow target the filopodia’s new appearance site at the cortical
interface of AB daughters. Scale bar 10um.
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AIM 4: Identifying a lamellipodium-like structure during the 4 to 6-cell transition.

The 4-cell stage embryo revealed exciting actin architecture dynamics, notably due to
the rich filopodia and specific sequence of actin network reorganisation at the cell-cell
interfaces, especially during the transition between the 4-cell and 6-cell stages. We
highlighted a particular structure at the cortical interface between the AB daughters (ABa and
ABp) and EMS during the momentum of the AB daughter’s division and the completion of their
mitotic processes with the rise of the 6-cell stage. We used 4D imaging with a high spatial
resolution to observe this cellular interface rearrangement. At the late 4-cell stage, the cellular
interface between the ABa and ABp and between EMS and the AB daughters progressively
enriches in interdigitated filopodia protrusions (Figure 28.A). Then filopodia between ABa and
ABp are disassembled, and the EMS and the AB daughters morphologically change from
filopodia into a sheet-like structure (Figure 28.B). All of these 3 ABPs are included in this flat
sheet-like structure. CYK-1 is located at the tip of this membrane protrusion (Figure 28),
whereas ARX-2 (Figure 29.B) and CAP-1 (Figure 29.A) are located at the front side of this
structure. According to our observation of their spatial distribution and reported position in
an actin sheet-like structure, we can conclude that this structure has a molecular organisation
corresponding to a lamellipodium. This lamellipodia emanates from EMS and faces toward the
AB daughters. Taken together and based on the morphology of this structure and her
orientation, we decided to name it the EMS plate. Further investigations needed to be done
to decipher the spatio-temporal characteristics of these embryonic cortical interface
structures and their molecular organisation. In addition to Aim 3, we are considering starting

a manuscript for this work.
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A CYK-1:GFP
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CYK-1::GFP
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Figure 28:Lamellipodium-like structure during the 4 to 6-cell transition, decorated with
CYK-1::GFP

Preliminary data. Z projection of Hight resolution timelapse on the whole embryonic volume. Embryos
are expressing CYK-1::GFP (blue) and the membrane probe PLC161 (red). Yellow arrowheads highlight
the dynamic of CYK-1::GFP localisation. (A) Timelapse from the early 4-cell stage to the late 4-cell stage
with the paroxysmal AB daughters interdigitated interactions. (B) Timelapse from the late 4-cell stage
to the 4 to 6-cell transition with the establishment of the lamellipodial structure irradiating from EMS
to its neighbourhood. Scale bar 10um.
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Figure 29: Localisation of ARX-2::GFP and CAP-1::GFP during the early and the late 4-cell
stage.

Preliminary data. Z projection of Hight resolution timelapse on the whole embryonic volume. Embryos
are expressing ABP::GFP (blue); CAP-1::GFP (A) or ARX-2::GFP (B); and the membrane probe PLC161
(red). Timelapse from the early 4-cell stage to the late 4-cell, where CAP-1::GFP is located in the core
of filopodia. (B) Timelapse from the early 4-cell stage to the late 4-cell, where ARX-2::GFP is located at
the front side of these intercellular interaction sites. Yellow arrowheads point filopodia (left panel) and
lamellipodia like structure (right panel). Images came from the same samples, scale bar 10um.
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The privilege observations associated with completing these different aims create an
exciting set of open questions which | will address in this section, divided into three parts.
First, | will start by questioning the differences observed in terms of ABPs amount in each cell.
Here, | propose hypothetical mechanism that could explain the regulation of these specific
molecular segregations. Considering the different scales of regulation, either cortical
actomyosin polarisation, genetic regulation and signalling pathways. Secondly, | will discuss
the potential role(s) of filopodia found in early embryogenesis. With a particular focus on the
difference between filopodia observed in a cell-free context during the zygotic phase and the
filopodia encountered at the cellular interface regarding cell cycle progression. Last, this
discussion section will also be the perfect occasion to depict the multiple perspectives that
can follow my PhD work, with a plethora of questions that arise along this work and a
multitude of additional experiments that can enhance my current work and also participate in

deciphering the potential mechanism at work further discussed in part 1 and 2 of this section.

1- What are the mechanisms that can explain these ABPs segregation?

During the first steps of early embryogenesis, proteins rely on the segregation of a
maternally loaded pool of molecular content. Our study shows that this particular segregation
also applies to ABPs during all the early cell stages. This segregation leads to individual cellular
ABPs differences. These differences are present since the polarisation steps up to the early 4-
cell stage and, as seen in Aim1, becomes more contrasted, particularly during the second half
of the 4-cell stage. These two different segregation dynamics highlight a minimum of two
mechanisms for defining each ABPs enrichment in each cell, these will be detailed in the next
paragraphs. First, the cortical enrichment is due to the actomyosin density. Second, the 4-cell
stage begin to regulate mRNA translation and signalling pathways.These mechanisms organise
the appropriate actin proteome content, leading to the acquisition of a specific cortical

identity for each cell.

a. Actomyosin cortex drags their regulation partners

The first hypothetical mechanism takes place during the 1 and 2-cell stages. It is based

on the mechanical segregation of ABPs that follow the needs of regulatory components of the
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actomyosin cortex which is asymmetrically distributed during polarisation steps. At the 1-cell
stage, these proteins, as PAR proteins, are initially homogenously distributed in the oocyte
(Munro et al., 2004; Rose and Gonczy, 2014). Once fertilisation happens, it triggers the
polarisation phase, reorganising the actomyosin cortex that is then preferentially enriched on
the anterior side. This anteriorisation of the actomyosin cortex is associated with the
anteriorisation of proteins that are directly linked to it, such as the aPAR proteins and ABPs
that regulate the actomyosin cortex properties that, in fine, all these partners worked in a
positive feedback loop mechanism that enhance their anteriorisation (Michaux et al., 2018;
Munro et al., 2004; Reymann et al., 2016). After the zygotic asymmetric division, the Antero-
Posterior polarity is establish, and molecular content are retained, it is also the case for
cytosolic and cortical ABPs that are then asymmetrically distributed into two different
lineages, the AB and P1.The AB cell derive from the previous anterior side of the zygote, its
cortex is denser compare to P1 and it has, de facto, a higher proportion of ABPs. This
mechanism is also happening at the 2-cell stage. On the posterior side of the embryo, the P1
cell will overcome a polarisation phase associated with an asymmetric division where the
anterior side of P1 has its actomyosin cortex denser(Caroti et al., 2021) and will lead to the
formation of the EMS cell. Following our hypothesis, the two pools of ABPs are segregated
preferentially to the side where the actomyosin cortex is denser and contains more regulatory
proteins, thus linked to the asymmetry of the division pattern. The work realised in Aim 1
found that ABPs are then preferential enrichment in the EMS cell, compared to the P2 cell. A
good rule goes along with an exception. The surprise came from the anterior side of the
embryo in the AB lineage. AB performs a symmetric division which gives birth to two
supposedly twin cells: ABa and ABp (Priess and Thomson, 1987), which are, by extent,
composed of two identical actomyosin cortexes and the same amount of ABPs. Following the
symmetrical logic, we were expecting a straight similarity between them. Nevertheless, we
observe slight but constant differences between ABa and ABp in terms of ABPs relative
content in the cytosolic pool. Furthermore, we found a milder asymmetric distribution in the
cortical pool. Despite the differences observed in the AB daughters, which will need further
investigation, this actomyosin-based mechanism that drags ABPs that goes within it can
explain the differences observed during the completion of the first steps of early
embryogenesis, up to the 4-cell stage. However, the question of which components polarised

first between the actomyosin cortex and the PAR proteins remains. But today, we can add
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another layer of complexity: which ones are polarised first: PAR proteins, Actomyosin cortex

or ABPs?

b. The awakening of the 4-cell stage

The second mechanism starts at a precise moment: as demonstrated in Aim 1, the
second half of the 4-cell stage shows a sudden increase in ARX-2 and CAP-1 differences in the
cytosolic and cortical fraction, specifically when comparing cells from a different lineage.
Interestingly, compared to ARX-2 and CAP-1, this mechanism does not increase the
differences between cells in terms of CYK-1, meaning that either CYK-1 initial content at the
4-cell stage stays relatively constant, maybe because it is not influenced by any mechanism,
or it increases for the same proportion in all the cells. Furthermore, the asymmetric
distribution of the cytosolic pool of ABPs in the AB daughters remains constant, indicating that
the mechanism in question influences the two sister cells in an equivalent and synchronous
manner. From these points, we can put forward two hypotheses to explain the appearance of

these differences.

i. Zygotic Genome Activation

First, it can be the consequence of the beginning of the translation of preallocated
MRNA and the transcription of new mRNA. This particular mechanism is called the Zygotic
Genome Activation (ZGA), which is reported to happen at the four-cell stage in C. elegans
(Evans and Hunter, 2005; Seydoux and Dunn, 1997; Tora and Vincent, 2021). If we assumed
that the amount of newly translated proteins corresponds to the amount of available mRNA
and using the data gathered in single cells transcriptomics (Osborne Nishimura et al., 2015;
Tintori et al., 2016), we did not find a correlation with our protein’s relative quantities in Aim
1. This can be explained by a direct degradation mechanism targeting mRNA or the proteins
(DeRenzo and Seydoux, 2004) or a gene regulation induced by signalling pathways from the

P2 cell (Evans et al., 1994; Rocheleau et al., 1997; Thorpe et al., 1997).
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ii. Signalling pathways

Second, it is essential to note that the 4-cell stage can be separated into two different
morphological shapes. The early 4-cell stage is called the diamond shape, and the late 4-cell
stage is called the compacted shape. Cells during this compacted shape have a higher surface
contact between them. This will favour the transmission of signalling pathways. Two major
signalling pathways are implicated at the 4-cell stage: Notch signalling and Wnt signalling. Both
of these pathways are triggered by the P2 cell and propagate toward the anterior cells of the
embryo. P2 Notch signalling directly irradiates the ABp cell, which becomes the Dorsal cell
(Crittenden et al., 1994), and P2 Wnt signalling targets the EMS cell, which becomes the

Ventral cell (Rocheleau et al., 1997; Thorpe et al., 1997).

There are three potential mechanisms at work to explain these specific ABPs
distributions during the early steps of embryogenesis : 1-The actomyosin density-based during
each polarisation step; 2-the ZGA with and 3-Signalling pathways. These can be combined with
mRNA and proteins degradation machinery. in Aim1l, we observe a precise timing window
where one, or some, of these mechanisms start at the 4-cell stage. Nevertheless, the questions

about their relative impact remain complete.

2- What are the potential roles of Filopodia?

During Aim 2, 3, and 4, we characterised these actin structures throughout the early
embryogenesis of C. elegans. Furthermore, filopodia are not a feature reserved for C. elegans
embryogenesis; they are also present during the embryonic development of other model
organisms. Nevertheless, for the moment, we do not find any myosin components in our
filopodia, unlike in mice embryos, for instance (Fierro-Gonzélez 2013). We demonstrate their
different localisation in Aim 2 and Aim 4, the precise dynamical presence of this structure, and
the close relation between cell cycle progression and the number of filopodia present at the
cellular interface in Aim 3. We can consider that this structure is an investment of energy for
this encapsulated embryo. For these reasons, this structure should have a precise purpose,

and according to today’s information, there is still a critical knowledge gap about their role.
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Due to this lack of knowledge, | will mainly discuss my feelings about this structure, based on
my expertise, which is the early C. elegans embryogenesis. Despite that, exciting parallels can

indeed be drawn with other model organisms.

Filopodia are protrusions that face the extracellular environment, which can be Extra-
Cellular Matrix (ECM) or neighbouring cells. In the case of the C. elegans embryo, there are
two kinds of filopodia positioning. The first is where filopodia are in a cell-free context(Hirani
et al., 2019). For instance, during the zygotic phase, these filopodia can only face the eggshell
(Hirani et al., 2019). The second is where they are facing the neighbouring cells, for instance,
between AB-P1 and the AB daughters (Hirani et al., 2019). Another important distinction
between these two kinds of positioning is the stability of these structures. Indeed, their
dynamics are pretty different. It appears that they are tiny and unstable structures in the case
of the cell-free filopodia during the zygotic phase. In contrast, in inter-cellular contact, these
filopodia come from one cell, stick to the neighbour, and are more stable. We can observe
these two types easily by looking at the carrefour in a Y shape between two cellular interfaces
(e.g. AB-P1 or AB daughters) (Figure 30.A.B), where we can observe filopodia with no matched
neighbours that are floating towards the ECM and that are short-lived. These floating filopodia
make me think about the “spinning” structures described by Andrew in Sea Urchin embryos
(E.A Andrew, 1897), whereas, in the meantime, filopodia at the interface are stable and
maintain coherence with their neighbour by surrounding all the intercellular (Figure 30.B).

These observations give us an essential first hint about their potential roles.
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Vidéo: 2 cell melee Vidéo : 2 cell fan

Figure 30 : 2 cell embryonic cohesion

(A) Hypothetic schematic representation of filopodia dynamics during the 2-cell stage. Highlights of
the position at the cell interface, the polarbody and the fan shape. One image from one sample was
added to the corresponding steps. 2 vidéos in high-resolution 4D were added : (B) Embryonic
coherence of the 2 cell stage and the crown of the polarbody. (C) AB cytokinesis onset and the fan of
filopodia. Scale bars, 10um.
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a. Actomyosin cortex anchoring to the plasma membrane

Looking at the behaviour of filopodia in a cell-free context, filopodia are a labile
structure that is formed in the anterior side of the zygote during the polarisation phase. What
can be the purposes of this small structure, known to be engaged in a multicellular
environment or a migrating context? The anchorage of the actomyosin cortex is crucial for
precisely localising the RhoA signalling and the forces distribution among the actomyosin
cortex (Salbreux et al., 2012; Sens and Plastino, 2015). Proteins that compose filopodia in
other model systems, such as cadherin, are involved in the cortical anchorage in C. elegans
embryos, such as HMR-1 (Padmanabhan et al., 2017). My first hypothesis about their role is
that filopodia participate in the anchorage between the actomyosin cortex and the plasma
membrane. They are bringing a way to mechanically force the anchorage between these two
layers to seal the link between anchoring proteins and the plasma membrane. Combining this
mechanical anchor and the molecular one assures a good signal positioning and forces
transmission to participate in the proper conduct of the polarisation phase of the actomyosin

cortex in the zygote and the correct segregation of molecular content.

b. Embryonic cohesion and cell positioning

Interestingly, the following specific localisations still need to be studied and can be
another excellent indication of another potential role. Filopodia are also nicely enriched
around the polar body located at the anterior side of the zygote and the AB cell at the 2-cell
stage. They decorate and surround the polar body in a crown shape (Figure 30.B). We can also
note that this polar body will be further internalised during the AB division (Fazeli et al., 2018).
In addition, they are organised in a particular way during the transition between the 2 and the
3-cell stages. They are arranged in a fan-like structure (Figure 30.C), originating from the P1
cell and facing the AB cell during mitosis. In more detail, they are located where the P1 anterior
membrane is in contact with the posterior side of the AB cytokinesis ring and both the
membrane of the future AB daughters. These specific positions during the 2 to 3-cell stages
transition can be related to the chirality and the midbody position involved in this particular
cell stage transition (Singh and Pohl, 2014). To illustrate this filopodia dynamics in a sporting

register, we can compare this type of structure with the organisation and the behaviour during
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a rugby melee where the filopodia are the players; they expand and pressure the other team,

they torque to gather the balloon, which is the midbody.

After observing the differences between subgroups of filopodia and their different
dynamics in ovo, as well as the specific positioning during cell stage transition, | hypothesise
that filopodia are responsible for the general embryonic cohesion between cells as well as cell
positioning by participating in the proper intercellular organisation during each cellular stage.
For instance, between AB-P1 or AB daughters (Figure 30.A) and also during cell stages
transition. The case of the 4-cell stage particularly supports this idea about their implication
in embryonic cohesion. This stage is the momentum of the proper transduction of the
different signalling pathways, Wnt and NOTCH (Crittenden et al., 1994; Rocheleau et al., 1997,
Thorpe et al., 1997), which are crucial for cell differentiation and body axis formation. This
phenomenon needs a strong embryonic cohesion to transmit the signal with less loss as
possible. At the 4-cell stage, filopodia are here to increase the membrane contact area
between cells and maintain this interaction during the propagation of this signal until it is no
longer needed. To confirm this ON and OFF mechanism of embryonic cohesion, | want you to
focus on the precise dynamics of the cellular interface between the transition of the 4 to the
6-cell stage (Figure 31.A). At the beginning of the 4-cell stage, few filopodia were present;
when the embryo arrived at the late 4-cell stage, filopodia were strongly enriched all around
the AB daughters interface; after the Wnt and NOTCH pathways occurred, the AB daughters
entered into mitosis, and suddenly the strong cluster of filopodia between ABa and ABp
completely disappears (Figure 31.B). In addition, during this event, another structure occurs
between the EMS cell's cortex and the cortex of the two future AB daughters, ABar and ABpr
(Figure 31.C), called the EMS plate in Aim 4. Indeed, as shown in Aim 4, the EMS cortical
interface changed to a completely different shape. Starting with filopodia originating from
EMS and irradiating its neighbourhood, the EMS interface totally changes its shape to a
lamellipodium-like structure during the momentum of the AB daughters start their division.
This EMS plate has a large surface of interaction with neighbouring cells, and | hypothesise

that it also participates in embryonic cohesion during the transition 4 to 6 cell stages.
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Vidéo : Late 4 cell Vidéo : EMS plate

Figure 31 Embryonic coherence at the 4-cell stage.

(A) Hypothetic schematic representation of filopodia dynamics during the 4-cell stage. | am highlighting
the position at the cell interface between the AD daughters and their sudden disappearance. One
image from one sample was added to the corresponding steps and the structure are pointed with
orange arrowheads. 2 vidéos in high-resolution 4D were added: (B) Embryonic coherence of the 4 cell
stage and the brutal removed of AB daughters filopodia. (C) Dynamical locsalition of CYK-1::GFP at the
EMS interface and the formation of the EMS plate. Scale bars, 10um.
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c. Tuning the cortical tension regarding cell cycle progression

Inter-cellular contact and embryonic coherence need to be directly linked to the
individual cell cortex characteristic as well as the progression of the cell cycle to ensure the
perfect synchronisation between cell division and cell differentiation. When the zygote divide,
the actomyosin cortex is set and anchored. In addition, due to spatial reduction after the
division and space limitation because of the eggshell, cells maintain the conformation
between the cortex and the membrane. Nevertheless, cells still need to tune their cortical
tension to prepare for the subsequent mitotic phases in a process called roundification, where
cortical rigidity increases and cells get rounder upon a maximum reached during metaphasis
(Kunda et al., 2008; Stewart et al., 2011). We demonstrated in Aim 3 that the maximum
filopodia number appears at a precise timing window, between NEBD and before anaphase.
During this particular period, cells get rounder and enter mitosis. | hypothesise that each
filopodium protrudes and locally tenses the cortex and sticks it to the neighbouring cells. To
illustrate, it is the same mechanical effect when we use the plastic barrier food wrap on our
plates. We pull it and stick it to the plate’s other side to locally tense the plastic barrier, and
we repeat this step all around the container, which will result in a global increase in the plastic
barrier tension. Interestingly, a study in drosophila embryos shows apical actin protrusion
remodelling during cell cycle progression. These apical actin protrusions were long during
interphase and shorter during metaphase (Sherlekar et al., 2020). This gives a hint about the
relationship between filopodia extension and the progression of the cell cycle. Taken together,
it leads to my third hypothesis about filopodia’s role. Filopodia are involved in locally
regulating cortical tension, or vice versa, and helping the roundification process just before
cells enter mitosis. Importantly this third hypothesis can work in cooperation with the

supposition about embryonic cohesion.

From my biased point of view, these embryonic filopodia could have multiple
functions. At the 1-cell stage, they may anchor the actomyosin cortex to the plasma
membrane. At the 2, 4 and 6 cell stages, they could be implicated in tuning the cortical tension
during the roundification process regarding cell cycle progression. They could manage
embryonic cohesion and cellular positioning during crucial differentiation steps. All these

hypotheses will need further investigation to reveal if they are right or wrong. In anyways, it
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will bring additional and exceptional output to understand more the complexity of their roles

in this fascinating context, the early embryogenesis.

3- Remaining questions, future questions and perspectives

In this section, | will discuss the future experiments that can be realised to first directly
continue my actual work and second to confirm or infirm my hypothesis; | also want to point
out some semantic evolution needed to properly characterise the filopodia encountered
during embryogenesis which are different from their fellow member in other experimental

systems.

a. Improvement of the ABPs quantification

To follow directly the work done during my PhD, especially concerning Aim 1, it can be
interesting to improve the quantification methods used to quantify ABPs variation during early
embryogenesis. We compared the mean intensity between cells at each time point. The
problem with this approach is that we are virtually diluting some crucial information about
the number of proteins, especially when quantifying the endogenous expression of lowly
expressed proteins such as CYK-1. In addition, due to a problem of cellular assignment, we
voluntarily eroded the quantification surface by removing the area corresponding to the cell
interface, which contains the brightest particles, reducing by extent the total mean intensities.
In parallel, a recent paper developed an interesting approach using particle counting
(Najafabadi 2022). Suppose we managed to implement a particle counting method with the
addition of the interface area. In that case, we could improve our quantification and estimate
the different ABPs segregations even more precisely. We also need to estimate the total
concentration of our proteins. Before that, we need to evaluate the cell volume over time
precisely. In the C. elegans community, interesting studies are already made on cell volume
(Cao et al., 2019). | was particularly interested in the work realised by Rob Jellier’s lab and,
specifically, the work realised by Wim Thiels (Thiels et al., 2021). His image analysis and
segmentation tool where he can track in 4D the volume, the shape and the contact area. He
used the same in vivo data acquisition methods and membrane labelling. These additions to

our approach can allow us to precisely and automatically map and calculate the quantity and
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the concentration of any ABPs endogenous expression during the early C. elegans

embryogenesis.

b. How do these asymmetries in the AB daughters arise?

In Aim 1, we observed an asymmetric distribution of ABPs between the AB daughters,
especially in the cytosolic pool of proteins. These differences are slight but constant all along
the cell stage. Roxane Benoit and | are trying to decipher the momentum and the mechanism
that can explain the establishment of this asymmetric distribution. We are performing laser
ablation of the membrane that separates the two daughters. We want to see if the sum of
ABPs quantities in the daughter cells matches the ABPs amount in the mother cell. Inspired by
the remarkable job of Carvalho et al (Carvalho et al., 2016) we are also making laser ablation
of the cytokinesis ring during its constriction. By doing so, we will be able to understand when

these asymmetries came, before or after cytokinesis completion.

c. Targeting other ABPs?

Observing other ABPs can provide interesting perspectives about the global regulation
of the actin cortex during early embryogenesis, the more detailed cortical identity and all our
hypotheses. Some strains are already available in the lab, fused with a GFP and crossed with
the membrane probe tagged in mCherry. HMR-1 can be an exciting target to decipher the
implication of the actin cortex on the ABPs segregation, referring to hypotheses 1. a, 2. a and
2. b of this section. HMR-1 is implicated in actomyosin cortex anchoring at the plasma
membrane. It was shown that HMR-1 is also involved in tethering the cortex to the cell
membrane, spatially regulating the upstream Rho Signalling that affects the actomyosin cortex
stability, flows, and attachment to the cell membrane (Padmanabhan et al., 2017). Currently,
a whole data set for HMR-1 is being quantified and will be added to the publication associated
with Aim 1. Another ABPs that are already available in the lab is PLST-1. This actin bundler
plays an essential role in regulating the interconnectivity of the actin network, tuning the

anterior cortical tension (Ding et al., 2017), and being part of filopodia (Hirani et al., 2019).

We can also observe the actomyosin cortex's first primordial component, which is the

actin itself. To observe these filaments in vivo, we are using the Lifeact probes (Reymann et
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al., 2016). These probes are either tag with GFP or mCherry. They are both able to bind actin
filaments with different kinetics giving a complete view of the diverse composition of actin
filaments within the cortex (Hirani et al., 2019). Nevertheless, to use our quantification
approach on Lifeact::mCherry, we will need another membrane labelling, such as PIP2 tagged
with GFP for quantifying Lifeact::mCherry. The second major component of the actomyosin
cortex is NMY-2. It is a widely studied protein in the C.elegans actin community. It can inform
us on many cortical parameters such as in the following non-exhaustive list: RhoA signalling
(Michaux et al., 2018), filament assembly during cytokinesis (Najafabadi et al., 2022),
actomyosin cortex polarisation (Munro et al., 2004), cortical flow (Reymann et al., 2016) and
chirality (Pimpale et al., 2020). Nevertheless, NMY-2 is not found in filopodia during these
early embryogenesis steps. On this point, it can be interesting to focus our interest on other
molecular motors, such as other members of the myosin family or Microtubules Associated

Proteins such as Dynein or Kinesin.

d. Molecular composition of filopodia

During my PhD’s first years, | created a CRISPR strain expressing CYK-1::HALOTAG. This
strain was created for the purpose of observing, in live imaging, the localisation of CYK-1 and,
in the meantime, other ABPs fused with a GFP marker such as ARX-2::GFP or CAP-1::GFP. After
strain creation and validation by sequencing, Roxane Benoit and myself tried to observe this
strain regarding an already published and concisely sparse protocol adapted for C. elegans
embryos (Dickinson et al., 2017). Unfortunately, we faced different technical issues that
prevented us from getting data out of this strain. Very recently, Dickinson published a detailed
protocol for quantifying membrane proteins labelled with Halotag (Chang and Dickinson,
2022) with much more interesting details that were missing in the 2017 version. We will use
this publication well and retry our Halotag experiment, informing us about filopodia molecular
composition. In addition, we would also like to use an immune-fluorescence approach to asses
filopodia molecular composition and their spatial distribution at one precise moment. We
have already tried and faced other experimental limitations due to the complicated embryo
accessibility for antibodies to pass through the eggshell barrier and the structure’s size and
stability. Nevertheless, we are working on optimising protocols with the help of Dr LUTZ Yves

from the IGBMC imaging platform.
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e. Filopodia appearance at the 4-cell stage?

This question was already addressed and partially answered by preliminary data in Aim
3 (Fig XX). More data are required to fully validate our hypothesis about cell timing and
filopodia appearance at this particular cell stage. We could also take advantage of the
perspectives described for ABPs quantification and consider only the particles that are
“outside” of the detection area and can be considered filopodia. This approach can help us to

guantify their number automatically.

We can also untangle the mechanism that influences the previously described
hypothesis. We need to add another layer of quantification by looking at cortical tension and
cell roundness and see if the number of particles at the cellular interface, corresponding to
filopodia, correlates with these physical parameters. After this wild-type characterisation, we
could asses the importance of filopodia in these processes by perturbing either the CYK-1
dynamics at the interface using a CYK-1 thermosensitive strain (Jordan et al., 2016) and
applying global heating to disrupt any CYK-1 activities or making a local at the cellular interface
to see how it affects other parameters. We can also use laser ablation to perturb cortical

tension locally.

f. Targeting other cellular localisation?

Since my master 2 internships in the lab of Sandrine Etienne-Mannevile, on the
subject: A role for Cdc42 in the nucleus, the seed about the subject of actin localisation in the
nucleus has grown over time. During the beginning of my PhD, some of the data acquired on
the ARX-2 strain showed some enrichment of ARX-2::GFP near the nucleus. In addition, using
the same strain, | saw actin comet tails in the cytoplasm. This structure is highly mobile, and
its directionality is inconsistent (Velarde et al., 2007). Unfortunately, | did not investigate

further after these observations, but it can be an exciting path.

Another interesting subcellular localisation is the “scar” left by the cytokinesis ring
called the midbody. The midbody is known to be stereotypically inherited during the early
lineage, and its position impact cell positioning and cell fate (Konig et al., 2017; Singh and Pohl,
2014; Thieleke-Matos et al., 2017). Its position can be an excellent reporter to see the

implication of filopodia in cell positioning and cohesion
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4- The embryonic’s first steps

Filopodia have different roles in their cellular context, such as sensing, anchoring,
signal transduction, and pulling. The only paradigm is based on the linear protrusion shape
and the fact that they are structures related to actin, with filaments that are elongated with
formin and parallelly aligned with actin binding proteins. For the other components, all the
studies agree that the precise molecular composition and the initiation mechanism of these
structures are still unclear and specific to the experimental model. To tackle the differences
and name this actin structure, Higgs and co-workers establish a generic name for this
structure: linear extension or filopodia (Nicholson-Dykstra and Higgs, 2008). Despite this
general name, we observe differences between the filopodia observed in embryonic cells and

filopodia in other systems.

First, | want to focus on the fact that we are looking at non-differentiated embryonic
stem cells with an indeterminate fate. Embryonic cells are the premiere with a wide range of
future possibilities. In contrast, the other model systems look at the terminal ones, with a
wholly differentiated and functionalised protein toolkit that allows them to execute their
predetermined cellular behaviour. It is probably one of the reasons why the roles of filopodia
in differentiated cells are reasonably identified, whereas the role of filopodia in embryonic

stem cells is still unknown.

Second, the filopodia present during embryonic development have a specific
localisation during morphogenetics events. This feature is shared in a wide variety of
organisms that are phylogenetically distant from each other (2-cell stage, 4-cell stage,
Epithelial epiboly). This specificity highlights something unique compared to their relatives in
differentiated migrating cells, and it is a shared feature between different embryonic

development.

Third, even the paradigm about the shape can be contested or more precisely defined.
Indeed, the size is much shorter in embryonic stem cells. The general shape and their dynamic
changes from floating and unstable structures that protrude toward the extracellular
environment to a straight and stable linear protrusion when they find matches. This

observation goes along with the “spinning” structures observed by Andrews (Andrews 1897).
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My PhD work focuses on the early embryogenesis of C. elegans and the spatio-
temporal distribution of Actin Binding Proteins. In this confined environment. | have observed
this structure for four years. When trying to understand their roles and regulation, | found
many differences between these embryonic filopodia and the “classical” filopodia. The reason
appears quite simple: they are dedicated to embryonic development. They must have multiple
roles to adapt to any situation during the developing embryo, specifically during the early

stages.

Taking it together, the generic name of filopodia that groups all sorts of actin linear
protrusion can be subdivided with another group specific to the filopodia encountered during
embryonic development. | name this new family of embryonic-related actin linear
architecture: Protopodia. From ancient Greek, | used the prefix proto-, meaning the first or at
the beginning and the suffix -podia, meaning foot. Assembled, it means the first foot. | chose
this primary name regarding the totipotent state of the zygote and the first apparition of this

structure in an organism’s lifetime that can be used to walk virtually.
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Résumé en frangais :

Etude des relations entre architecture d’actine, contenu moléculaire et
identité cellulaire

Au cours I'embryogénése précoce de C.elegans.

L’objectif principal de mon projet est de caractériser le contenu et I'organisation de
I'actine propre a chaque cellule de l'embryon précoce de C.elegans. D’apres, les
données publiées de transcriptomique en cellule unique dansl’'embryonetla mise en
évidence récente, par une collaboration entre notre équipe et celle de Nathan Goehring, de
I'existence de filopodes a des stades trés précoces du développement embryonnaire de
C. elegans, il existe des singularités entres les cellules aussi bien au niveau des Actin Binding
Proteins (ABPs) qu’au niveau des structures d’actine spécifiques, en particulier les filopodes.

Mon but estd'une part,de vérifierau niveau protéique les variations des
concentrations en ABP relevées par la transcriptomique, et d'autre part de caractériser la
régulation spatio-temporelle des filopodes. Cela nous permettra derépondre aux
guestions suivantes : Les ABP sont-elles également réparties entre les cellules sceurs
? Comment ces déséquilibres protéiques affectent-ils les architectures d’actine ? Les
propriétés corticales de l'actine sont-elles héréditaires ? Comment la machinerie de
nucléation de l'actine est-elle contrélée spatio-temporellement ? Les objectifsa long
terme sont d’une part, de montrer comment ces différences liées a l'actine impactent la
différenciation cellulaire dans I'embryon précoce et d’autre part de déterminer le role de ces
filopodes au cours de ce développement. Mon projet de these peut étre divisé en deux
études principales :

1. L'identification de la variation du contenu cytosquelettique de l'actine tout au
long de la lignée précoce de I'embryon de C. elegans. Ce premier objectif est de cartographier
I'abondance relative des protéines de liaison a I'actine dans chaque cellule.

2. Caractérisation des filopodes apparaissant dans des schémas transitoires dans
I'embryon précoce. Dans cette deuxieme partie, I'accent est mis sur une structure spécifique
gue nous avons observée étre régulée spatio-temporellement au sein des différentes cellules.

Pour répondre a ces questions, jai utiliser une approche interdisciplinaire de
biologie quantitative dans I'embryon de C. elegans. Via I'édition génique par CRISPR/Cas9
permettant l'introduction de sondes fluorescentes, de la microscopie haute résolution in
vivo et le développement d'outils d'analyse d'images personnalisés.



Résultats d’ores et déja acquis

1. L'identification de la variation du contenu en protéine de régulation de I'actine
tout au long de la lignée précoce de I'embryon de C. elegans.

1.1 Observation de I'expression endogéne des ABP fusionnés avec la GFP

Ma premiere tache a été de croiser des souches ABP::GFP avec d'autres souches
marquées pour suivre en plus de notre protéine d'intérét marquée de maniéere endogene, les
filaments d'actine, la membrane ou le cycle cellulaire. Cela m’a permis de définir des
références spatiales et temporelles entre les embryons. Ma deuxiéme tache a été de
développer un protocole d'imagerie 4D. Les parameétres d'imagerie sont désormais définis en
fonction des différentes conditions expérimentales et des souches. Cette méthode, facilement
transférable, m’a permis d’acquérir une banque de donnée standardisée pour la
guantification au cours du temps de I’expression endogene de chacune de ces trois protéines
de liaison a 'actine, CYK-1, ARX-2 et CAP-1 du stade 1 a 6 cellules.

1.2 Analyse et quantification d'images

Avec I'aide de ma directrice de thése, Anne-Cécile Reymann, nous avons développé
des méthodes de quantification par fluorescence des niveaux corticaux et cytoplasmiques des
ABPs dans chaque cellule et au cours du temps. J'ai donc commencé a apprendre le codage
Matlab, a partir de zéro, pour développer une méthode de segmentation cellulaire
automatisée et personnalisée en utilisant des marqueurs membranaires. Pour améliorer la
robustesse et la rapidité, nous sommes passés sur une méthode de Deeplearning avec ILASTIK.
Apres entrainement du logiciel, le résultat de segmentation de la membrane est trés précis.
L'analyse de l'intensité de fluorescence dans chaque cellule, cortical ou cytoplasmique est
ensuite réalisée a l'aide de Matlab. L’analyse des résultats obtenues nous a montré que, au
cours de I'embryogénese précoce, chacune de ces trois protéines ont des variations inter- et
intra-cellulaires avec une distribution et une dynamique qui leurs sont propre. Par ailleurs, il
s‘avere que ces résultats ne corrélent pas systématiguement avec les données de
transcriptomique en cellule unique obtenues par d’autre laboratoire. De plus, La répartition
de ces ABP semble suivre un schéma qui corréle avec I'établissement des premiers axes de
symétrie de I'organisme, Antéro-Postérieur puis Dorso-Ventral. De maniére surprenante, nos
résultats ont montré I'existence d’une asymétrie, au niveau du contenu en ABP, entre deux
cellules filles alors qu’elles sont issues d’une division reconnue comme symétrique.

Cette étude possede un manuscrit actuellement en préparation en vue d’une future
publication.



2. Caractérisation des filopodes apparaissant de maniéres transitoires dans
I'embryon précoce

2.1 Caractérisation des filopodes chez le zygote

A mon arrivé au laboratoire, ma directrice de thése avait lancé un projet pour
caractériser les protubérances en forme de doigts qui apparaissent dans le zygote et dans
lesquelles la formine a été vue enrichie a leur extrémité. Le premier objectif était de prouver
qu'il s'agissait d'extensions de filopodes : des faisceaux d'actine nucléés via la formine et
Arp2/3, entourés d'une membrane créant l'apparence d'un enrichissement local en PiP2
(membrane). Ces travaux ont donné lieu a une publication en collaboration avec le laboratoire
Goehring. J'ai participé a cette étude en fournissant des souches avec GFP::ABP croisées avec
un marqueur membranaire, en acquérant des données et en analysant la colocalisation entre
le marqueur membranaire et CYK-1, ARX-2 et PLST-1.

2.2 Organisation moléculaire et dynamique de nucléation au sein des filopodes

La composition moléculaire des filopodes de I'embryon précoce et leur mécanisme de
nucléation et de leur extension ne sont pas encore élucidés chez C. elegans. Une observation
plus détaillée est nécessaire, notamment la colocalisation de la formine et de I'Arp2 / 3 est
manquante. Ma premiere tache a été d'introduire un halotag en utilisant I'édition génique
CRISPR au locus cyk-1. L'avantage d'utiliser halotag est qu'il peut étre conjugué avec des
colorants fluorescents existant dans différentes couleurs. La souche a été validée par
séquencage. J'ai également effectué une approche d’'immunofluorescence en embryon fixé
pour pouvoir observer précisément la composition de ces structures. Malheureusement, j’ai
été confronté a des difficultés de réalisation expérimentales et d'observation qui m’ont
empéchés d’acquérir des données suffisantes pour conclure sur la composition moléculaire
de ces architectures d’actine.

2.3 Distribution spatio-temporelle des filopodes dans I'embryon précoce

Mon prochain objectif était de caractériser la distribution spatiale et temporelle des
filopodes a différents stades embryonaire. Au stade 4 cellules, j'ai remarqué qu'’ils
apparaissent de maniére transitoire a différents interfaces cellule-cellule et en corrélation
avec la forme embryonnaire et le cycle cellulaire. En effet, ces filopodes sont entremélés au
niveau des surfaces entre les cellules soeurs ABa et ABp ainsi qu’entre elles et EMS. De plus,
pendant la transition 4 a 6 cellules, les structures actiniques entre EMS et les cellules Aba et
ABp changent de conformation et passent d’une configuration de type filopode a une
configuration de type lamellipode. Une étude sur la temporalité d’apparition de ces filopodes



entre AB et P1, a montré que leur nombre s’augmentait a mesure que le cycle cellulaire
progressait et que le pique du nombre d’apparition s’effectuait entre les deux épisodes de
rupture d’enveloppe nucléaire de ces deux cellules qui est, de facto, asynchrone. Par ailleurs
des résultats préliminaires au stade 4 cellules montrent la méme corrélation temporelle entre
la rupture de I'’enveloppe nucléaire et le pique d’apparition de ces filopodes a I'interface entre
deux cellules.

Cette étude possede suffisamment de résultats pour envisager la préparation d’un
manuscrit en vue d’une future publication.

Nos données récoltées sur les deux principaux nucléateurs d’actine (le complexe
Arp2/3 et la formine CYK-1) ainsi que la protéine d’inhibition de I’élongation des filaments
(CAP-1) nous ont amené les résultats suivants : Premierement, ces ABPsont
une répartition inter-cellulaires différente le long du lignage et les deux cellules sceurs (Aba et
ABp) issues d’une division connue pour étre symétrique (AB), possédent un contenu en ABP
qui s’avere, quant a lui, asymétrique. Deuxiemement, nous avons révélé que les structures
subcellulaires correspondantes aux filopodes, apparaissent de maniére transitoire a différents
interfaces cellule-cellule et en corrélation avec la forme embryonnaire et les stades cellulaire.
Troisiemement, la cellule étant située sur la partie ventrale de I’'embryon (EMS) possede une
structure actinique correspondant a un lamellipode et ceci uniquement pendant une étape
tres précise du développement embryonnaire, la transition du stade 4-6 cellules et qui aboutit
a la formation de I'axe du plan corporel Gauche-Droite. Ces résultats mettent en lumiére la
spécificité de répartition des ABPs au cours de 'embryogénese précoce. lls ont également
révélé I'important dynamisme et la diversité des structures actiniques situés a l'interface
intercellulaire ; ouvrant ainsiun nouveau domaine de recherche en Biologie de
Développement précoce.

Liste des publications :
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- Manuscrit en préparation pour la partie sur l'identification de la variation du contenu
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Résumé

L'objectif principal de mon projet est decaractériserle contenu et [Iorganisation de
I'actine propre a chaque cellule de I'embryon précoce de C. elegans. D’apres, les données publiées de
transcriptomique en cellule unique dans ’embryonetla mise en évidence récente, par une
collaboration avec d’autres équipes internationale, de I'existence de filopodes a des stades tres
précoces du développement embryonnaire de C. elegans, il existe des singularités entres les cellules
aussi bien au niveau des Actin Binding Proteins (ABPs) qu’au niveau des structures d’actine spécifiques,
en particulier les filopodes.

Mon but estd'une part, de vérifier au niveau protéique les variations des concentrations en
ABPs relevées par la transcriptomique, et d'autre part de caractériser la régulation spatio-temporelle
des filopodes. Cela nous permettra derépondre aux questions suivantes :Les ABPs sont-elles
également réparties entre les cellules sceurs ? Comment ces déséquilibres protéiques affectent-ils les
architectures d’actine ? Les propriétés corticales de l'actine sont-elles héréditaires ? Comment la
machinerie de nucléation de Il'actine est-elle contrblée spatio-temporellement ? Les objectifs a long
terme sont d’une part,de montrer comment ces différences liées a I'actine impactentla
différenciation cellulaire dans I'embryon précoce et d’autre part de déterminer le role de ces filopodes
au cours de ce développement.

Mots clés : Biologie, Actine, Filopodes, Embryon

Summary

The main objective of my project is to characterise the content and organisation of the actin proteome
in each cell of the early embryo of C. elegans. Based on published single-cell transcriptomic data in the
embryo and recent evidence, through collaboration with other international teams, we discovered
filopodia at a very early stages of embryonic development of C. elegans, There are cell-to-cell
singularities in both the Actin Binding Proteins (ABPs) and specific actin structures, especially filopodia.
My aim is to verify the variations of ABPs concentrations detected by transcriptomics at the protein
level, and to characterise the spatio-temporal regulation of filopodia. This will allow us to answer the
following questions: Are ABPs equally distributed among sister cells? How do these protein imbalances
affect actin architectures? Are the cortical properties of actin hereditary? How is the mechanism of
actin nucleation spatiotemporal controlled? The long-term objectives are to show how these
differences related to actin affect cell differentiation in the early embryo and to determine the role of
these filopodia during this development.
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