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RESUME/SUMMARY/OZET






Résumé
Au cours du développement préimplantatoire, I'embryon de mammifére forme le

blastocyste, qui est la structure fixant I'embryon dans l'utérus. La formation du blastocyste
repose en grande partie sur les forces contractiles générées par le cortex d'actomyosine. Chez
la souris, sur des échelles de temps de quelques secondes, nous observons des impulsions
de contractions d'actomyosine voyageant périodiquement autour du périmetre cellulaire. Nous
appelons ce phénoméne vagues de contraction corticale périodique (PeCoWaCo), une
manifestation fascinante et mal comprise de la contractilité. Dans cette étude, nous profitons
du développement lent de I'embryon de souris pour étudier des milliers d'impulsions de
contraction. Nous mettons également a profit la robustesse de ce développement pour
explorer les propriétés biophysiques des PeCoWaCo pendant les étapes de clivage précédant
la morphogenése précoce des mammiféres.

Nous constatons que, lors des étapes de clivage, des mouvements périodiques
apparaissent occasionnellement au stade zygote et 2-cellules puis deviennent systématiques
aprés le 2éme cycle de divisions de clivage. Fait intéressant, la période des oscillations
diminue progressivement de 200s au stade zygote & 80s au stade 8-cellules. Etant donné que
les cellules deviennent de plus en plus petites avec des divisions de clivage successives, la
taille des cellules pourrait étre un déterminant important dans l'initiation et la régulation des
PeCoWaCo. Nous manipulons la taille des cellules sur une large gamme de rayons cellulaires
(10-40 pm) en utilisant la fragmentation et la fusion des cellules et constatons que l'initiation,
la persistance ou les propriétés des PeCoWaCo ne dépendent pas de la taille des cellules.
Apres la période des PeCoWaCo, on découvre que les tensions de surface des blastomeéres
diminuent progressivement jusqu'au stade de 8-cellules et que I'assouplissement artificiel des
cellules augmente prématurément les PeCoWaCo. Par conséquent, lors des étapes de
clivage, I'assouplissement cortical réveille la contractilité zygotique avant la morphogenéese
préimplantatoire. En plus, en manipulant la contractilité de I'actomyosine a I'aide de mutants
et des drogues, nous avons montré que la période des PeCoWaCo peut étre contrblée par la
régulation du taux de polymérisation de I'actine filamenteuse et de l'activité motrice de la
myosine.

Dans l'ensemble, nos résultats sur les aspects biophysiques et moléculaires du
PeCoWaCo nous aident a comprendre comment la contractilité de I'actomyosine s'éveille
avant la morphogenése préimplantatoire et comment elle est régulée au niveau mécanique et

moléculaire.
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Summary

During pre-implantation development, the mammalian embryo forms the blastocyst,
which is the structure embedding the embryo into the uterus. The shaping of the blastocyst
relies in large part on contractile forces generated by the actomyosin cortex. In the mouse, on
timescales of seconds, we observe pulses of actomyosin contractions traveling periodically
around the cell perimeter. We call this phenomenon periodic cortical waves of contraction
(PeCoWacCo), a fascinating and poorly understood manifestation of contractility. In this study,
we take advantage of the slow development of the mouse embryo to study thousands of
contraction pulses and of the robustness of the mouse embryo to size manipulation to explore
the biophysical properties of PeCoWaCo during the cleavage stages preceding early
mammalian morphogenesis.

We find that, during cleavage stages, periodic movements appear occasionally at the
zygote and the 2-cell stage and become systematic after the 2" round of cleavage divisions.
Interestingly, the period of oscillations progressively decreases from 200 s at the zygote stage
to 80 s at the 8-cell stage. Since cells becomes successively smaller with successive cleavage
divisions, cell size could be an important determinant in the initiation and regulation of
PeCoWaCo. We manipulate cell size on a broad range of cell radii (10-40 pym) using
fragmentation and fusion of cells and find that the initiation, persistence or properties of
PeCoWaCo do not depend on cell size. Following the period of PeCoWaCo, we discover that
blastomeres gradually decrease their surface tensions until the 8-cell stage and that artificially
softening cells enhances PeCoWaCo prematurely. Therefore, during cleavage stages, cortical
softening awakens zygotic contractility before preimplantation morphogenesis. In addition, by
manipulating actomyosin contractility using mutants and drugs, we showed that the period of
PeCoWaCo can be tuned by F-actin polymerization rate and myosin motor activity.

Altogether our results on biophysical and molecular aspects of PeCoWaCo help us
understand how actomyosin contractility awakens before preimplantation morphogenesis and

how it is regulated both mechanically and molecularly.
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Ozet

implantasyon Oncesi gelisim sirasinda, memeli embriyosu, embriyoyu rahim icine
yerlestiren yapi olan blastosisti olusturur. Blastosistin sekillendirilmesi buyik &lcude
aktomiyozin korteks tarafindan olusturulan kasiima kuvvetlerine dayanir. Farede, saniyelik
zaman Olceklerinde, hiicre gevresinde periyodik olarak dolagan aktomiyozin kasiimalarinin
darbeleri gbézlemlenebilir. Bu fenomene, kasiimanin blyuleyici ve yeterince anlasiimamis bir
tezahiiri olan periyodik kortikal kasilma dalgalari (periodic cortical waves of contraction:
PeCoWaCo) diyoruz. Bu calismada, erken memeli morfogenezinden o&nceki bdlinme
asamalari sirasinda PeCoWaCo'nun biyofiziksel ¢zelliklerini kesfetmek ve binlerce kasiima
darbesini inceleyebilmek icin fare embriyosunun yavas gelisiminden ve fare embriyosunun
boyut manipulasyonuna dayanikhligindan faydalandik.

Bolinme asamalari sirasinda, zigotta ve 2 hicreli agsamada periyodik hareketlerin
zaman zaman ortaya c¢iktigini ve ikinci tur bélinmeden sonra bu hareketlerin sistematik hale
geldigini bulduk. ilging bir sekilde, salinim periyodunun zigot asamasinda 200 saniyeden, 8
hicreli asamada 80 saniyeye sistematik olarak azaldigini gézlemledik. Hicreler ardigik
bélinmeleriyle sirekli kiculdiginden, hicre boyutu PeCoWaCo'nun baslatilmasinda ve
dizenlenmesinde énemli bir belirleyici olabilir. Hucreleri genis bir hiicre yaricapi arahginda
(10-40 pm) kuguk parcalara bdlerek veya birbirleriyle birlestirerek PeCoWaCo'nun
baslatilmasinin, kalicihginin veya genel ézelliklerinin hicre boyutuna bagh olmadigini bulduk.
PeCoWaCo periyodunu takiben, embriyo hiicrelerinin zigottan 8 hiicreli asamaya kadar ylzey
gerilimini kademeli olarak azalttigini ve yapay olarak korteksleri yumusatilan hucrelerin
PeCoWaCo'yu zamanindan 6nce gelistirdigini kesfettik. Bu sonuglarla bélinme asamalari
sirasinda, kortikal yumusama, ilke implantasyon o©ncesi morfogenezinden énce zigotik
kasiimalari uyandirdigini goésterdik. Ayrica, genetik mutantlar ve kimyasallar kullanarak
aktomiyozin kasiimasini manipile ederek, PeCoWaCo periyodunun F-aktin polimerizasyon
hizi ve miyozin motor aktivitesinin dizenlenmesi ile ayarlanabilecegini gésterdik.

Sonug olarak, PeCoWaCo'nun biyofiziksel ve molekuler ydnleriyle ilgili bulgularimiz,
aktomiyosin kontraktilitesinin implantasyon éncesi morfogenezinden énce nasil uyandigini,

ayrica hem mekanik hem de molekuler olarak nasil diizenlendigini anlamamiza yardimci olur.
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INTRODUCTION
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At the very beginning of their life, every multicellular organism goes through a
marvelous transformation. Over the course of hours, days, or months, the organism
turns from a single cell called the zygote into a huge, organized collection of cells,
tissues, and organs. In order for this to happen, for tissues to form, change their shape,
and become an organism, individual cells produce mechanical forces. The first shape-
changing event, called morphogenesis, happens during the pre-implantation
stages in the first days of an embryo.

Pulsatile contractions of the acto-myosin cortex accompanied by cell shape
deformation have been observed in diverse systems, from nematodes to mammals.
Interestingly duration of these pulses is similar over these diverse systems suggesting
common underlying machinery. The problem with mainly used organisms for
contractility studies is that they develop fast. Periodic cortical waves of contraction
(PeCoWaCo) observed on pre-implantation mouse embryos serve as a great tool to
uncover this machinery as the mouse embryo develops slower. For example,
PeCoWaCo has a ~80s period, whereas the fastest morphogenetic event in mouse
pre-implantation takes hours.

In this thesis, by taking advantage of the slow development and easy manipulation
of cells of the mouse embryo, | investigated when and why pre-implantation mouse
embryos start showing PeCoWaCo and how PeCoWaCo is regulated both
mechanically and molecularly via mechanical manipulations of cell size and shape as

well as genetic and chemical disruptions of actomyosin contractility.
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1. MOUSE PREIMPLANTATION DEVELOPMENT

The pre-implantation phase of mammalian development prepares the embryo to
attach to the uterine wall of the mother. For an embryo to implant successfully, the
formation of a blastocyst structure is crucial. The blastocyst consists of a squamous
epithelium enveloping a cluster of pluripotent stem cells and a fluid-filled lumen. The
journey of an embryo to form this structure starts with the fusion of 2 unique types of
cells, sperm, and oocyte, in the oviduct. This fusion triggers a cascade of reactions
known as “fertilisation” this reaction results in a change of the oocyte surface and
prevents other sperms from fusing. After this point, the fertilized oocyte is called a
“zygote”. Mouse embryos are usually staged by the number of days since the mating.
The day after the mating will be Embryonic day 0.5 (E0.5) as the mating occurs at night
or by the number of cells such as; 2-cell-stage, 4-cell-stage. From fertilization to
implantation takes five days, and at day ~20 a mouse will be born.

The Zygote is encapsulated by the zona pellucida (ZP), a rigid glycoprotein shell
that plays an essential role in fertilization but is no longer needed for further
development. After fertilization, the embryo is no longer attached to the ZP, and it is
freely floating within the ZP until the blastocyst cavity is formed and big enough, except
for the 2-cell-stage. At the 2-cell-stage, the embryo pushes the ZP from 2 sides and
deforms the ZP creating an oblong shape. When the blastocyst is formed, this
deformation of the ZP drives the orientation of the blastocyst’s embryonic/abembryonic
(Ab) axis (with the ICM at the embryonic pole and the cavity at the (Ab) pole) (Motosugi
et al., 2005).

Upon fertilization, the maternal and paternal chromosomes become enclosed in
two separate pronuclei in the periphery of the zygote. The pronuclei subsequently
migrate to the zygote's center, where they meet, and later undergo nuclear breakdown
and cell division (Clift & Schuh, 2014). As for other animals, mammalian embryos' initial
divisions occur without cell growth during interphase; therefore, they are called
"cleavage divisions". After each division, cell volume gets halved and creates smaller
and smaller cells after each division (Fig. 1, Movie 1) (Aiken et al., 2004; Lehtonen,
1980; Niwayama et al., 2019). The first two cell cycles last ~20 h, then the cell cycle
gets shorter (~11h for third and fourth) (Artus & Cohen-tannoudiji, 2008).

17
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FIGURE 1: PREIMPLANTATION DEVELOPMENT OF MOUSE EMBRYO.
Trophectoderm (TE) in green, Inner Cell Mass (ICM) in magenta.

The oocyte is full of maternally provided mRNAs and proteins for the early
embryo to have basic biosynthesis to survive and direct its first cell division. Through
the first steps of its development, an embryo undergoes maternal to zygotic transition.
This transition takes different times for different animal species (Tadros & Lipshitz,
2009). In mice, maternally supplied mRNAs are starting to be eliminated upon
fertilization, and large amount of it is already degraded by the 2-cell-stage. Up to the
middle of the 2-cell-stage, the embryo still mainly relies on proteins and mRNA
supplied by the mother. At this stage, the embryo activates its own genome, marked
as major zygotic genome activation (ZGA) (Hamatani et al., 2004) resulting in the
transfer of developmental control from the maternal to the zygotic genome.

The blastomeres, cells of the embryo, are relatively round and identical in
appearance until the late 8-cell stage (Fig. 1, Movie 1). At the 8-cell stage, the embryo
undergoes a morphogenetic process called compaction. This morphogenetic event is
driven by increasing contractility (Maitre et al., 2015). As cells increase their contractile
forces, they start pulling their neighbors with greater forces, resulting in the increased
cell-cell contact area. During the 8-cell stage, blastomeres also become apico-basally
polarized with an apical domain occupying only a portion of the contact-free surface
(Fig 2A). The apical domain is enriched in microvilli (Ducibella et al., 1977) and apical
proteins such as aPKC, Par3, and Par6 (Dard et al., 2009; Korotkevich et al., 2017;
Niwayama et al., 2019; Zenker et al., 2018) whereas, it is depleted in actomyosin
(Maitre et al., 2016).
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16-cell

FIGURE 2 : IMMUNOFLOURESCENCE IMAGES OF POLARIZED 8-CELL STAGE, 16-CELL
STAGE AND BLASTOCYST STAGE MOUSE EMBRYOS

A) Immuno staining of a polarized 8-cell-stage embryo stained for F-actin. red arrows
showing apical domains observable with actin. Image from Francesca Tortorelli B)
Immuno staining of a 16-cell stage embryo stained for Yap showing Yap localization
differences between inner and outer cells. Image adapted from (Royer et al., 2020) C)
Immuno staining of an E3.5 blastocyst stained for F-actin, Cdx2 (TE marker), and Sox2
(ICM marker) with ICM shown in Blue, TE shown in magenta. Image taken from
Schliftka & Tortorelli et. al. 2021 (Schliffka et al., 2021)
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The presence of the apical domain causes some of the 4th round divisions to
be asymmetric (Dard et al., 2009; Plusa et al., 2009) as it can recruit one of the poles
of the mitotic spindle (Korotkevich et al., 2017). The division can be asymmetric both
in terms of inheritance of molecular content and volume. Asymmetric partitioning of the
apical domain results in asymmetric distribution of contractility (Maitre et al., 2016).
Differences in contractility segregate cells into different positions, causing them to
differentiate into two different cell types: polar cells on the outside and apolar cell inside
(Maitre et al., 2016; Samarage et al., 2015). This enforces the differentiation of the
cells into ICM or TE fate as polar and apolar cells differentially control the subcellular
localization of the Yes-associated protein (Yap) by its phosphorylation through the
Hippo pathway (Fig. 2B) (Cockburn et al., 2013; Hirate et al., 2013). The Hippo
Pathway is active in ICM and prevents Yap from entering the nucleus by
phosphorylation; therefore, Yap cannot interact with Tead4 (Transcriptional enhancer
activator domain family 4) and cannot induce the expression of TE-specific genes
(Nishioka et al., 2008). Further in the 16-cell-stage, the apical domain expands and
covers all the contact-free surfaces of the outside cells and merges with apical domains
of neighbor cells like a zipper (Zenker et al., 2018). This is followed by the recruitment
of tight junction protein ZO1 (zona occludens 1) and seals the embryo (Zenker et al.,
2018).

The final morphogenetic event to build the blastocyst is the formation of the
blastocoel. At E3.5, when the embryo reaches to 32-cell-stage, fluid is drawn between
cell-cell contacts as a result of osmotic changes coming from ion pumping (Dumortier
et al., 2019; Madan et al., 2007; Watson et al., 2004) and pressurized with the help of
the sealing of embryo with tight junctions (Torres et al., 2002; Wang et al., 2008). The
pressurized fluid then fractures cell-cell contacts into hundreds of micrometer-sized
lumens (Madan et al., 2007). These microlumens eventually discharge their volumes,
with the guidance of actomyosin contractility differences between the cells, into a single
dominant lumen creating the first axis of symmetry of the mouse embryo (Fig. 2C)
(Dumortier et al., 2019). While the cavity forms, the blastomeres of the ICM split into
two populations: epiblast (Epi) and primitive endoderm (PrE) with the Epi against the
polar TE and the PrE lining the cavity. Once it is all set, blastocyst hatches from ZP

and implants into the uterus.
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The success of a pre-implantation embryo is measured by its ability to implant. Its
ability to implant depends on its ability to form the structure that will invade the maternal
uterus: The Blastocyst. Shaping the blastocyst relies on the cellular properties and
behaviors that can modify tissue architecture, such as cell deformations and
rearrangements. All these cell deformations and rearrangement processes require the

generation of forces and changing the mechanical properties of cells and the tissue.

2. ACTOMYOSIN CORTEX AND ITS CONTRACTILITY

One of the outstanding questions in developmental biology is how a single cell
(zygote) can develop and shape itself into a complex organism? The shape of animal
cells and tissues largely relies on the contractility of the actomyosin cortex and the
developing embryo is not an exception (Coravos et al., 2018; Levayer & Lecuit, 2012;
Maitre et al., 2015; Maitre et al., 2016; Murrell et al., 2015). The morphogenetic events,
processes by which multicellular organisms change their shape, are driven by forces
generated by molecular motors and transmitted via cytoskeletal elements and
adhesion molecules within and between cells (Heisenberg & Bellaiche, 2013).

The cytoskeleton of animal cells is a system of filaments that functions at
various biological processes from pulling chromosomes, cleaving cells to supporting
the cell to bear stress and migrate. It consists of semiflexible protein polymers,
including microtubules, intermediate filaments, and actin (Wen & Janmey, 2012). The
actin and microtubules are polymers of ubiquitously expressed globular proteins:
globular actin and a- and B-tubulin. Intermediates filaments are polymers of fibrous
proteins such as vimentin, keratin, or lamin, which vary over cell types. When
compared to microtubules and actin filaments that have ~ 30 (in vitro)- 500 (in vivo)
nm/s (Brugués et al., 2012; Tournebize et al., 1997) and ~7-170 nm/s (Valloton et al.,
2005; Watanabe & Mitchison, 2002) assembly/disassembly rate respectively.
Intermediate filaments are relatively stable structures with a growth rate ~100 nm/min
(Windoffer et al., 2004). Microtubules gives the general architecture of the cells by
organising the organelles and play an essential role in chromosome segregation and

protein trafficking. The actin filaments, on the other hand, are associated with cell
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shape changes and movement. Moreover, actin filaments play a central role in shaping
the preimplantation mouse embryo (Ozgiic & Maitre, 2020). Therefore | focus my
discussion on actin filaments.

The actin cytoskeleton is a dynamic network of actin filaments and its
associated proteins. It encompasses all cytoplasm and connects nucleus, organelles,
and cellular membrane to one another. As a profoundly dynamic structure and
connecting all the parts of the cell together, the actin cytoskeleton can alter the
morphology of a cell simply by reorganizing itself together with associated proteins and
myosin motors. This adaptability in organization empowers cells to adopt a wide scope
of shapes and helps directing diverse range of processes such as muscle contraction,
lamellipodia extrusion, cell locomotion, cytokinesis, and cytoplasmic streaming. In
animal cells, a micron-thin layer of crosslinked actin filaments, a part of the actin
cytoskeleton, is put under tension by non-muscle myosin |l motors, and this assembly
is called the actomyosin cortex. (Fig. 3D) (G. Charras & Paluch, 2008). In order to
create mechanical stress, the system requires assembly and disassembly of actin
filament and myosin motors coupling (Fig. 3C). To better understand how this
functions, we first need to look into the structure and dynamics of actin filaments and
myosin motors. Actin filaments, consisting of polymerized globular actin monomers,
are formed and breakdown in a dynamic steady-state manner (Fig. 3A) (Plastino &
Blanchoin, 2018) (Fig. 1A). For the formation of mechanical forces, in addition to the
rate of polymerization and depolymerization of actin filaments, nucleation and
crosslinking of the filaments also play an important role. In addition to their connection
with the organelles, the cortex filaments are also tethered the plasma membrane by
proteins such as ezrin, radixin, and moesin (ERM) (Fehon et al., 2010). Non-muscle
myosin Il (NM 1) is the key motor generating cortical contractility as its cyclic interaction
with F-actin, driven by ATP hydrolysis, produces force and movement. NM-II consists
of two “heads” containing a conserved motor domain, the very long tail of the two heavy
chains (NMHCs) supercoiling, thus forming a head-to-tail dimer (Fig. 3B) (Vicente-
manzanares et al., 2010). They also possess one regulatory light chain (MRLCs) and
one essential light chain (MLSCs), associated with each “head” making a “neck” region
(Vicente-manzanares et al., 2010). For NM Il motors to retain their normal, native, and

active conformations, the light chains must be bound to the heavy chains. The myosin
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head binds to F-actin and uses ATP hydrolysis to generate force. The neck domain
acts as a lever arm to amplify head rotation while the chemical energy of ATP is
converted into the mechanical movement of the myosin head. MRLCs are responsible
for the assembly of flaments and increasing ATPase activity (Uyeda et al., 1996).
NMHCs, on the other hand, are responsible for generating the power stroke. They also
interact with actin filaments (F-actin) and convert chemical energy (ATP) into
mechanical energy (movement of myosin head on F-actin), pulling F-actins closer

creating actomyosin contractility (Fig. 3B) (Vicente-manzanares et al., 2010).
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FIGURE 3 : COMPONENT OF ACTOMYOSIN CORTEX AND ITS CONTRACTILITY
Schematic diagram of A) polymerization and depolymerization actin filament B)
components of non-muscle myosin Il motor C) formation of actomyosin contractility,

and D) localization and structure of actomyosin cortex under the cellular membrane.

The composition, architecture, and properties of the actomyosin cortex vary
largely between cell types and even at subcellular levels and between different states
of the same cells (Svitkina, 2020). Thanks to the advancements in the imaging and
image analysis, we now know that average cortex thickness 50-400nm depending on
cell type and stage of the cell cycle, being typically thicker in less spread cells and
reaching the maximal thickness in rounded cells except mitotic cells (Chugh & Paluch,
2018; Clark et al., 2013).

Actomyosin contractility is regulated in space, time, and magnitude. This
regulation is achieved at the level of cortex architecture (thickness, density,
crosslinking, etc.) and by the activity of myosin Il motor (phosphorylation state,
conformation, etc.). The contractome analysis done by Zaidel-Bar and colleagues
presents us with a map of the network of proteins that generate and regulate
actomyosin contractility. The proteins with the highest number of potential interactions
in the contractome, in addition to F-actin and myosin Il motor, are RhoA, Rho kinase
(ROCK), myosin phosphatase (MYPT1), Myosin light chain kinase (MLCK), and
protein kinase C (PKC) (Zaidel-Bar et al., 2015). ROCK and MLCK are kinases that
phosphorylate and activate MLCs. RhoA is a Rho GTPase that controls both actin
filaments nucleation via formins and non-muscle myosin Il activation via kinases
(Bement et al., 2015; Graessl et al., 2017; Munjal et al., 2015; Zaidel-Bar et al., 2015).
In contrast, PKC inhibits Myosin light chain phosphatase (MLCP) resulting in inhibition
of actomyosin contractility (Bitar et al., 2012). In this thesis, | focus on F-actin, Myosin
lI, PKC, RhoA, and MLCK. Schematic description of their function on actomyosin

contractility and chemicals used to inhibit their function can be found in figure 4.
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FIGURE 4: SCHEMATIC DIAGRAM OF ACTOMYOSIN CONTRACTILITY REGULATORY
PATHWAYS AND THEIR INHIBITORY DRUGS.
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The Spatio-temporal regulation of the contractility leads to the deformation of
animal cells by generating surface stresses. For example, higher contractility at the
cleavage furrow cleaves cells into two during cytokinesis (Fujiwara & Pollard, 1976;
Straight et al., 2003), higher contractility at the back of migrating cells help them retract
their cell body that is dragged by lamellipodia (Eddy et al., 2000; Tsai et al., 2019),
lower contractility at cell-cell contacts relaxes them and promotes their spreading
(Wakatsuki et al., 2003). The resting magnitude of contractility also sets the surface
tension of cells, which elevates the hydrostatic pressure of the cytoplasm. For
example, both increase prior to cytokinesis to force cells to round up against their
environment (Stewart et al., 2011); pressure drives membrane blebs which are then
retracted by locally increased contractility (Charras et al., 2006; Taneja & Burnette,
2019). Cell surface tension and hydrostatic pressure are a good readout of the
contractility of cells and can be measured using different techniques such as atomic
force microscopy or micropipette aspiration.

At the tissue scale, spatiotemporal changes in actomyosin contractility drive apical
constriction (Martin et al., 2009) or the remodeling of cell-cell contacts (Maitre et al.,
2012). Although tissue remodeling takes place on timescales from tens of minutes to
hours or days, the action of the actomyosin cortex is manifest on shorter timescales of
tens of seconds (Coravos et al., 2018). It has been shown that pulsed contractions are
better for protecting the integrity of the tissue, as this way, cell-cell contacts can adapt,
and they do not break with one big contraction to change the shape of the tissue
(Vasquez et al., 2014). In fact, actomyosin is often found to act via pulses of contraction
during morphogenetic processes among different animal species from nematodes to
human cells that we will discuss in the next section (Baird et al., 2017; Blanchard et
al., 2010; Kim & Davidson, 2011; Maitre et al., 2015; Roh-Johnson et al., 2012; Solon
et al., 2009).
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3. PERIODIC CONTRACTIONS AND CONTRACTION WAVES

Actomyosin contractility is often found to act via pulses of contraction in diverse
morphogenetic processes among different animal species, from nematodes to human
cells. A pulse of actomyosin begins with the polymerization of actin filaments and the
sliding of myosin mini-filaments until maximal contraction of the local network within
about 30 s (Dehapiot et al., 2020; Ebrahim et al., 2013). Then, the actin cytoskeleton
disassembles, and myosin is inactivated, relaxing the local network for another 30 s
(Munjal et al., 2015; Vasquez et al., 2014). In instances where a sufficient number of
pulses occur, pulses of contraction show an apparent periodicity. The oscillation period
of pulsed contractions is interestingly similar, ranging from 60 to 200 s, over diverse
systems suggesting a common underlying machinery (Baird et al., 2017; Bement et
al., 2015; Maitre et al., 2015; Solon et al., 2009). Moreover, periodic contractions can
propagate like traveling waves. Such periodic cortical waves of contraction
(PeCoWaCo) were observed in different systems from cell culture to embryos (Bement
et al., 2015; Driscoll et al., 2015; Hubatsch et al., 2019; Kapustina et al., 2013; Maitre
et al., 2015).

Understanding the mechanism of action of PeCoWaCo can help decipher their
function at the cellular and tissue levels. PeCoWaCo are observed as a “traveling
wave”; however, how these contractions occurred at cortex level and how they “travel”
remains unknown. The formation of contraction waves is considered to be resulting
from the actomyosin cortex being an excitable matrix. The excitability of the cortex is
carried by the cortical cytoskeleton and its regulators (Bement et al., 2015;
Bretschneider et al.,, 2009; Iglesias & Devreotes, 2012). The formation of the
contractions could be imagined to be resulting from polymerization and
depolymerization of actin filaments or local contraction/relaxation mechanisms.
Traveling motion of these contractions, on the other hand, requires more of a physical
aspect. Excitable dynamics are often modeled as reaction-diffusion systems. In these
systems, an activator stimulates more of its own production via positive feedback while
also stimulating the production of an inhibitor responsible for negative feedback
(Michaud et al., 2021). The contractions could be traveling through the cell surface by

directional assembly and disassembly of membrane-anchored actin filaments in waves
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through positive and negative feedbacks. For example, signaling for actin
polymerization advances the wavefront, and the signaling for actin depolymerization
stops the wave at the wave rear leading to the translocation of actin filaments and
associated proteins (Fig. 5A) (Katsuno et al., 2015). The balance between these
positive and negative feedback loops will give the wavelength and frequency
characteristics of the traveling waves. On another aspect, it could appear to be
traveling due to kinetic phase shift in local oscillations with activator/inhibitor
relationship. Contraction waves could be made up of “stationary” components. The
sequential assembly and disassembly of these components give the illusion of a
propagating wave (Fig. 5B) (Bretschneider et al., 2009). This means that it is not the
actin and/or the myosin which travels but the cortex contract patches sequentially,

resulting in a contraction wave.

A B e

WA A B X X%
o A *.._. A ' I _..?,W_..,J y N X -y~
,.-—-"'I A A .\ ..‘__.I_'} A g g .t
J C !
depolymerization polymerization |
wwill
¢¢ relaxed cantract
contracting

FIGURE 5: MODELS OF TRAVELING CONTRACTION WAVES
A) Contraction wave propagation by positive feedback loop and actin polymerization /

depolymerization B) Coordinated contraction of cortex patches creating a traveling
wave. Cell membrane depicted in black, actomyosin cortex in red. Blue arrow shows

the traveling orientation of the contraction wave.

Different characteristics and functions of PeCoWaCo had been described in a
variety of model organisms, from cell lines to developing embryos. PeCoWaCo in
Chinese hamster ovary (CHO) cells propagates by repeated cycles of cortical
compression and dilation that lead to periodic protrusions of the cell boundary (Fig. 6A)
(Driscoll et al., 2015; Kapustina et al., 2013). The osteosarcoma cells show local pulses
with a period of 2—7 min; however, when Rho activity artificially increases, these pulses
transform into a wave with a velocity of 0.3-0.4 ym/s (Graessl et al., 2017). Waves
observed in starfish and frog oocytes have a period of 80 s, speed of 0.22 um/s, and
they appear when Rho becomes activated in a cell cycle-dependent manner (Fig. 6B)
(Bement et al., 2015). Rho activation wavefront is shown to be coupled to the local

curvature of the cell surface (Bischof et al., 2017a) which is then proposed to serve as
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a mechanism for cells to sense their shape (Wigbers et al., 2021). In Drosophila
germline cells, PeCoWaCo are described to regulate cytoplasmic transport from nurse
cells during oocyte formation with a velocity of ~0.3 ym/s (Fig. 6C-D), a speed
comparable to Rho-actin contraction waves, observed in frog and starfish oocytes and
embryos (Alsous et al., 2021; Bement et al., 2015). In C. elegans embryos, pulsed
contractions move towards the anterior pole of the zygotes as a result of tension
anisotropies triggered by local downregulation of contractility ensuing signals mediated
by the sperm entry (Mayer et al., 2010; Munro et al., 2004). This cortical flow advects
polarity proteins as it couples to the cytoplasm and induces its streaming (Goehring et
al., 2011; Mittasch et al., 2018). In mouse embryos, PeCoWaCo were observed at the
8-cell stage with a period of 80 s (Fig. 6E-F, Movie 2) (Maitre et al., 2015; Maitre et al.,
2016) similar to the ones of periodic contractions observed in other early embryos such
as in the fly (Martin 2009, Munjal 2015), frog or starfish (Bement et al., 2015). In cells
isolated from the embryo, PeCoWaCo can be observed circulating freely as two waves
following each other during interphase (Movie 3) (Maitre et al., 2015). The wave
velocity is calculated as 0.8 + 0.1 ym/s by dividing the cell perimeter by the oscillation
period and further dividing this by two as there are two waves traveling around the cell
(Maitre et al., 2015). PeCoWaCo in mouse pre-implantation embryo are shown to
require intact actin and myosin function and, as such, resemble waves of compression
and dilations of the actomyosin cortex (Driscoll et al., 2015; Kapustina et al.,
2013). When the cells are in contact, PeCoWaCo are locally weakened by adhesion
molecules. The apical domain also shows reduced actomyosin levels, and PeCoWaCo
becomes further confined. At the 16- cell stage, PeCoWaCo can be used to predict the
fate of the blastomeres earlier than any known fate markers as ICM precursors show

it with higher amplitude than TE precursors (Maitre et al., 2016).

29



Starfish 1 of 4 cells

F-actin Merged B Normal / Rho + F-actin

Plasma membrane

D Utroghin
- -
d

é?b‘

RS

&

Time (min}

24

a7 e

30 f
00 02 04 06 08 10

Nomalized arc length

Time (s}
250 500

108

Cell perimeter (um)

Cell perimeter (um)

1]

FIGURE 6: PECOWACO OBSERVED IN DIFFERENT SYSTEMS
A) Still images of PeCoWaCo observed on rounded CHO cell. Plasma membrane in

red, F-actin in green. Image taken from (Driscoll et al., 2015) B) Still images of a
starfish blastomere undergoing cytokinesis on top, and at the bottom, subtracted
kymographs of the the timelapse made from outlined area showing waves of Rho

activity rises and falls. Rho activity shown in green, and F-actin in red. Images taken
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from (Bement et al., 2015) C) Still images from timeplapse movie of Drosophila egg
chamber showing PeCoWaCo during nurse cell (NC) dumping. F-tractin in magenta
and F-actin in cyan. Scale bars =20 um. D) Intensity Kymograph of F-actin wave
dynamics during NC dumping. Images (C-D) taken from (Alsous et al., 2021) E) Still
images from timelapse movie in i) bright-field ii) membrane iii) F-actin, and iv) the local
curvature overlaid on membrane images of an isolated blastomere of an 8-cell-stage
mouse embryo showing PeCoWaCo. Scale bars = 10um. F) Kymographs showing
local curvature (top) and cortical F-actin intensity (bottom) extracted from timeplase

images. Images (E-F) are taken from (Maitre et al., 2015).

Although pulsatile contractions and contraction waves are widely studied, what
controls the properties like its period, amplitude, and propagation velocity of such an
evolutionarily conserved phenomenon is unclear. PeCoWaCo observed on
preimplantation mouse embryos serve as a great tool to uncover this machinery as the
mouse embryo develops slower. Allowing us to decouple the slow morphogenesis from
the PeCoWaCo which one cannot do when timescales of morphogenesis and pulsed
contractions are too similar. For example, PeCoWaCo at 8-cell-stage mouse embryo
have a ~80s period, whereas the fastest morphogenetic event in mouse
preimplantation takes hours. Therefore, we can take advantage of the slow
development of the mouse embryo to study thousands of pulsed contractions and the
robustness of the mouse embryo to size manipulation to explore the mechanical and
molecular regulation of PeCoWaCo. Moreover, by characterizing the regulatory
machinery behind PeCoWaCo, we are hoping to increase our understanding of
mechanochemical characteristics of the early embryonic cortex. As it was said by
Cheer et al in 1987, “observations on the wave characteristics can be used as a
‘diagnostic’ of cortical properties; that is, the waves can provide a ‘map’ of the

mechanochemical characteristics of the cortex” (Cheer et al., 1987).
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4.REVIEW ARTICLE: MULTISCALE MORPHOGENESIS OF
THE MOUSE BLASTOCYST BY ACTOMYOSIN

CONTRACTILITY

Shaping the blastocyst relies on the cellular properties and behaviors that can
modify tissue architecture, such as cell deformations and rearrangements. All these
cell deformations and rearrangement processes require the generation of forces and
changing the mechanical properties of cells and the tissue. In this review, we discussed
the role of actomyosin contractility in preimplantation mouse development at different

scales in time and space.
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Multiscale morphogenesis of the mouse blastocyst by

actomyosin contractility

Ozge Ozgic and Jean-Léon Maitre

Abstract

During preimplantation development, the mouse embryo forms
the blastocyst, which consists of a squamous epithelium
enveloping a fluid-filled lumen and a cluster of pluripotent cells.
The shaping of the blastocyst into its specific architecture is a
prerequisite to implantation and further development of the
embryo. Recent studies identified the central role of the acto-
myosin cortex in generating the forces driving the successive
steps of blastocyst morphogenesis. As seen in other devel-
oping animals, actomyosin functions across spatial scales from
the subcellular to the tissue levels. In addition, the slow
development of the mouse embryo reveals that actomyosin
contractility operates at multiple timescales with periodic
cortical waves of contraction every ~80 s and tissue remod-
eling over hours.
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Mouse preimplantation development

Within 4 days after fertilization, the mouse embryo
forms the blastocyst, a structure that mediates implan-
tation in the uterus [1,2]. From the zygote stage, blas-
tomeres undergo cleavage divisions, producing smaller
cells after each successive round. Blastomeres remain
spherical and of equivalent size until they reach the 8-
cell stage on the 3rd day. Then, the mouse embryo un-
dergoes compaction, a morphogenetic process during
which blastomeres draw themselves into closer contact
(Figure 1a). Concomitantly, blastomeres gather their
apical material into an apical domain [3—5]. This
domain affects the divisions from the 8- to 16-cell stage
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by tethering one pole of the mitotic spindle, which can
result both in the asymmetric partitioning of the apical
domain among sister cells and in divisions oriented
perpendicularly to the embryo surface [4,6—8]. During
the 16-cell stage (Figure 1b), cells adopt inner or outer
positions causing them to initiate distinct differentia-
tion processes: inner cell mass (ICM) and trophecto-
derm (TE) [4,8—12]. TE cells progressively
epithelialize, and during the 32-cell stage (Figure 1c),
pump fluid into the intercellular space to create the first
mammalian lumen called the blastocoel [13—15]. The
formation of this lumen is accompanied with further
differentiation of the ICM, turning either into
epiblast or primitive endoderm. Eventually, epiblast
cells become sandwiched between the TE and primitive
endoderm cells, which line the lumen [16]. When the
blastocyst reaches its full expansion, it consists of nearly
a hundred cells and is ready to implant.

Shaping the blastocyst relies on the deformation of cells
and the rearrangement of their contacts (Figure 1).
These result from the generation of forces and changes
in the mechanical properties of cells and tissues. In
animals, cell shape and mechanics are controlled in large
part by the actomyosin cortex. As reported in several
recent studies, the early mammalian embryo is no
exception.

Contractility of the actomyosin cortex

The actomyosin cortex consists of a cross-linked mesh-
work of dynamic actin filaments that are tethered to the
plasma membrane [19]. The contractility of the acto-
myosin cortex is controlled by the dynamics and cross-
linking of actin filaments as well as the activity of the
myosin motor nonmuscle myosin II [20—22]. The
spatiotemporal regulation of contractility patterns the
stresses at the surface of animal cells and drives several
key cellular processes. For example, stronger contrac-
tility at the cleavage furrow cleaves cells into two during
cytokinesis [23]; contractility at the back of migrating
cells help them retract their cell body [24]; weaker
contractility at cell—cell contacts relaxes them and
promotes their spreading [25,26]. Importantly, surface
stresses generated by contractility can be controlled
across multiple scales, from the subcellular [27] to the
tissue levels [28] and from seconds [29] to hours [17].
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Morphogenetic events during mouse preimplantation development. Mouse morphogenesis begins on the 3rd day after fertilization with compaction and
polarization (a) driven by increased contractility (green) and accumulation of apical material in a restricted domain (red), respectively [4,5,17] (b) Some
16-cell stage blastomeres inherit the apical domain from symmetric or asymmetric divisions and remain at the embryo surface [4,7,8]. Cells without apical
material further increase their contractility until they pull themselves inside the embryo. As this cell sorting takes place, cells initiate lineage specification
into either TE (blue) or ICM (red) [8,9] (¢) When tight junctions of the TE seal, microlumens filled with intercellular fluid appear at cell-cell contacts [15].
Contractility repairs these fractures [18] and pushes the fluid into a single large lumen [15].

The first description of actomyosin during preimplan-
tation development dates to 1983 [30]. Since then,
actomyosin was found to be involved in all of the
morphogenetic processes forming the blastocyst
(Figure 1). Here, we eclaborate on how actomyosin
contractility acts at multiple spatial and temporal scales
to shape the early mouse embryo.

Tempos of the beating blastocyst

Unlike other model organisms typically used to study
animal morphogenesis, the mouse embryo develops
slowly (Figure 1). However, actomyosin keeps beating
with the same tempo in the mouse as it does in fast-
developing organisms. In this section, we discuss how
contractility acts at short and long timescales.

Seconds to minutes
Morphogenetic processes such as compaction, cell
internalization, or lumen formation take ~10 h each,

while actomyosin contractility typically acts within
seconds to minutes. On such short timescale, mouse
blastomeres show rapid and reversible deformations.
Initially spotted in 1980 [31], these movements were
later identified as Periodic Cortical Waves of Contrac-
tion—in short, ‘PeCoWaCo’ [17]. PeCoWaCo consists of
a surface deformation that propagates around the cell
with a speed of ~0.8 pm s (Figure 2). It requires
intact actin and myosin function and, as such, resembles
waves of compression and dilations of the actomyosin
cortex [32,33] rather than pure actin waves [34], which
were both described in cell lines. The ~80 s oscillation
period of PeCoWaCo is similar to the ones of periodic
contractions observed in other early embryos such as in
the fly [35,36], frog, or starfish [37]. In fly embryos,
actomyosin turnover, the architecture of the meshwork,
and a mechanical feedback on Rho GTPases are thought
to regulate the duration of pulsed contractions
[36,38,39]. However, what sets the traveling motion of

Current Opinion in Cell Biology 2020, 66:123—129

www.sciencedirect.com


www.sciencedirect.com/science/journal/09550674

Figure 2

MyoBlasto Ozgiic and Maitre 125

8-cell stage (~12 h)

16-cell stage (~12 h)

Period
~80 s

\)
N

Isolated
blastomere

Compacting
blastomere

QLAY

® Actomyosin cortex @ Apical domain @ Adhesion molecules Y Tight junction #~ A\ PeCoWaCo

Polarization Apical domain

zippering

Current Opinion in Cell Biology

Spatiotemporal control of contractility during the 8- and 16-cell stages. PeCoWaCo (black arrows) is most visible on the most contractile regions of the
cortex (dark green) [8,17]. In cells isolated from the embryo, PeCoWaCo can be observed circulating freely [17]. When in contact, PeCoWaCo is locally
weakened by adhesion molecules (purple) [8,17]. The apical domain (red), also shows reduced actomyosin levels and PeCoWaCo becomes further
confined [8]. As polarized cells enlarge their apical domains [4], the most contractile part of the cortex disappears when eventually the apical domain

reaches tight junctions (yellow) [13].

contractions observed in mouse, frog, and starfish em-
bryos remain unknown [17,37]. In Caenorhabditis elegans
embryos, pulsed contractions move toward the anterior
pole of the zygotes as a result of tension anisotropies
triggered by local downregulation of contractility
ensuing signals mediated by the sperm entry [40,41].
"This cortical flow advects polarity proteins as it couples
to the cytoplasm and induces its streaming (Figure 3)
[42,43]. However, such cytoplasmic streaming is not
observed in mouse blastomeres. This could be explained
by weak coupling of the cortex with the cytoplasm and/
or by the absence of cortical flow altogether. Indeed, it
remains to be established whether PeCoWaCo involves
any movement of material or if they simply consist of a
local deformation that would occur successively in
adjacent parts of the cortex.

Hours to days

In mouse embryos, PeCoWaCo can be detected most
often from the 8-cell stage onwards [8,17], when acto-
myosin begins a slower, longer-term reorganization. This
reorganization is mirrored by changes in surface tension
and leads to the compaction of the embryo over a
timescale of ~10 h [5,17]. As in other species [25,44—
46], compaction of the mouse embryo is set by the ratio
of surface tensions between cell—cell contacts and the
embryo surface [17,47]. During mouse compaction, the
tension ratio gradually changes primarily thanks to the
elevation of contractility throughout the 8-cell stage
(Figure 1a) [17]. What controls contractility increase
and, therefore, the timing of compaction? As noted in

the 1980s, protein synthesis inhibitors applied from the
late 2-cell stage on do not block compaction. Moreover,
this treatment could induce compaction as early as at
the 2- or 4-cell stage, suggesting the presence of an in-
hibitor of compaction that would be continuously pro-
duced [48,49]. The timing of compaction could be
controlled by PKC signaling because PKC activators
trigger premature compaction at the 4-cell stage
[50,51]. Recently, Protein Kinase C (PKC) activation
was proposed to activate actomyosin contractility via the
Rho GTPase [5], which was earlier found to be required
for compaction [52]. What would occur downstream of
Rho remains unclear since Rho kinase (Rock), the usual
suspect for controlling actomyosin contractility, does not
seem to be involved in compaction as neither Rock in-
hibitors [13,53,54], nor Rock knockout [55] shows a
compaction phenotype (or other signs of contractility
inhibition). What controls the onset of contractility and
kick-starts preimplantation morphogenesis remains
unclear.

Spatial control of actomyosin contractility
While contractility rises during the 8-cell stage, it be-
comes spatially patterned at the cellular and tissue
levels, definitively transforming a loosely organized
cluster of cells into an elaborate cyst.

Subcellular scale

During the 8-cell stage, blastomeres gather their apical
material into the apical domain, a master regulator of
preimplantation development. Indeed, the apical
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Contractility and de novo polarity establishment in early embryos of C. elegans and mouse. Early C. elegans (top) and mouse (bottom) embryos undergo
de novo polarization at the zygote and 8-cell stage respectively. In C. elegans, anisotropic pulsed contractions (green) produce cortical flows that entrain
the cytoplasm, which starts streaming (middle) [40,41]. These help segregating polarity proteins into distinct domains (red and blue) [42]. In the 8-cell
stage mouse embryo (bottom), contractility gradually rises and generates PeCoWacCo (left, green) [8,17]. Concomitantly, cells undergo cell-autonomous
de novo polarization but, contrary to C. elegans, no cytoplasmic streaming is observed (middle) and contractility seems unnecessary to form the apical

domain (right) [5,8].

domain provides positional information that guides cell
differentiation by sequestering regulators of the TE fate
promoting Yap co-transcriptional regulator [9]. It also
determines cell positioning by orienting the spindle
during the 4th and 5th cleavages [4,7,56] and by con-
trolling contractility [8]. While enriched in microvilli [3]
and apical proteins [4,7,13,56], the apical domain is
depleted in actomyosin (Figure 2) [8]. The absence of
actomyosin at the apical domain seems to depend on the
apical kinase aPKC, as double mutants for the zeta and
iota isoforms of aPKC show ectopic actomyosin enrich-
ments at what remains of their apical domain [8].
Because the apical domain can be asymmetrically
distributed during the 8- to 16-cell stage division, sister
cells inherit distinct contractility [8]. This translates
into distinct amplitudes of PeCoWaCo on the short
timescale and into the sorting of cells on the long
timescale with the most contractile cells being inter-
nalized [8,54]. After their spatial allocation, outer cells
initiate their differentiation in TE, while inner cells opt
for the ICM fate (Figure 1b). This differentiation relies
in part on the Yap co-transcriptional activator, which
responds to mechanical stimuli [57,58], including the
ones generated by actomyosin contractility [59]. During
the internalization of the ICM, surface cells become
stretched, and Yap becomes nuclear, whereas it remains
cytoplasmic in the rounder inner cells [8]. Interestingly,
myosin function is essential for both the positioning of

cells and the correct localization of Yap [8]. Whether this
phenomenon is controlled by mechanosensing requires
further experiments.

What controls the formation of the apical domain at the
8-cell stage? Interestingly, de novo polarization in
C. elegans zygotes relies on actomyosin contractility
(Figure 3) [40—43]. Inhibiting actomyosin contractility
in the mouse embryo leads to conflicting results when it
comes to apical domain establishment. Blebbistatin, a
direct inhibitor of nonmuscle myosin II [60], efficiently
blocks cell division, PeCoWaCo, and lowers surface
tension [17] but does not affect apical domain formation
[5]. Similarly, heterozygous knockout of the myosin
heavy chain isoform Myh9 or homozygous knockout of
another isoform Myh10 does not seem to affect polarity
because these mutants successfully go through pro-
cesses requiring polarity (they form a blastocyst with
TE, ICM, and a blastocoel) [8]. Nevertheless, Zhu et al.
conclude that contractility is required for apical domain
establishment [5,61] based on the effect of ML7, an
inhibitor of the myosin regulatory light chain kinase
[62], which prevents the formation of the apical domain.
From these conflicting observations, we suspect that
ML7 affects mouse blastomeres beyond their contrac-
tility, and we do not think that contractility is required
for apical polarity establishment in the early mouse
embryo.
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Tissue scale

Additionally to the apical domain, cell—cell contacts also
downregulate contractions (Figure 2). Originally
discovered in the compacting mouse embryo [63], the
cell—cell adhesion molecule E-cadherin (or Cdhl) sig-
nals to reduce contractility locally at contacts between
cells [25,64,65] as well as globally [23]. The control of
contractility by cadherins can be mediated via regulators
of the small GTPase Rho, which are recruited by p120-
catenin, a core component of adherens junctions
[66,67]. During compaction, actomyosin levels decrease
at cell—cell contacts as compared with the cell medium
interface in a Cdhl-dependent manner [17]. On the
long timescale, the local downregulation of contractility
could account for up to 1/4 of the entire compaction of
the mouse embryo [17].

As actomyosin is reduced at cell—cell contacts and at the
apical domain, PeCoWaCo becomes confined to the
nonapical part of the noncontact interface (Figure 2).
This contractile interface disappears when embryos
develop further at 16-cell stage, as cells which do not
inherit the apical domain from their mother cell inter-
nalize [8], and polarized cells enlarge their apical
domain [4,5] until the most contractile part of the
exposed surface disappears [13]. This is concomitant
with the sealing of the tight junctions when the apical
domains of contacting cells zip together and seal the
embryo (Figure 2) [13]. Zenker et al. conclude that the
expansion of the apical domain does not result from the
difference in contractility between the apical and
nonapical part of the cell. This is based on experiments
with drugs that were thought to inhibit contractility.
However, as stated by the authors [13], these drugs did
not affect cell shape, which is inconsistent with a
number of other studies in which contractility is
inhibited [5,8,14,15,17]. At that point, it is worth
highlighting a technical note on Blebbistatin, a potent
contractility inhibitor, which is, as many other drugs,
hydrophobic, and not compatible with usual mouse
embryo culture conditions under mineral oil [8,15,17].
Therefore, it remains conceivable that the expansion of
the apical domain results from the different contractility
between the apical and nonapical part of the exposed
cell surface.

Once tight junctions are sealed [68], intercellular fluid
becomes trapped within the intercellular space [13] and
accumulates to form the blastocoel. This occurs after
the fracturing of cell—cell contacts by pressurized fluid
leading to the formation of micron-size water pockets
(Figure 1c) [15]. As observed  vitro [18], contractility
mediates the healing of these fractures and can redis-
tribute the extra-cellular fluid. The higher contractility
of the ICM, as compared with the TE, squishes the fluid
away from the ICM and progressively coarsens the many
smaller water pockets into a larger one until there is only
one lumen remaining [15]. Interestingly, on short time
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scales, water pockets seem to pulse at a rhythm close to
the one of PeCoWaCo [15,17]. After a few hours of
expansion, the blastocoel undergoes cycles of collapse
and re-growth reaching a long-term steady state [69].
Collapses seem to result from transient seal rupture
because of cell division within the TE [14,70]. Once
again, tight junction repair is aided by contractility [14],
which could be recruited by Rho, as observed in the
surface epithelium of Xenopus gastrula [71].

Concluding remarks

After the many discoveries on actomyosin contractility
during worm, fly, or fish development, the mammalian
embryo finally joined the club. With its comparably slow
development, the mammalian embryo can now provide
unique information on the different timescales at which
actomyosin functions. This will become possible thanks
to the advancements in imaging technologies, which will
require preserving long-term viability while enabling
high temporal resolution. In this regard, light-sheet
microscopy will be key to put the multiple scales of
contractility under the spotlight [72,73].
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1. MOUSE HUSBANDRY

All animal work is performed in the animal facility at the Institut Curie, with
permission by the institutional veterinarian overseeing the operation (APAFIS #11054-
2017082914226001). The animal facilities are operated according to international

animal welfare rules.

(C57BL/6xC3H) F1 hybrid strain is used for wild-type (WT). To visualize
filamentous actin, LifeAct—GFP mice (Tg(CAG-EGFP)#Rows) are used. To visualize
plasma membranes, mTmG (Gt(ROSA)26Sorm4(ACTB-tdTomato,-EGFP)Luo) j5 used. To
generate Prkci*- ; Prkcz*- embryos with membrane and actin signal, Prkcit™1Kido (ref.)
and Prkczi™'-1Cda (ref) mice are used to breed Prkcz—-; Prkcim!-1Cda/+ ; Zp3Cre/+ mothers

with mTmG-LifeAct-GFP fathers. Mice are used from 5 weeks old on.
2. EMBRYO MANIPULATIONS

Embryos are isolated from superovulated female mice mated with male mice.
Superovulation of female mice is induced by intraperitoneal injection of 5 international
units (IU) pregnant mare’s serum gonadotropin (PMSG, Ceva, Syncro-part), followed
by intraperitoneal injection of 5 IlU human chorionic gonadotropin (hCG, MSD Animal
Health, Chorulon) 44-48 hours later. Embryos are recovered at E1.5 or E2.5 by flushing
oviducts from plugged females with 37°C FHM (LifeGlobal, ZEHP-050 or Millipore, MR-
122-D) using a modified syringe (Acufirm, 1400 LL 23).

Embryos are handled using an aspirator tube (Sigma, A5177-5EA) equipped with
a glass pipette pulled from glass micropipettes (Blaubrand intraMark or Warner

Instruments).

Embryos are placed in KSOM (LifeGlobal, ZEKS-050 or Millipore, MR-107-D) or
FHM supplemented with 0.1 % BSA (Sigma, A3311) in 10 pL droplets covered in
mineral oil (Sigma, M8410 or Acros Organics). Embryos are cultured in an incubator

with a humidified atmosphere supplemented with 5% CO2 at 37°C.
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2.1.Blocking Cytokinesis

To block cell division, | targeted Aurora kinases that regulate cell cycle transit from
G2 through cytokinesis by using VX-680 (tocris, ref: 5907), is a small molecule inhibitor
of all three Aurora kinases (Harrington et al., 2004). At the time of 2" cleavage,
embryos were cultured in KSOM containing 2,5uM Vx-680 (tocris, ref: 5907, 50mM
dimethyl sulfoxide (DMSO) stock) for 3 hours at 37°C followed by washes in
KSOM/BSA.

2-cell 4-cell
stage stage

(\ DMSO =y
L) — (&
(@)

Nl

FIGURE 7: BLOCKING CELL DIVISION
Schematic diagram of the experimental design of blocking cell division from 2- to 4-

cell stage with aurora kinase inhibitor Vx-680.

2.2.Blocking Zygotic genome activation

To block zygotic genome activation (ZGA), | used 5,6-dichloro-1-3-D-ribofuranosyl-
benzimidazole (DRB), a RNA polymerase Il inhibitor (Tamm et al., 1976). Embryos
with paternal mTmG allele were cultured in KSOM containing 80 uM DRB (Sigma-
Aldrich, ref: D1916, 50 mM DMSO stock from Geneviéve Almouzni Lab) (Abe et al.,
2018) from early 2-cell stage (1-2h after division). Control embryos were cultured in

DRB-free medium that contained the appropriate amount of DMSO.
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FIGURE 8: BLOCKING ZYGOTIC GENOME ACTIVATION (ZGA)

Schematic diagram of the experimental design of blocking ZGA by using RNA
polymerase Il inhibitor DRB.

2.3.Zona pellucida removal

To remove the Zona Pellucida (ZP), embryos are incubated for 45-60 s in pronase
(Sigma, P8811), a mixture of several nonspecific endo- and exoproteases that digest

proteins down to single amino acids.

2.4.Dissociation

ZP-free 2- and 4-cell-stage embryos aspirated multiple times (typically between 3—
5 times) through a narrow glass pipette (with a radius that of a 2-cell-stage and of a 4-

cell-stage blastomere) until dissociation of cells.

ZP-free 16-cell-stage embryos are placed into Ca2+ free KSOM (ref. 36) for 8—10
min before being aspirated multiple times (typically between 3-5 times) through a
narrow glass pipette (with a radius that of a 1/16th blastomere) until dissociation of

cells. Cells are then washed with KSOM for 1 hour before experiment.
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2.5.Cellular Fragmentation

In order to fragment cells, | first made their actomyosin cortex weaker by culturing
cells in KSOM containing 10 uM Cytochalasin D, inhibitor of actin polymerization (CytD;
sigma, ref C2618-200UL, 10 mM DMSO stock) (Korotkevich et al., 2017). After 20 min
treatment of 10mM CytD, cells were deformed by suction into a smoothened glass
pipette ~30 um and ~5 um in diameter for 2-cell-stage and 16-cell-stage respectively

until they clipped into two.
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FIGURE 9: CELLULAR FRAGMENTATION
Schematic diagram of the experimental design of fragmentation using actin

polymerization inhibitor CytD and small glass capillaries.

2.6.Cellular Fusion

To create different cell sizes at a fixed embryonic stage, | used the GenomONE-
CF FZ SeV-E cell fusion kit (CosmoBio, ISK-CF-001-EX). This cell fusion kit contains
HVJ Envelope which is a purified product prepared through complete inactivation of
Sendai virus (HVJ: Hemagglutinating virus of Japan). It is a vesicle in which only the
cell membrane-fusing capability of the envelope protein of Sendai virus is retained
(Kaneda et al., 2002).

HVJ envelope is resuspended following manufacturer’s instructions and diluted
in FHM for use. To achieve a broad range of cell radii (15-40 um) by fusing different
number of 16-cell stage blastomeres, | first dissociated 4-cell stage embryos into 1/4th

and 2/4th. When isolated blastomeres and doublets reached to 8-cell stage, |
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dissociated 1/4th into 1/8th. this dissociations allowed me to have 2/16th, 4/16th and
8/16th embryos when they reached to 16 cell stage. To fuse half/ quarter/ eighth
embryos at the 16-cell stage, they are incubated in 1:50 HVJ envelope / FHM for 15
min at 37°C followed by washes in KSOM as described in figure 10.
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FIGURE 10: CELLULAR FUSION

Schematic diagram of the experimental design of cellular fusion by using HVJ-E

2.7. Micropipette Aspiration and surface tension measurements

As described previously (Guevorkian et al., 2010; J.-L. Maitre et al., 2015) a
microforged micropipette coupled to a microfluidic pump (Fluigent, MFCS EZ) is used
to measure the surface tension of embryos. In brief, micropipettes of radii 8-16 um are
used to apply step-wise increasing pressures against the cell surface until reaching a
deformation which has the radius of the micropipette (Rp). At steady-state, the surface
tension (y) of the cell calculated from the Young-Laplace’s law applied between the
cell and the micropipette: y= Pc/ 2 (1/Rp-1/R), where Pc is the critical pressure used
to deform the cell of radius R. Based on this measurement, we then use the Young-
Laplace law between the blastocyst and the outside medium to calculate the
hydrostatic pressure (P) of the embryo: P= 2y / R.

To change shape of the blastomeres, | used the same micropipette aspiration

system. After reaching Pc, 20 mbar extra pressure added for few seconds and
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changed back to Pc in order to manipulate the cell shape by creating a long stable
tongue inside the micropipette. These cells were imaged for PeCoWaCo before the

aspiration and during the aspiration.

2.8. Pharmacological manipulations of contractility

Blebbistatin (+), an inactive enantiomere of the inhibitor, or (-), the selective inhibitor
myosin |l ATPase activity, (Tocris, ref 1853 & 1852 ) 50 mM DMSO stocks are diluted
to 10 uM in KSOM. Isolated 16-cell-stage blastomeres are incubated in medium
containing Blebbistatin (+ or -) without covering with mineral oil for 30 min before
imaging.

ML-7 , an inhibitor of inhibitor of myosin light chain kinase, (Sigma, ref 12764 ) 10mM
ethanol:water (1:1) stock diluted to 10 uM in KSOM. Isolated 16-cell-stage blastomeres
are incubated in medium containing ML-7 without covering with mineral oil for 30 min
before imaging.

LatrunculinA, an actin polymerization inhibitor (LatA; Tocris, ref 3973) 10mM DMSO
stock diluted to 100 and 500 nM in KSOM. 100nM LatA is used for 2-cell stage embryos
and they are imaged for 2 hours. Isolated 16-cell-stage blastomeres are incubated in
medium containing LatA covered with mineral oil for 15 min before imaging.

C8 transferase, RhoA, B, C inhibitor (Cytoskeleton; Cat # CT04, Lot 117) 100 pug/ml
distilled water stock diluted to 0.75 pug/ml and 1 ug/ml in KSOM. Isolated 16-cell-stage
blastomeres are incubated in medium containing LatA covered with mineral oil for 30

min before imaging.

2.9. Microinjection

Glass capillaries (Harvard Apparatus glass capillaries with 780 um inner diameter)
are pulled using a needle puller and micro forged to make “holding pipette” and
“‘injection needle”. The resulting injection needles are filled with mRNA solution. The
filled needle is positioned on a micromanipulator (Narishige MMO-4) and connected to

a pressure device (Eppendorf Femtodet 4i). Embryos are placed in FHM drops covered
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with mineral oil under Leica TL Led microscope. Single blastomere of 2-cell-stage
embryos were injected with the mRNA solution after stabilizing them by creating
suction with holding pipette attached connected to a Micropump CellTram Oil and to

micromanipulator (Narishige, MMO-4).

3. MRNA PREPARATION

pRNs-EGFPc1-aPKCA (K273E) Kinase dead mutant plasmid (Dard et al., 2009)
was kindly gifted by Sophie LOUVET-VALLEE. First the plasmid was linearized with
Sfi1, by combining 2uL Cutsmart buffer (NEB), 1ul Sfi1 (NEB) and 2ul from plasmid
solution in a 20ul reaction at 50°C for overnight. This was followed by the purification
of the linearized plasmid by using the QIAquick PCR Purification Kit (Qiagen)
according to manufacturer’s instructions. For the in vitro transcription the mMessage
mMachine T3 kit was used. 1ul of NTP/CAP Solution, 2ul Reaction buffer, 2ul T3
Enzyme Mix was combined with 50ng of template DNA and incubated at 37°C for 2hr.
This was followed by a 15min TURBO DNase (Ambion) treatment with 1ul Enzyme.
The RNA was then precipitated and purified by using 30ul LiCl and 1ml 50% EtOH.

The RNA was then resuspended on 20ul water.

4. FLUORESCENT IMMUNOSTAINING

Embryos were fixed in 2% PFA (Euromedex, 2000-C) for 10 min at 37°C, washed
in PBS and left in PBS at 4°C till the full collection of the stages were achieved. Once
all stages (zygote, 2-cell, 4-cell and 8-cell) are fixed and washed in PBS, they are
permeabilized in 0.01% Triton X-100 (Euromedex, T8787) in PBS (PBT) at room
temperature before being placed in blocking solution (PBT with 3% BSA) at 4°C for 3
h. Ecad (eBioscience™, rat, 1:500) primary antibody was applied in blocking solution
at 4°C overnight. After washes in PBT at room temperature, embryos were incubated
with anti-rat 594 (ThermoFisher, 1:200), DAPI (ThermoFisher, 1:1000), and phalloidin-
488 (ThermoFisher, 1:500, gifted by Dureen Samandar and Julie Plastino) in blocking
solution at room temperature for 1 hr. Embryos were washed in PBT and imaged

immediately after.
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5. MICROSCOPY

5.1.Zeiss cell discoverer

For live imaging, embryos are placed in 5 cm glass-bottom dishes (MatTek) under
a Celldiscoverer 7 (Zeiss) equipped with a 20x/0.95 objective and a ORCA-Flash 4.0

camera (C11440, Hamamatsu) or a 506 axiovert (Zeiss) camera.

Using the experiment designer tool of ZEN (Zeiss), we set up a nested time-
lapse in which all embryos are imaged every 5 hours for 10 min long acquisitions with
an image taken every 5 s at 2 focal planes positioned 10 um apart to catch 2-3 time
points in each stage from zygote to 8-cell stage. Embryos are kept in a humified
atmosphere supplied with 5% CO2 at 37°C.

5.2.Zeiss Observer Z1

Live mTmG embryos are imaged at 2-,4- and 16-cell-stage using an inverted Zeiss
Observer Z1 microscope with a CSU-X1 spinning disc unit (Yokogawa). Excitation is
achieved using 488 and 561 nm laser lines through a 63x/1.2 C Apo Korr water
immersion objective. Emission is collected through 525/50 and 595/50 band pass filters
onto an ORCA-Flash 4.0 camera (C11440, Hamamatsu). The microscope is equipped
with an incubation chamber to keep the sample at 37°C and supply the atmosphere
with 5% CO2.

5.3.Zeiss LSM900

Immunostained embryos are imaged on Zeis LSM900 Inverted Laser Scanning
Confocal Microscope with Airyscan detector. Excitation is achieved using 488 and 594
nm laser lines through a 63x/1,4 OIL DICIlI PL APO objective. Emission is collected
through 525/50 and 605/70 band pass filters onto an airyscan photomultiplier (PMT).

Airyscan module allowing to increase resolution up to a factor 1.7.
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5.4. Leica/eppendorf inverted widefield

Leica inverted widefield microscope equipped with Motorized Micromanipulator
Eppendorf and a microfluidic pump (Fluigent, MFCS EZ) is used to measure the

surface tension of embryos.

6. IMAGE ANALYSIS

6.1.PeCoWaCo analysis

To analyze PeCoWaCo, | used 2 different methods : Particle Image Velocimetry
(PIV) and Local Surface Deformation Tracking. Each method allowed me to work with

different type of microscopy images and to address different questions.

6.1.1. Particle Image Velocimetry

Using PIViab 2.02 running on MATLAB (Thielicke & Stamhuis, 2014). Similar to
(Maitre et al., 2015), time-lapse movies acquired every 5 s are processed using two
successive passes through interrogation windows of 20/10 um resulting in ~ 180

vectors per embryo.

6.1.2. Local surface deformation tracking

To obtain the local curvature of isolated blastomeres, we developed an
approach similar to that of (Maitre et al., 2015) and (Driscoll et al., 2015). The method
used in Maitre et al., 2015 was MATLAB based and it was no more working due to
updates and changes in Matlab version. Therefore we needed to re-write most of the
code. Instead, we wanted this new tool to be freely accessible and more user friendly
therefore we made a FIJI plugin. This plugin is coded by Varoon Kapoor, an image

analyst in Institut Curie microscopy platform (PICT-BDD).

In order to use this custom made FIJI plugin we first need to get segmentation
of the movies. This is done by applying a Gaussian blur to membrane signal images
using FIJI (Schindelin et al., 2012) and then, by using llastik (Sommer et al., 2011),
pixels are associated with cell membrane or with background. Obtained segmentation

of cells then put in the plugin for computing the local curvature information using the
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start, center and end point of the selected box size (we used 10 um region) on the cell
surface to fit a circle and use the radius of the fitted circle as a measure of the local
deformation. All the pixels in the region are assigned the curvature value equal to the
inverse of the radius of the fitted circle. The region is then shifted by 1 pixel and a new
circle is fitted. The curvature value for the boundary pixels is then averaged. This
process is repeated till all the points of the cell are covered. Kymograph of local
curvature values around the perimeter over time is produced for further analysis.

Details of this piipeline is described in figure 11.

In addition to curvature tracking, this custom made Fiji plugin also offers signal
intensity tracking and a second method to track surface deformations by computing
the distance of the center of the cell to the boundary points. The Fiji plugin for local

curvature analysis “WizardofOz” can be found under the MTrack repository.
6.1.3. Fast Fourier Transform (FFT) analysis

The x- and y-velocities of individual vectors from PIV analysis are obtained from
PIVlab 2.02 (Thielicke & Stamhuis, 2014). A 2D Fast Fourier Transform (FFT) analysis
of x and y directions of the vector velocities over time is performed using MATLAB’s
fast Fourier transform function “FFT”. The resulting Fourier transforms are squared to
obtain individual power spectra per vector. Then, squared Fourier transforms in the x
and y directions of all vectors are averaged for individual embryos resulting in mean
power spectra of individual embryos. The peak value between 50 s and 200 s was
taken as the amplitude, as this oscillation period range is detectable by our imaging
method. An embryo is considered as oscillating when the amplitude peaks 1.85 above
background (taken as the mean value of the power spectrum signal of a given embryo).
This threshold value was chosen to minimize false-positive and false-negative
according to visual verification of time-lapse movies. For example, visual inspection
suggest that 3 zygote, 8 2-cell, 0 4-cell, 3 8-cell are false positive, and 0 zygote, 2 2-
cell, 1 4-cell, 5 8-cell are false negative. Therefore, the number of oscillating zygote is

likely overestimated while the number of oscillating 8-cell stage is underestimated.
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FIGURE 11: LOCAL SURFACE DEFORMATION TRACKING AND PECOWACO ANALYSIS
PIPELINE
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Curvature kymographs obtained from Local Curvature Tracking are then
exported into a custom made Python script for 2D Fast Fourier Transform (FFT)

analysis written by Varoon Kapoor (Fig. 11).

Spectra of individual cells and embryos are checked for the presence of a
distinct peak to extract the oscillation period. The peak value between 50 s and 300 s
was taken as the amplitude, as this oscillation period range is detectable by our
imaging method. An embryo is considered as oscillating when the amplitude peaks
1.85 times above background (taken as the mean value of the power spectrum signal

of a given embryo) for PIV to determine whether it has a detectable oscillation.

Code availability:

The code used to analyze the oscillation frequencies from PIV and local curvature

analyses can be found at github.com/MechaBlasto/PeCoWaCo.qit .

6.2. CORTEX THICKNESS

Images obtained from LSM900 airyscan are used to measure cortex thickness. The
full width at half maximum (FWHM) of cortex intensity profiles was used to assess
cortical thickness by using CortexThicknessAnalysis tool (Chugh et al., 2017; Clark et
al., 2013) available on https://github.com/PaluchLabUCL/CortexThicknessAnalysis .

7. STATISTICS

Data are plotted using Excel (Microsoft) and R-based SuperPlotsOfData tool
(Goedhart, 2021) Mean, standard deviation, median, one-tailed Student’s t-test, the
Fisher exact test, and Chi-squared p values are calculated using Excel (Microsoft) or
R (http://www.r-project.org).Statistical significance is considered when p <102
The sample size was not predetermined and simply results from the repetition of
experiments. No sample that survived the experiment, as assessed by the continuation
of cell divisions, was excluded. No randomization method was used. The investigators

were not blinded during experiments.
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1.PECOWACO THROUGHOUT CLEAVAGE STAGES.!

PeCoWaCo have been observed and described at the start of the
morphogenetic engine at the 8-cell stage and found to be continued at the following
16-cell stage at the 32-cell stage when microlumens formed. However, when and how
these oscillations start is unknown. To better understand the machinery behind we first

need to understand when and why they start.

' This chapter is submitted as “Zygotic contractility awakening during preimplantation
development” Ozge Ozgiic¢, Ludmilla de Plater, Varun Kapoor, Anna

Francesca Tortorelli and Jean-Léon Maitre. The preprint can be found at the end of
the results section.
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INITIATION OF PECOWACO

To see the initiation of PeCoWaCo, | used a nested timelapse approach. |
imaged embryos every 5 s for 10 min to allow me to catch the periodic oscillations as
described before (Maitre et al., 2015) every 5 hours. This way, | was able to catch the
early, middle, and late stages of each cleavage stage. However, imaging the early
zygote stage was not feasible as they are fragile for this frequent imaging and stop

developing.

| used particle image velocimetry (P1V) analysis (Thielicke & Stamhuis, 2014)
followed by fast Fourier transform (FFT) to detect and analyze periodic movements
(Movie 4). By looking at embryos at different cleavage stages in a short time scale, |
observed that periodic contractions are visible at all the stages, starting from the late
zygote. However, the percentage of the embryos showing the oscillations is around
~45 % at the zygote and 2-cell stages. When embryos reach the 4-cell stage, almost
all the embryos show PeCoWaCo (85% detection rate), and it stays at high levels at
the 8-cell stage as expected. | did not detect a difference in oscillation rate between
the first and second half of the stages, indicating that it is not related with the cell cycle.
Interestingly, when we look into the period of oscillations, we saw a gradual decrease
from 200s to 80s from zygote to 8-cell-stage. The period of oscillations was also the

same for the first and second half of each embryonic stage.
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FIGURE 12: ANALYSIS OF PECOWACO THROUGH CLEAVAGE STAGES

A) Representative images of a short-term time-lapse overlaid with a subset of velocity
vectors from Particle Image Velocimetry (PIV) analysis during cleavage stages.
Magenta for positive and green for negative Y directed movement. Scale bars, 20 ym.
B) Velocity over time for a representative velocity vector of each embryo shown in A.
C) Mean power spectrum resulting from Fourier transform of PIV analysis of Zygote
(grey, n = 13), 2-cell (blue, n = 22), 4-cell (orange, n = 33) and 8-cell (green, n = 22)
stages embryos showing detectable oscillations. Data show as mean + SEM. D)
Proportion of Zygote (grey, n = 27), 2-cell (blue, n = 52), 4-cell (orange, n = 39), 8-cell
stage (green, n = 34) embryos showing detectable oscillations after Fourier transform
of PIV analysis. Light grey shows non-oscillating embryos. Chi2 p values comparing
different stages are indicated. E) Oscillation period of Zygote (grey, n = 13), 2-cell
(blue, n = 22), 4-cell (orange, n = 33), 8-cell (green, n = 22) stages embryos. Larger

circles show median values. Student’s t test p values are indicated.
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ROLE OF CELL SIZE ON THE RISE OF PECOWACO DETECTION

As an embryo develops, cell size halves after each cleavage division. This
brings up some questions like: Does cell size play a role in the rise of PeCoWaCo
detection? Is there a critical cell size that triggers this increase in the periodic
oscillations in the embryos? To answer these questions, | blocked the 2nd cleavage
division by using aurora kinase inhibitor, Vx-680 (Harrington et al., 2004), to prevent
2-cell-stage embryos from cleaving and reaching the cell size 4-cell-stage. | started the
3 hours incubation in 2.5 mM Vx-680 when 1-2 embryos from the batch started turning
4-cell-stage, and at the end of 3 hours, all embryos in DMSO control were 4-cell (Fig.
13A). After several washes in the normal culture medium, | let the embryos rest for 1
hour in the incubator before starting to image. As Vx-680 is dissolved in DMSO, | used
DMSO with the same dilution as a control condition. This treatment did not prevent
them from further developing, and these embryos cleaved when it was time for the 3rd
round of cleave. | observed that, even though Vx-680 treated embryos did not cleave
and reached the size of 4-cell-stage blastomeres, most of the embryos showed
PeCoWacCo (Fig. 13C, Movie 5). Interestingly, the oscillation period in both DMSO and
Vx-680 treated embryos was the same (Fig. 13D). These results showed that 4-cell

stage blastomere size is not required to initiate PeCoWaCo in the majority of embryos.
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FIGURE 13: CELL SIZE IS NOT REQUIRED OR SUFFICIENT FOR PECOWACO

A) Schematic diagram of PeCoWaCo analysis after blocking the 2m cleavage division
with 2.5 yM Vx680. B) Representative images of DMSO and Vx-680 treated embryos
overlaid with a subset of velocity vectors from Particle Image Velocimetry (PIV)
analysis. C-D) Proportion (C) of embryos showing detectable oscillations and their
detected period (D, DMSO n =19 and Vx-680 n = 12). Chi? (C) and Student’s t test (D)
p values comparing two conditions are indicated. Larger circles show median values.
E) Schematic diagram of PeCoWaCo analysis after fragmentation of 2-cell stage
blastomeres. F) Representative images of mechanical control, fragmented cell and
enucleated fragments overlaid with a subset of velocity vectors from PIV analysis. G)
Proportion of cells showing detectable oscillations in mechanical controls (n = 8),
fragmented cells (n= 8) and enucleated fragments (n=9). The Fisher exact test p
values comparing different conditions are indicated. Light grey shows non-oscillating

embryos.
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After seeing that reaching 4-cell-stage size is not required, | wanted to test
whether PeCoWaCo could be triggered at 2-cell stage embryos by simply reducing
blastomere size to a 4-cell stage size. For this, | dissociated 2-cell stage blastomeres
and fragmented them with the help of the actin cytoskeleton inhibitor Cytochalasin D
(CytD) (Korotkevich et al., 2017) and 30 mm size smooth glass capillaries (Fig. 13E).
Aspiration into these small glass capillaries gave the blastomeres a sausage-like
shape. When aspirated 1-2 times more, cells formed an artificial cleavage furrow like
side causing the membranes of the two sides to fuse, resulting in fragmentation of the
blastomeres into two, one with nucleus we called “fragmented cell" and the other part
that is without nucleus is called “enucleated fragment”. After fragmentation, both
control, fragmented cell, and the enucleated fragment is washed in the normal culture
medium and left in the incubator to rebuild their cortex for one hour before looking for
the presence of PeCoWaCo (Fig. 13F). While the fragmentation reduced the size of
the 2-cell stage blastomeres to a 4-cell stage blastomere, it did not initiate PeCoWaCo
(Fig. 13G, Movie 6). Eventually, both fragmented cells and the controls divided to the
4-cell stage, whereas enucleated fragments did not divide as expected. This suggests
that the 4-cell stage blastomere size is not sufficient to trigger PeCoWaCo in the

embryos.
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ROLE OF ZYGOTIC GENOME ACTIVATION ON THE RISE OF PECOWACO DETECTION

Another important change occurring around the time of appearance of
PeCoWaCo in the majority of the embryos is zygotic genome activation (ZGA)
(Hamatani et al., 2004). To investigate the role of ZGA in the initiation of PeCoWaCo
during the 2- to 4-cell stage transition, | blocked the major ZGA by treating 2-cell stage
embryos with the inhibitor of Pol lI-mediated transcription DRB (Fig. 14A) (Abe et al.,
2018). To control whether ZGA is effectively blocked or not, | used embryos that
express fluorescent membrane marker mTmG from a paternal allele. This signal
becomes visible at the end of the 2-cell stage as paternal mTmG expression starts
after the zygotic genome is activated (Fig. 14B). | started treating with DRB (and DMSO
as control) at the early or late 2-cell stage. | observed that DRB treatment prevents the
2- to 4-cell stage divisions when the treatment is applied from the early 2-cell stage as
expected due to the 2-cell blockage. Paternal mTmG expression is detected in
embryos treated with DMSO and in embryos treated with DRB in the late 2-cell stage.
This indicates that ZGA is impacted only by early 2-cell stage DRB treatment (Fig.
14C&E). When looking into PeCoWaCo, | found that treating embryos with DRB
starting from the early 2-cell stage prevents their appearance when reaching the time
of the 4-cell stage specifically. In contrast, it does not prevent when they are treated
from the late 2-cell stage (Fig. 14D&F, Movie 7). Therefore, ZGA is required for

triggering periodic contractions during preimplantation development.
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FIGURE 14: ZGA PLAYS AN IMPORTANT ROLE ON THE RISE OF PECOWACO DETECTION
A) Schematic diagram of PeCoWaCo analysis after blocking ZGA with DRB. B)
Representative images of embryos expressing mTmG from their paternal allele
through cleavage stages. LUT is adjusted to 8-cell stage. C&E) Representative images
of embryos treated from early 2-cell stage (C) and from late2-cell stage (E) expressing
mTmG from their paternal allele at the end of the nested timelapse imaging. LUT is
adjusted to 8-cell stage DMSO. D&F) Proportion of embryos treated from early 2-cell
stage (D) with DMSO (N = 12) and with DRB (N= 12) showing detectable oscillations
and from late2-cell stage (F) with DMSO (N=13) and with DRB (N= 13) showing

detectable oscillation.
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CHANGES IN ACTOMYOSIN CORTEX THROUGH CLEAVAGE STAGES

To better understand how ZGA can play a role in the initiation of PeCoWaCo,
we looked into the changes occurring in the actomyosin cortex over the cleavage
stages. Although contractility is a major engine powering preimplantation
morphogenesis, since no morphogenesis occurs before the 8-cell stage, contractility
during the cleavage stages has been overlooked. To investigate this, Ludmilla De
Plater, who is an engineer in our lab, measured the surface tension of cells with
micropipette aspiration as a readout of contractility during cleavage stages (Fig. 15A).
Mapping the surface tension through cleavage stages showed that surface tension
gradually decreases from the zygote to the 8-cell stage (Fig. 15B). The surface tension
levels noticeably mirror the ones of the period of PeCoWaCo during cleavage stages
(Fig. 1E). Changes in cell surface tension can be accompanied by remodeling of the
actomyosin cortex of the cell, which can be investigated by measuring the thickness of
the cortex (Chugh et al., 2017). | measured cortex thickness across cleavage stages
using Airyscan microscopy and full width at half maximum (FWHM) measurements to
evaluate whether the actomyosin cortex thickness accompanies the change in surface
tension. | found that cortical thickness does not vary during cleavage stages, at least
to the point of resolution that | can obtain from airyscan microscopy, which is 170 nm
(Fig. 15C). This suggests that despite its change in behavior and mechanical property,
the cortex may not undergo major structural rearrangements that change its thickness

during cleavage stages.
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FIGURE 15: ACTOMYOSIN CORTEX MECHANICS THROUGH CLEAVAGE STAGES
A) Representative images of the tension mapping method. B) Surface tension of

blastomeres throughout cleavage stages. Zygote (gray, n = 60), 2-cell (blue, n = 86),
4-cell (orange, n=55), early 8-cell (green, n=28) stages are shown. C) Cortex thickness
of embryos throughout cleavage stages. Each point is averaged cortex thickness of
blastomeres of an embryo. Zygote (gray, n = 15), 2-cell (blue, n = 34), 4-cell (orange,
n= 23), early 8-cell (green, n=11). Larger circles show median values. Student’s t test

p value comparing the conditions are indicated

We hypothesized that the tension of blastomeres at the zygote and 2-cell stages
might be too high for PeCoWaCo to become visible. To reduce the tension of the
cortex, | used a low concentration of the actin polymerization inhibitor Latrunculin A
(LatA). Softening the cortex of 2-cell stage embryos with 100nM LatA increased the
proportions of embryos displaying PeCoWaCo (Fig. 16B). Moreover, LatA treated
embryos showed decreased oscillation period of PeCoWaCo compared to controls
(Fig. 16C). This suggests that PeCoWaCo become more visible thanks to the gradual
softening of the cortex of blastomeres during cleavage stages. Moreover, the
polymerization rate of the actin filaments could be responsible for the decrease in the

PeCoWaCo period observed during cleavage stages.
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FIGURE 16: ROLE OF ACTOMYOSIN MECHANICS ON PECOWACO DETECTION AND
SCALING OF THE PERIOD
A) Representative images of Control and 100nM Latrunculin A treated embryos

overlaid with a subset of velocity vectors from Particle Image Velocimetry (PIV)
analysis B-C) Proportion (B) of embryos showing detectable oscillations and their
detected period (C) of DMSO treated (n = 26) and 100 nM Latrunculin A treated (n =
27) 2-cell stage embryos. Chi? and Student’s t test p value comparing two conditions
is indicated. Light grey shows non-oscillating embryos. Larger circles show median

values.
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2.REGULATION OF PECOWACO

Unlike other model organisms typically used to study animal morphogenesis,
the mouse embryo develops slowly. However, actomyosin keeps beating with the
same tempo in the mouse as it does in fast-developing organisms. We take advantage
of the slow development of the mouse embryo to study thousands of pulsed
contractions and the robustness of the mouse embryo to size manipulation to explore
the regulation of PeCoWaCo and fine-tuning mechanisms.

Investigating how PeCoWaCo initiate and mature over the preimplantation
development revealed that the period of PeCoWaCo is decreased through
development. This decrease nicely mirrors the decreasing cell size and the decreasing
surface tension from zygote to early 8-cell stage. It has been previously shown that
removing Myosin or Actin filaments from the system with high doses of chemical
treatments such as Blebbistatin and Cytochalasin D (CytD) stop the PeCoWaCo,
whereas removing cell-cell adhesion with E-cad mutants does not have any effect
(Maitre et al., 2015). However, what regulates and fine-tunes the period and the
velocity of PeCoWaCo remains unknown. Here, | investigated geometrical and
molecular regulators of PeCoWaCo, to understand the regulation of PeCoWaCo

better.
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2.1.GEOMETRICAL REGULATION

After three rounds of cleavage division, with the start of the morphogenesis,
cells of a compacting embryo lose their sphericity and flatten towards their neighbors,
increasing their cell-cell contact with their neighbors, giving them a more cubic-like
shape. However, cadherin knockout embryos showed that PeCoWaCo are not affected
by cellular adhesion decrease (Maitre et al., 2015). Similarly, with polarization, when
cells form an apical domain taking up a large portion of the cell surface the oscillation
period does not seem to be different from cells in which the wave can propagate on
the entire cell surface (Maitre et al., 2016). This raises the question of how robust

PeCoWacCo are to geometrical parameters?
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CELL SIZE DOES NOT INFLUENCE THE PROPERTIES OF PECOWACQO?

We have seen that the cell size is neither required nor sufficient to initiate
PeCoWaCo. Nevertheless, the decrease in the period of PeCoWaCo over
development remarkably mirrors the decrease in blastomere size (Fig. 12E). Suppose
PeCoWacCo travel around the cell at a constant velocity at each of these stages. In that
case, this could be the reason behind the reduced period according to the reduced
distance to travel around cells. To investigate this, | manipulated the blastomere size
at the specific embryonic stage, at the 16-cell-stage, to eliminate changes that might
come from changing developmental stages like surface tension. To do this, | fused
varying numbers of 16-cell stage blastomeres and reached to cell size equivalent to 8-
, 4- and 2-cell stages (Fig. 17A). In addition, | fragmented 16-cell stage blastomeres
and made smaller cells equivalent to 32-cell stage blastomeres (Fig. 17A). Together, |
could image 16-cell stage blastomeres with sizes ranging from 10 to 30 ym in radius
(Fig. 17B-C, Movie 8-9). To investigate how PeCoWaCo may scale with cell size, |
used local curvature tracking analysis, allowing for tracking and measuring wave
velocity in addition to its period. Analysis of this range of cell sizes that has the same
embryonic stage, | observed that fused and fragmented 16-cell stage blastomeres
show the same period, regardless of their size (Fig. 17D). Interestingly, the wave
velocity also remains constant regardless of cell size (Fig. 17E). Together, using fusion
and fragmentation of cells, we find that PeCoWaCo oscillation properties are robust to
a large range of size perturbations. Fusion of cells at the 16-cell stage implies that
blastomeres with and without apical domains are merged. The apical domain is known
to influence the amplitude of contractile waves (Maitre et al., 2016). Therefore, apical
signals may also influence the period and velocity of PeCoWacCo. | will address this in

the molecular regulation of PeCoWaCo section

2 This section is included in the manuscript submitted as “Zygotic contractility
awakening during preimplantation development” Ozge (")zgiig, Ludmilla de Plater,
Varun Kapoor, Anna Francesca Tortorelli and Jean-Léon Maitre. The preprint can be
found at the end of the results section.
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FIGURE 17: PERIOD AND VELOCITY OF PECOWACO ARE STABLE ACROSS A BROAD
RANGE OF CELL SIZES.
A) Schematic diagram of fusion and fragmentation of 16-cell stage blastomeres.

B) Montage of mTmG (top) and local curvature measurements (bottom) of fused 8x,
4x, 2x 1/16™" blastomeres and of mechanically manipulated and fragmented 2-cell
stage blastomeres with and without nucleus 1/16%" blastomeres showing PeCoWaCo.
Scale bar, 20 ym. C) Radius of different cell sizes obtained from fusing and
fragmenting 16-cell stage blastomeres are shown. 8 x 1/16" (blue, n=6), 4 x 1/16®
(orange, n = 12) and 2 x 1/16" (green, n=7) fused blastomeres, Control (black, n = 6),
fragmented cell (magenta, n= 8), enucleated fragment (pink, n=4). Larger circles show
median values. D-E) Oscillation period (D) and wave velocity (E) of PeCoWaCo over
the range of radius obtained by fused and fragmented blastomeres. 8 x 1/16™ (blue,
n=6), 4 x 1/16™" (orange, n = 12) and 2 x 1/16™ (green, n=7) fused blastomeres, Control
(black, n = 6), fragmented cell (magenta, n= 8), enucleated fragment (pink, n=4) are

shown. Large circles show median.
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CONSTRICTION OF THE AREA DOES NOT CHANGE THE PERIOD OF THE OSCILLATIONS

Although they affect the cell shape drastically, cleavage divisions are not the only
shape-changing events that the blastomere of a preimplantation embryo undergoes.
During compaction, for example, angles between contacting cells increase from ~ 5°
to ~150° as blastomeres are pulled into closer contact, leaving a progressively smaller
region for PeCoWaCo to be observed. To investigate the effect of cell shape changes
occurring during compaction on the regulation of PeCoWaCo, | imaged at 8-cell stage
embryos at different compaction levels and analyzed PeCoWaCo by using PIV
analysis. By looking at 8-cell stages embryos at different compaction levels ranging
between 55 — 160 ° average contact angle, | observed that compaction level does not
affect the oscillation period (Fig. 18A). Although it seems to affect the amplitude of the
oscillations (Fig. 18B), it is hard to decipher if it is due to compaction or because PIV

cannot detect the movements in the compacted embryo as nicely as in not compacted

embryo.
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FIGURE 18 : PECOWACO PERIOD IS NOT AFFECTED FROM COMPACTION OF THE EMBRYO
A-B) Oscilation period (A) and amplitude (B) of PeCoWaCo obtained from PIV analysis
over the contact angle of 8-cell stage embryos. N =57. Red dotted line shows the trend

line.
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Compaction occurs over timescale of ~10h (Maitre et al., 2015; Zhu et al.,
2017). Considering the time scale of PeCoWaCo, compaction process might be slow
enough to adjust to the gradually restriction of the free area. To investigate a faster
response of PeCoWaCo in detail, | used Ca 2+ free medium and did local curvature
tracking analysis (Fig. 19A). As cell-cell adhesion requires Ca 2+ ions, when the
calcium is removed from the system cell-cell contact area is decreasing. This treatment
is reversible, the medium is replaced back to normal culture medium, cell-cell contacts
are restored in ~30min. Therefore, with this chemical treatment we can recreate
compaction in much shorter time than it naturally occurs allowing us to investigate the
effect of area restriction on PeCoWaCo on much shorter time scale. To be able to
investigate PeCoWaCo in detail with local curvature tracking analysis | used 16-cell
stage doublets instead of intact embryos due to limitations in image segmentation at
embryo level. To affect cell-cell contact size, doublets are placed in Ca 2+ free medium
for 5-8min followed by washes in normal culture medium. | imaged Ca 2+ free medium
treated embryos right after the washes and after 1h of recovery. | observed that
restriction of the area did not affect the oscillation period (Fig. 19B) whereas the
amplitude and the velocity of the oscillations are decreased together with the
decreasing free area (Fig. 19C-D).

We know that in addition to reducing the free surface area, cell-cell contacts
also downregulate contractions as the cell-cell adhesion molecule E-cadherin (or
Cdh1) signals to reduce contractility locally at contacts between cells (Maitre et al.,
2012) as well as globally (Padmanabhan 2017). This could explain the reduction of the
oscillation amplitude in the doublets. It is not the case for endogenous difference, this
could be explained by the global increase in actomyosin contractility at this stage
(Maitre et al., 2015).
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FIGURE 19: RAPID CHANGES IN CONTACT ANGLE AFFECTS PECOWACO.

A) Schematic diagram of changing the compaction level of 16-cell-stage doublets with
removing and adding Ca2+ from the culture medium. B-D) Oscillation period (B),
amplitude (C), and velocity (D) of single cells over the changing contact angle of the

doublets. N doublet= 5, N single cell = 10. Red dotted line shows the trend line.
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MECHANICAL STRESS REDUCES WAVE VELOCITY

To test whether PeCoWaCo are affected by mechanical stress and change in
sphericity, | stretched a portion of the cell surface using micropipette aspiration. After
observing PeCoWaCo of a given cell, | first determined the critical pressure above
which cells flow inside small micropipette (ranging between 5-50 Pain this case). Then,
| applied an additional 20 Pa to create a large deformation (ranging between 10-25 ym
in length), before setting the pressure back to the critical pressure to observe
PeCoWaCo in that controlled stressed configuration (Fig. 20A). | find that
microaspiration does not affect the oscillation period of pulsed contractions in the
aspirated or in the free part of the cell (Fig. 20B, Movie 10). However, the propagation
velocity of the contractile waves are noticeably slowed down in a majority of the
aspirated cells (Fig. 20C). This effect does not seem to depend on the aspiration
pressure or length of the deformation.

By aspiration, we put mechanical stress onto the cells. This result shows us that,
oscillation period is not affected by the additional stress whereas mechanical stress
can affect the propagation of pulsed contractions, which is compatible with previous
observations in other species (Goehring et al., 2011; Munjal et al., 2015; Munro et al.,
2004).
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FIGURE 20: MECHANICAL STRESS CHANGES THE VELOCITY OF PECOWACO
A) Schematic diagram of micropipette aspiration. B-C) Oscillation period (B), and

velocity (C) of isolated 16-cell-stage blastomeres (N= 24) before (black) and during the
aspiration (outside in blue, inside in pink). Student’s t test p values comparing the

conditions are indicated. Larger circles show median values.
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2.2.MOLECULAR REGULATION

As we showed at the initiation of PeCoWaCo section, surface tension of developing
mouse embryo drops from ~1500pN/um to ~400 pN/um over cleavage stages from
zygote to 8-cell-stage. This drop in the levels of surface tension noticeably mirrors the
ones of the period of PeCoWaCo during cleavage stages. Moreover, in the geometrical
regulation section we showed that period of PeCoWacCo is not affected from changing
cell size and shape. On the other hand, wave velocity is reduced with increasing
mechanical stress.

To better understand the regulatory machinery of PeCoWaCo, we wanted to
dissect the molecular regulation of it. Preimplantation mouse embryo contains
maternally deposited mRNA and proteins. Therefore one requires to specially target
those mRNA and/or the protein of interest instead of their encoding genes to
understand their role otherwise the essential functions of those genes during
preimplantation morphogenesis remains hidden. To dissect the molecular regulation
of PeCoWaCo, we first wanted to use RNAI technique by using siRNAs targeting the
mRNAs of actomyosin cortex regulators. However, although many people in our lab
tried the published siRNAs, we could not make this technique work and obtained
published phenotypes. Therefore, | focused my investigation on using chemical
inhibitors in addition to other genetic tools such as maternal zygotic mutants and
mRNA injection of dominant negative form of a protein of interest. In order to
quantitatively dissect the molecular regulation of PeCoWaCo we needed to affect
PeCoWaCo without killing them completely so that they remain detectable. Therefore,

| used titrated concentrations of inhibitors.
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ROLE OF MYOSIN-1I MOTOR®

To understand the molecular regulation of PeCoWaCo, we started the
investigation from the non-muscle myosin-Il motors that drive contractility of the actin
meshwork, generating forces at different length scales that enable fast remodeling of
the cell surface. Non-muscle myosin Il complexes assemble from myosin regulatory
light chains, myosin essential light chains (MLCs), and non-muscle myosin heavy
chains (NMHCs) (Vicente-manzanares et al., 2010). The phosphorylation of MLCs by
Myosin light chain kinase (MLCK) turns on the non-muscle Myosin-1l motor, promoting
the assembly of filaments and increasing ATPase activity (Vicente-manzanares et al.,

2010). NMHCs, on the other hand, are responsible for generating the power stroke.
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FIGURE 21: NON-MusCLE MYOSIN Il MOTOR STRUCTURE AND REGULATORS OF ITS
ACTIVITY

To investigate the role of myosin-ll motor in regulation of PeCoWaCo, we have
used maternal zygotic mutants of NMHCs (Myh9 and Myh10) and chemical inhibition
of its motor activity by using Blebbistatin to block its binding to actin filaments and ML-

7 to inhibit its activation via myosin light chain kinase(MLCK).

3 First part of this section is included in the publication “Multiscale analysis of single
and double maternal-zygotic Myh9 and Myh10 mutants during mouse preimplantation
development”, eLife (2021), Markus Frederik Schliffka, Anna Francesca Tortorelli,
Ozge Ozgiic, Ludmilla de Plater, Oliver Polzer, Diane Pelzer, Jean-Léon Maitre,
published manuscript can be found at the end of the results section.
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Actomyosin contractility relies on the action of several subunits of non-muscle
myosin |l, which come in distinct isoforms. To identify their specific roles, we have
generated single and double maternal zygotic knockouts of Myh9 and Myh10. We
carefully analyzed single and double maternal-zygotic Myh9 and Myh10 mutants at
multiscale during mouse preimplantation development (Schliffka et al., 2021).

By using Particle Image Velocimetry (PIV) (Thielicke & Stamhuis, 2014), we
found that the knockout of both Myh9 and Myh10 isomers separately reduces the
detection rate of PeCoWaCo (Fig. 22A) and when both isomers are knocked-out, we
did not observe PeCoWaCo on any of the embryos we imaged. Moreover, Myh9
mutants (only zygotic or both maternal and zygotic) showed more severe reduction in
PeCoWaCo detection rate compared to Myh10 mutants and when both isoforms are
mutated, PeCoWaCo are not detectable (Fig. 22A, Movie 11). When we looked in
detail to characteristic of PeCoWaCo observed in single mutants, We found that the
oscillation period was not affected in Myh10+/-, Myh10+/+ and Myh9+/- whereas it was
increased in Myh9+/- (Fig. 22B). On the other hand, the amplitude of the oscillations
was impaired in both isoform mutants gradually where both mutants showed smaller
amplitude than wildtype embryos and Myh9 mutants showed even smaller amplitudes
than Myh10 mutants (Fig. 22C). Although our sample size for oscillating Myh9 mutants
was quite low for statistical analysis, in general the analysis of maternal zygotic
mutants suggest that PeCoWaCo in mouse blastomeres result primarily from the
action of the non-muscle myosin heavy chain IlIA (coded by Myh9) rather than 1I1B
(encoded by Myh10). In addition to PeCoWaCo, other contractility driven processes
were also found impacted. All together these results reveal that actomyosin contractility
in preimplantation mouse embryos is primarily mediated by maternal MYH9, which is
found most abundantly. Comparatively, loss of Myh10 has a mild impact on
preimplantation development. Nevertheless, double maternal-zygotic mutants reveal
that in the absence of MYH9, MYH10 plays a critical role in ensuring sufficient

contractility to power cleavage divisions (Schliffka et al., 2021).
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FIGURE 22: ANALYSIS OF PECOWACO IN MYOSIN MUTANTS AT THE ONSET OF
MORPHOGENESIS.

Proportion (A) of WT (grey, n =21), Myh10+- (blue, n = 20), and Myh10- (light blue, n
= 11), Myh9+- (red, n = 17), Myh9" (light red, n = 8) embryos showing detectable
oscillations and their detected period (B) and amplitude (C) of PeCoWaCo obtained

from PIV analysis.
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In order to investigate the role of myosin in the fine tuning machinery of
PeCoWaCo we moved to chemical inhibitors as they allow to us apply titrated
inhibition of myosin activity. | used Blebbistatin, a selective inhibitor of myosin 2
activity in addition to ML-7, an inhibitor of MLCK to target the Myosin activation
from different levels at the pathway. | used isolated 16-cell stage blastomeres to
further investigate the role of myosin on PeCoWaCo regulation in detail with local
curvature tracking analysis. When | used Blebbistatin that binds to an allosteric site
in the motor domain and prevents its the binding to the actin filament and therefore
force generation, | observed that the oscillation period is increased (Fig. 23A)
whereas the amplitude or the velocity of the PeCoWaCo was not changed (Fig 23
B-C). When | treated the cell with MLCK inhibitor ML-7, | observed that period of
the oscillations were also increased (Fig. 23D) whereas amplitude and the wave
velocity remained the same (Fig. 23E-F) as in the case of blebbistatin treatment.

All together, these experiments suggests that, myosin motor, and MLCK
pathway that regulates its activity, is an important regulator of oscillation period

and its amplitude, whereas it does not play a role in regulation of the wave velocity.
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FIGURE 23: FINE TUNING OF PECOWACO PERIOD WITH MYOSIN ACTIVITY

Oscillation period (A&D), amplitude (B&E), and velocity (C&F) of isolated 16-cell-stage
blastomeres treated with Blebbistatin (A-C) and ML-7 (D-F). Blebbistatin (+) (black, n=
26), Blebbistatin (-) (blue, n = 23), EtOH (black, n = 17,) ML-7 (pink, n = 19). Student’s
t test p values comparing the conditions are indicated. Larger circles show median

values.
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ROLE OF ACTIN FILAMENTS

As we saw that cortex thickness is not correlating with the changes in surface
tension and oscillation period of PeCoWaCo, we do not expect the architecture or the
density of the actin filaments to play a role. However, what we did not learn from cortex
thickness measurement is the dynamics of actin filaments as it is measured from
immunofluorescence on the fixed embryos. It is known that actin filaments and
associated proteins undergo wave-like movement in various types of cells. Directional
polymerization and/or depolymerization of actin flaments can lead the propagation of
the wave. To investigate this, | used titrated concentration of Latrunculin A (LatA), a
chemical that competitively binds to globular actin preventing them to polymerize into
filamentous actin. When 500nM LatA is used, | observed that period of the oscillations
were almost doubled in some cells whereas it was not changed in others (Fig. 24A).
On the other hand, the wave velocity remained the same in all of the cells (Fig. 24B).
When | looked in detail to cells which changed their period | observed that LatA
treatment cause them to change number of wave that travels from 2 to 1 (Fig. 24C,

Movie 12) and this is how their period doubled whereas their velocity stayed the same.
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FIGURE 24: EFFECT OF LATRUCULIN A TREATMENT ON PECOWACO
A-B) Oscillation period (A), and velocity (B) of isolated 16-cell-stage blastomeres
treated with Latrunculin A (LatA). DMSO (black, n= 22), Lat A (red, n= 21). Student’s t

test p values comparing the conditions are indicated. Larger circles show median

values. C-D) Representative images (C) of control and Latrunculin A treated cells

overlaid with surface deformation heatmap and kymograph (D) obtained from surface

deformation tracking for period detection and velocity measurements.
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ROLE OF APKC

At the 8-cell stage, blastomeres polarize by forming an apical domain, which
occupies only a portion of the contact-free surface. Atypical Protein Kinase C
(aPKC) antagonizes myosin phosphorylation at the apical domain and it is
essential for the stabilization of cell polarity at the 16-cell stage. In mammals,
two Prkc genes, aPrkcA and aPrkc{ encoding two different proteins have been
identified. Double mutants for the zeta and iota isoforms of aPKC show ectopic
actomyosin enrichments at what remains of their apical domain (Maitre et al.,
2016). Because the apical domain can be asymmetrically distributed during the 8-
to 16-cell stage division, sister cells inherit distinct contractility (Maitre et al., 2016).
This translates into distinct amplitudes of PeCoWaCo (Maitre et al., 2016).
Moreover, when | fused cells at the 16-cell stage, blastomeres with and without
apical domains are merged. Therefore, apical signals may also have an influence
on the period and/or velocity of PeCoWaCo. To test this, | disrupted apical
signaling by using Prkci+- ; Prkcz*- maternal mutants (aPKC+") as well as injection
of dominant negative Kinase dead aPKC (aPKC-Kd-DN) (Dard et al., 2009). To be
able to analyze PeCoWaCo in detail, | dissociated the embryos at 16-cell stage
and imaged at the equatorial plane for every 5s for 10 min and analyzed the movies
by using local curvature tracking. When compared to wildtype embryos and not
injected side of the embryo, neither Prkcz and Prkci maternal mutants nor kinase
dead aPKC containing blastomeres showed a difference in oscillation period (Fig.
25A-B). Period was also not different between blastomeres with or without apical
domain in aPKC+- blastomeres (Fig. 25C).
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FIGURE 25: APKC PATHWAY DOES NOT AFFECT PECOWACO.

A-C) Oscillation period of 16-cell- stage isolated blastomeres of aPKC+- (A) embryos,
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blastomeres of aPKC+- embryos compared. Apolar (purple, n = 33), polar (pink, n= 35)

Student’s t test p values comparing the conditions are indicated. Larger circles show

median values.
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ROLE OF RHO PATHWAY

The cycling of contractile pulses is typically regulated by the Rho GTPase
signaling module, which controls both actin filaments nucleation via formins and non-
muscle myosin Il activation via kinases (Zaidel-Bar et al., 2015). Moreover, the control
of contractility by cadherins can be mediated via regulators of the small GTPase Rho.
As we observed in our previous experiments, increasing cell-cell contact formation
correlated with decrease in oscillation amplitude. We also know that during
compaction, actomyosin levels decrease at cell-cell contacts as compared with the cell
medium interface in a Cdh1-dependent manner (Maitre et al., 2015). Therefore, this
pathway is likely to be a regulator of the period of PeCoWaCo during development.
However, Rho kinase (Rock), the usual suspect for controlling actomyosin contractility,
does not seem to be involved in compaction as neither Rock inhibitors (Kono et al.,
2014; Laeno et al.,, 2013; Samarage et al., 2015; Zenker et al., 2018), nor Rock
knockout (Kamijo et al., 2011) shows a compaction phenotype (or other signs of
contractility inhibition). Therefore, | wanted to inhibit this pathway from upstream of
Rock and used RhoA, B, C inhibitor C3 transferase. Preliminary results with this
inhibitor showed, inhibiting Rho A, B, and C does reduce the amplitude of the oscillation

but does not affect the period or the velocity (Fig. 26A-C).
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Abstract

Actomyosin contractility is a major engine of preimplantation morphogenesis, which starts at
the 8-cell stage during mouse embryonic development. Contractility becomes first visible with
the appearance of periodic cortical waves of contraction (PeCoWaCo), which travel around
blastomeres in an oscillatory fashion. How contractility of the mouse embryo becomes active
remains unknown. We have taken advantage of PeCoWaCo to study the awakening of
contractility during preimplantation development. We find that PeCoWaCo become detectable
in most embryos only after the 2" cleavage and gradually increase their oscillation frequency
with each successive cleavage. To test the influence of cell size reduction during cleavage
divisions, we use cell fusion and fragmentation to manipulate cell size across a 20-60 ym
range. We find that the stepwise reduction in cell size caused by cleavage divisions does not
explain the presence of PeCoWaCo or their accelerating rhythm. Instead, we discover that
blastomeres gradually decrease their surface tensions until the 8-cell stage and that artificially
softening cells enhances PeCoWaCo prematurely. Therefore, during cleavage stages, cortical

softening awakens zygotic contractility before preimplantation morphogenesis.

Introduction

During embryonic development, the
shape of animal cells and tissues largely
relies on the contractility of the actomyosin
cortex (Coravos et al., 2017; Murrell et al.,
2015; Ozgic and Maitre, 2020). The
actomyosin cortex is a sub-micron-thin layer
of crosslinked actin filaments, which are put
under tension by non-muscle myosin |l
motors (Kelkar et al., 2020). Tethered to the
plasma membrane, the actomyosin cortex is
a prime determinant of the stresses at the
surface of animal cells (Clark et al., 2014;
Kelkar et al., 2020). Contractile stresses of
the actomyosin cortex mediate crucial cellular
processes such as the ingression of the
cleavage furrow during cytokinesis (Fujiwara
and Pollard, 1976; Straight et al., 20083;
Yamamoto et al., 2021), the advance of cells’
back during migration (Eddy et al., 2000; Tsai
et al.,, 2019) or the retraction of blebs
(Charras et al., 2006; Taneja and Burnette,
2019). At the tissue scale, spatiotemporal
changes in actomyosin contractility drive
apical constriction (Martin et al., 2009; Solon
et al., 2009) or the remodeling of cell-cell
contacts (Bertet et al.,, 2004; Maitre et al.,
2012). Although tissue remodeling takes

place on timescales from tens of minutes to
hours or days, the action of the actomyosin
cortex is manifest on shorter timescales of
tens of seconds (Coravos et al.,, 2017;
Michaud et al., 2021; Ozgiic and Maitre,
2020). In fact, actomyosin is often found to act
via pulses of  contraction  during
morphogenetic processes among different
animal species from nematodes to human
cells (Baird et al., 2017; Bement, 2015;
Blanchard et al., 2010; Kim and Davidson,
2011; Maitre et al., 2015; Martin et al., 2009;
Munro et al., 2004; Roh-Johnson et al., 2012;
Solon et al., 2009). A pulse of actomyosin
begins with the polymerization of actin
flaments and the sliding of myosin mini-
filaments until maximal contraction of the
local network within about 30 s (Dehapiot et
al., 2020; Ebrahim et al., 2013; Martin et al.,
2009). Then, the actin cytoskeleton
disassembles, and myosin is inactivated,
which relaxes the local network for another 30
s (Mason et al., 2016; Munjal et al., 2015;
Vasquez et al., 2014). These cycles of
contractions and relaxations are governed by
the turnover of the Rho GTPase and its
effectors, which are well-characterized
regulators of actomyosin  contractility
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(Bement, 2015; Graessl et al., 2017; Munjal
et al., 2015). In instances where a sufficient
number of pulses occur, pulses of contraction
display a clear periodicity. The oscillation
period of pulsed contractions ranges from 60
to 200 s (Baird et al., 2017; Bement, 2015;
Maitre et al., 2015; Solon et al., 2009). The
period appears fairly defined for cells of a
given tissue but can vary between tissues of
the same species. What determines the
oscillation period of contraction is poorly
understood, although the Rho pathway may
be expected to influence it (Bement, 2015;
Munjal et al., 2015; Vasquez et al., 2014).
Finally, periodic contractions can propagate
into travelling waves. Such periodic cortical
waves of contraction (PeCoWaCo) were
observed in cell culture, starfish, and frog
oocytes as well as in mouse preimplantation
embryos (Bement, 2015; Driscoll et al., 2015;
Kapustina et al., 2013; Maitre et al., 2015). In
starfish and frog oocytes, mesmerizing Turing
patterns of Rho activation with a period of 80
s and a wavelength of 20 ym appear in a cell
cycle dependent manner (Bement, 2015;
Wigbers et al, 2021). Interestingly,
experimental deformation of starfish oocytes
revealed that Rho activation wave front may
be coupled to the local curvature of the cell
surface (Bischof et al., 2017), which was
proposed to serve as a mechanism for cells
to sense their shape (Wigbers et al., 2021). In
mouse embryos, PeCoWaCo with a period of
80 s were observed at the onset of blastocyst
morphogenesis (Maitre et al., 2015; Maitre et
al., 2016). What controls the propagation
velocity, amplitude, and period of these
waves is unclear and the potential role of
such evolutionarily conserved phenomenon
remains a mystery.

During mouse preimplantation
development, PeCoWaCo become visible
before compaction (Maitre et al., 2015), the
first morphogenetic movements leading to the
formation of the blastocyst (Maitre, 2017;
Ozgii¢c and Maitre, 2020; White et al., 2018).
During the second morphogenetic
movement, prominent PeCoWaCo are
displayed in prospective inner cells before
their internalization (Maitre et al., 2016). In
contrast, cells remaining at the surface of the
embryo display PeCoWaCo of lower
amplitude due to the presence of a domain of

apical material that inhibits the activity of
myosin (Maitre et al., 2016). Then, during the
formation of the blastocoel, high temporal
resolution time-lapse hint at the presence of
PeCoWaCo as microlumens coarsen into a
single lumen (Dumortier et al.,, 2019).
Therefore, PeCoWaCo appear throughout
the entire process of blastocyst formation
(Ozgiic and Maitre, 2020). However, little is
known about what initiates and regulates
PeCoWaCo. The analysis of maternal zygotic
mutants suggests that PeCoWaCo in mouse
blastomeres result primarily from the action of
the non-muscle myosin heavy chain IIA
(encoded by Myh9) rather than IIB (encoded
by Myh10) (Schliftka et al, 2021).
Dissociation of mouse blastomeres indicates
that PeCoWaCo are cell-autonomous since
they persist in single cells (Maitre et al.,
2015). Interestingly, although removing cell-
cell contacts free-up a large surface for the
contractile waves to propagate, the oscillation
period seems robust to the manipulation
(Maitre et al., 2015). Similarly, when cells
form an apical domain taking up a large
portion of the cell surface, the oscillation
period does not seem to be different from
cells in which the wave can propagate on the
entire cell surface (Maitre et al., 2016). This
raises the question of how robust PeCoWaCo
are to geometrical parameters, especially in
light of recent observations in starfish oocytes
(Bischof et al., 2017; Wigbers et al., 2021).
This question becomes particularly relevant
when considering that, during preimplantation
development, cleavage divisions halve cell
volume with each round of cytokinesis (Aiken
et al., 2004; Niwayama et al., 2019).

In this study, we investigate how the
contractility of the cleavage stages emerges
before initiating blastocyst morphogenesis.
We take advantage of the slow development
of the mouse embryo to study thousands of
pulsed contractions and of the robustness of
the mouse embryo to size manipulation to
explore the geometrical regulation of
PeCoWaCo. We discover that the initiation,
maintenance, or oscillatory properties of
PeCoWaCo do not depend on cell size.
Instead, we discover a gradual softening of
blastomeres with each successive cleavage,
which conceals PeCoWaCo. Together, this
study reveals how preimplantation
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contractility is robust to the geometrical
changes of the cleavage stages during which
the zygotic contractility awakens.

Results
PeCoWaCo during cleavage stages

PeCoWaCo have been observed at
the 8-, 16-cell, and blastocyst stages. To
know when PeCoWaCo first appear, we
imaged embryos during the cleavage stages

and performed Particle Image Velocimetry
(PIV) and Fourier analyses (Fig 1A-C, Movie
1). This reveals that PeCoWaCo are
detectable in fewer than half of zygote and 2-
cell stage embryos and become visible in
most embryos from the 4-cell stage onwards
(Fig 1D). Furthermore, PeCoWaCo only
display large amplitude from the 4-cell stage
onwards (Fig 1B-C). Interestingly, the period
of oscillations of the detected PeCoWaCo
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Figure 1: Analysis of PeCoWaCo during cleavage stages. A) Representative images of
a short-term time-lapse overlaid with a subset of velocity vectors from Particle Image
Velocimetry (PIV) analysis during cleavage stages (Movie 1). Magenta for positive and
green for negative Y directed movement. Scale bars, 20 ym. B) Velocity over time for a
representative  velocity vector of each embryo shown in A. C) Mean
power spectrum resulting from Fourier transform of PIV analysis of Zygote (grey, n = 13),
2-cell (blue, n = 22), 4-cell (orange, n = 33) and 8-cell (green, n = 22) stages embryos
showing detectable oscillations. Data show as mean + SEM. D) Proportion of Zygote (grey,
n = 27), 2-cell (blue, n = 52), 4-cell (orange, n = 39), 8-cell stage (green, n =
34) embryos showing detectable oscillations after Fourier transform of PIV analysis. Light
grey shows non-oscillating embryos. Chi? p values comparing different stages are indicated.
E) Oscillation period of Zygote (grey, n = 13), 2-cell (blue, n = 22), 4-cell (orange, n = 33),
8-cell (green, n = 22) stages embryos. Larger circles show median values. Student’s t test
p values are indicated.
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shows a gradual decrease from 200 s to 80 s
between the zygote and 8-cell stages (Fig
1E). The acceleration of PeCoWaCo rhythm
could simply result from the stepwise
changes of cell size after cleavage divisions.
Indeed, we reasoned that if the contractile
waves travel at constant velocity, the period
will scale with cell size and shape. This is
further supported by the fact that PeCoWaCo
are detected at the same rate and with the
same oscillation period during the early or late
halves of the 2-, 4- and 8-cell stages (Fig S1).

Therefore, we set to investigate the
relationship between cell size and periodic
contractions.

Cell size is not critical for the initiation or
maintenance of PeCoWaCo

First, to test whether the initiation of
PeCoWaCo in most 4-cell stage embryos
depends on the transition from the 2- to 4-cell
stage blastomere size, we prevented
cytokinesis. Using transient exposure to Vx-
680 to inhibit the activity of Aurora kinases
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Figure 2: Initiation of PeCoWaCo is independent of cell size. A) Schematic diagram of
PeCoWaCo analysis after blocking the 2@ cleavage division with 2.5 yM Vx680. B)
Representative images of DMSO and Vx-680 treated embryos overlaid with a subset of
velocity vectors from Particle Image Velocimetry (PIV) analysis (Movie 2). C-D) Proportion
(C) of embryos showing detectable oscillations and their detected period (D, DMSO n = 19
and Vx-680 n = 12). ChP? (C) and Student’s t test (D) p values comparing two conditions
are indicated. Larger circles show median values. E) Schematic diagram of PeCoWaCo
analysis after fragmentation of 2-cell stage blastomeres. F) Representative images of
mechanical control, fragmented cell and enucleated fragments overlaid with a subset of
velocity vectors from PIV analysis (Movie 3). G) Proportion of cells showing detectable
oscillations in mechanical controls (n = 8), fragmented cells (n= 8) and enucleated
fragments (n=9). Fisher exact test p values comparing different conditions are indicated.

Light grey shows non-oscillating embryos.
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triggering chromosome separation, we
specifically blocked the 2- to 4-cell stage
cytokinesis without compromising the next
cleavage to the 8-cell stage (Fig 2A-B, Movie
2). This causes embryos to reach the 4-cell
stage with tetraploid blastomeres the size of
2-cell stage blastomeres. At the 4-cell stage,
we detect PeCoWaCo in most embryos
whether they have 4- or 2-cell stage size
blastomeres (Fig 2C). Furthermore, the
period of oscillation is identical to 4-cell stage
embryos in both control and drug-treated
conditions (Fig 2D). This suggests that 4-cell
stage blastomere size is not required to
initiate PeCoWaCo in the majority of
embryos.

Then, we tested whether PeCoWaCo
could be triggered prematurely by artificially
reducing 2-cell stage blastomeres to the size
of a 4-cell stage blastomere. First, we
analyzed for the presence of PeCoWaCo in
dissociated 2-cell stage blastomeres and
then proceeded to reduce their size (Fig 2E-
F, Movie 3). To reduce cell size, we treated
dissociated 2-cell stage blastomeres with the
actin cytoskeleton inhibitor Cytochalasin D
before deforming repeatedly them into a
narrow pipette (Fig 2E, Fig S2). By adapting
the number of aspirations of softened
blastomeres, we could carefully fragment
blastomeres while keeping their sister cell
mechanically stressed but intact. While the
fragmented cell was reduced to the size of a
4-cell stage blastomere, both fragmented and
manipulated cells eventually succeeded in
dividing to the 4-cell stage. After waiting 1 h
for cells to recover from this procedure, we
examined for the presence of PeCoWaCo. At
the 2-cell stage, PeCoWaCo were rarely
detected in either control or fragmented cells
(Fig 2G). This suggests that 4-cell stage
blastomere size is not sufficient to trigger
PeCoWaCo in the majority of embryos.

Cell size does not influence the properties of
PeCoWaCo

The transition from 2- to 4-cell stage
blastomere size is neither required nor
sufficient to initiate PeCoWaCo.
Nevertheless, the decrease in period of
PeCoWaCo remarkably scales with the
stepwise decrease in blastomere size (Fig
1E). Given a constant propagation velocity,

PeCoWaCo may reduce their period
according to the reduced distance to travel
around smaller cells. To test whether cell size
determines PeCoWacCo oscillation period, we
set out to manipulate cell size over a broad
range. By fusing varying numbers of 16-cell
stage blastomeres, we built cells equivalent in
size to 8-, 4- and 2-cell stage blastomeres
(Fig 3A-D, Movie 4). In addition, by
fragmenting 16-cell stage blastomeres, we
made smaller cells equivalent to 32-cell stage
blastomeres (Fig 3E-G, Movie 5)(Niwayama
et al., 2019). Together, we could image 16-
cell stage blastomeres with sizes ranging
from 10 to 30 ym in radius (Fig 3H-1). Finally,
to identify how the period may scale with cell
size by adjusting the velocity of the contractile
wave, we segmented the outline of cells to
compute the local curvature, which, unlike
PIV analysis, allows us to track contractile
waves and determine their velocity in addition
to their period (Fig 3A) (Maitre et al., 2015;
Maitre et al., 2016). We find that fused and
fragmented 16-cell stage blastomeres show
the same period, regardless of their size (Fig
3H). This could be explained if the wave
velocity would scale with cell size. However,
we find that the wave velocity remains
constant regardless of cell size (Fig 3l).
Therefore, both the oscillation period and
wave velocity are properties of PeCoWaCo
that are robust to changes in cell size and
associated curvature.

Fusion of cells causes blastomeres to
contain multiple nuclei, while  cell
fragmentation creates enucleated fragments.
Interestingly, enucleated fragments
continued oscillating with the same period
and showing identical propagation velocities
as the nucleus-containing fragments (Fig 3F).
These measurements indicate  that
PeCoWaCo are robust to the absence or
presence of single or multiple nuclei and their
associated functions.

Together, using fusion and
fragmentation of cells, we find that
PeCoWaCo oscillation properties are robust
to a large range of size perturbations.
Therefore, other mechanisms must be at play
to regulate periodic contractions during
preimplantation development.
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Figure 3: Period and velocity of PeCoWaCo are stable across a broad range of cell
sizes. A) Surface deformation tracking for period detection and velocity measurements.
Scale bar, 10 ym. B) Schematic diagram of fusion of 16-cell stage blastomeres. C-D)
Oscillation period (C) and wave velocity (D) of fused blastomeres. 8 x 1/16" (blue, n=6) , 4
x 1/16" (orange, n = 12) and 2 x 1/16" (green, n=7) fused blastomeres are shown. Large
circles show median. E) Schematic diagram of fragmentation of 16-cell stage blastomeres.
F-G) Oscillation period (F) and wave velocity (G) of fragmented blastomeres. Control (black,
n = 6), fragmented cell (magenta, n= 8), enucleated fragment (pink, n=4) are shown. H-I)
Oscillation period (H) and wave velocity () for size-manipulated 16-cell stage blastomeres.
Larger circles show median values. Student’s t-test p values are indicated.



Cortical maturation during cleavage stages
Despite the apparent relationship
between cell size and PeCoWaCo during
preimplantation development, our
experimental manipulations of cell size reveal
that PeCoWaCo are not influenced by cell
size. PeCoWaCo result from the activity of the
actomyosin cortex, which could become
stronger during cleavage stages and make
PeCoWaCo more prominent as previously
observed during the 16-cell stage (Maitre et
al., 2016). Since actomyosin contractility
generates a significant portion of the surface

tension of animal cells, this would translate in
a gradual increase in surface tension. To
investigate this, we set to measure the
surface tension of cells as a readout of
contractility during cleavage stages using
micropipette aspiration. Contrary to our
expectations, we find that surface tension
gradually decreases from the zygote to 8-cell
stage (Fig 4A-B) and noticeably mirrors the
behavior of the period of PeCoWaCo during
cleavage stages (Fig 1E). Therefore,
PeCoWaCo unlikely result simply from
increased contractility. Instead, the tension of
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Figure 4: Cortical changes during preimplantation development. A) Representative
images of the tension mapping method. B) Surface tension of blastomeres throughout
cleavage stages. Zygote (gray, n = 60), 2-cell (blue, n = 86), 4-cell (orange, n= 55), early
8-cell (green, n=28) stages are shown. C) Representative images of Control and 100nM
Latrunculin A treated embryos overlaid with a subset of velocity vectors from Particle Image
Velocimetry (PIV) analysis (Movie 6). D-E) Proportion (D) of embryos showing detectable
oscillations and their detected period (E) of DMSO treated (n = 26) and 100 nM Latrunculin
A treated (n = 27) 2-cell stage embryos. Chi? p value is indicated. Light grey shows non-
oscillating embryos. Larger circles show median values.



blastomeres at the zygote and 2-cell stages
may be too high for PeCoWaCo to become
visible in most embryos. To reduce the
tension of the cortex, we used low
concentrations (100 nM) of the actin
polymerization inhibitor  Latrunculin A
(Driscoll et al., 2015). Softening the cortex of

2-cell stage embryos increased the
proportions of embryos displaying
PeCoWaCo (Fig 4C-D, Movie 6). This

suggests that PeCoWaCo become more
visible thanks to the gradual softening of the
cortex of blastomeres during cleavage
stages. Moreover, low concentrations of
Latrunculin A decreased the oscillation period
of PeCoWaCo down to ~100 s, as compared
to ~150 s for the DMSO control embryos (Fig
4E). This suggests that modifications of the
polymerization rate of the actin cytoskeleton
could be responsible for the increase in
PeCoWaCo frequency observed during
cleavage stages.

Together, these experiments reveal
the unsuspected maturation of the cortex of
blastomeres during the cleavage stages of
mouse embryonic development.

Discussion

During cleavage stages, blastomeres
halve their size with successive divisions.
Besides the increased number of
blastomeres, there is no change in the
architecture of the mouse embryo until the 8-
cell stage with compaction. We find that this
impression of stillness is only true on a
timescale of hours since, on the timescale of
seconds, blastomeres display signs of
actomyosin contractility. During the first two
days after fertilization, contractility seems to
mature by displaying more visible and
frequent pulses. We further find that pulsed
contractions do not rely on the successive
reductions in cell size but rather on the
gradual decrease in surface tension of the
blastomeres. Therefore, during cleavage
stages, cortical softening awakens zygotic
contractility before preimplantation
morphogenesis.

Previous studies on the cytoskeleton
of the early mouse embryo revealed that both
the microtubule and intermediate filaments
networks mature during cleavage stages.
Keratin intermediate filaments appear at the

onset of blastocyst morphogenesis (Schwarz
et al., 2015) and become preferentially
inherited by prospective TE cells (Lim et al.,
2020). The microtubule network is initially
organized  without centrioles around
microtubule bridges connecting sister cells
(Zenker et al., 2017). The spindle of early
cleavages also organizes without centrioles
similarly to during meiosis (Courtois et al.,
2012; Schuh and Ellenberg, 2007). As
centrioles form de novo, cells progressively
transition from meiosis-like to mitosis-like
divisions (Courtois et al., 2012). We find that
the actomyosin cortex also matures during
cleavage stages by decreasing its oscillation
period (Fig 1E) and its surface tension (Fig
4B). Interestingly, this decrease in cortical
tension seems to be in continuation with the
maturation of the oocyte. Indeed, the surface
tension of mouse oocytes decreases during
their successive maturation stages (Larson et
al., 2010). The softening of the oocyte cortex
is associated with architectural
rearrangements that are important for the
cortical movement of the meiotic spindle
(Chaigne et al., 2013; Chaigne et al., 2015).
Therefore, similarly to the microtubule
network, the zygotic actomyosin cortex
awakens progressively from an egg-like
state.

The maturation of zygotic contractility
is likely influenced by the activation of the
zygotic genome occurring partly at the late
zygote stage and mainly during the 2-cell
stage (Schulz and Harrison, Melissa M, 2018;
Svoboda, 2018). Recent studies in frog and
mouse propose that reducing cell size could
accelerate zygotic genome activation (ZGA)
(Chen et al., 2019; Zhu et al., 2020). We find
that manipulating cell size is neither sufficient
to trigger PeCoWaCo prematurely in most
embryos, nor required to initiate or maintain
them in a timely fashion with the expected
oscillation period of the corresponding
cleavage stage (Fig 2 and 3). Instead, we find
that the surface of blastomeres in the
cleavage stages is initially too tense to allow
for PeCoWaCo to be clearly displayed (Fig 4).
This is also suggested by previous studies in
starfish oocytes, in which removing an elastic
jelly surrounding the egg softens them and
renders contractile waves more pronounced
(Bischof et al., 2017). Interestingly, the



changes in surface curvature caused by
cortical waves of contraction may influence
the signaling and cytoskeletal machinery
controlling the wave (Bischof et al., 2017; Wu
et al, 2018). Such mechano-chemical
feedback has been proposed to regulate the
period of contractions via the advection of
regulators of actomyosin contractility (Munjal
et al., 2015). As a result, the curvature of cells
and tissues is suspected to regulate
contractile waves (Bailles et al., 2019; Bischof
et al., 2017). Using cell fragmentation and
fusion, we have manipulated the curvature of
the surface over which PeCoWacCo travel (Fig
3). From radii ranging between 10 and 30 ym,
we find no change in the period or travelling
velocity of PeCoWaCo (Fig 3). This indicates
that, in the mouse embryo, the actomyosin
apparatus is robust to the changes in
curvature taking place during preimplantation
development. Therefore, the cleavage
divisions per se are unlikely regulators of
preimplantation contractility. The robustness
of PeCoWaCo to changes of radii ranging
from 10 to 30 ym is puzzling since neither the
oscillation period nor the wave velocity seem
affected (Fig 3H-1). One explanation would be
that the number of waves present
simultaneously changes with the size of the
cells. Using our 2D approach, we could not
systematically analyze this parameter.
Nevertheless, we did note that some portions
of the fused blastomeres did not display
PeCoWaCo. These may be corresponding to
apical domains, which do not show prominent
PeCoWaCo (Maitre et al., 2016). Therefore,
the relationship between the total area of the
cell and the “available” or “excitable” area for
PeCoWaCo may not be straightforward
(Bement, 2015). In the context of the embryo,
in addition to the apical domain, cell-cell
contacts also downregulate actomyosin
contractility and do not show prominent
contractions (Maitre et al., 2015). As cell-cell
contacts grow during compaction and apical
domains expand (Korotkevich et al., 2017;
Zenker et al., 2018), the available excitable
cortical area for PeCoWaCo eventually
vanishes.

Together, our study uncovers the
maturation of the actomyosin cortex, which
softens and speeds up the rhythm of
contractions during the cleavage stages of

the mouse embryo. Importantly, zebrafish
embryos also soften during their cleavage
stages, enabling doming, the first
morphogenetic movement in zebrafish
(Morita et al., 2017). It will be interesting to
see whether cell and tissue softening during
cleavage stages is conserved in other
animals. Finally, what controls the maturation
of the cortex during cleavage stages will
require further investigation to understand
how embryos prepare for morphogenesis.
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Methods

Embryo work

Recovery and culture

All animal work is performed in the animal
facility at the Institut Curie, with permission by
the institutional veterinarian overseeing the
operation (APAFIS #11054-
2017082914226001). The animal facilities
are operated according to international
animal welfare rules.

Embryos are isolated from superovulated
female mice mated with male mice.
Superovulation of female mice is induced by
intraperitoneal injection of 5 international
units (IlU) pregnant mare’s serum
gonadotropin (PMSG, Ceva, Syncro-part),
followed by intraperitoneal injection of 5 1U
human chorionic gonadotropin (hCG, MSD
Animal Health, Chorulon) 44-48 hours later.
Embryos are recovered at EO.5 by dissecting
in 37°C FHM (LifeGlobal, ZEHP-050 or
Millipore, MR-122-D) from the oviduct the
ampula, from which embryos are cleared with
a brief (5-10 s) exposure to 37°C
hyalorunidase (Sigma, H4272).

Embryos are recovered at E1.5 or E2.5 by
flushing oviducts from plugged females with
37°C FHM using a modified syringe (Acufirm,
1400 LL 23).

Embryos are handled using an aspirator tube
(Sigma, A5177-5EA) equipped with a glass
pipette pulled from glass micropipettes
(Blaubrand intraMark or Warner Instruments).
Embryos are placed in KSOM (LifeGlobal,
ZEKS-050 or Millipore, MR-107-D) or FHM
supplemented with 0.1 % BSA (Sigma,
A3311) in 10 pL droplets covered in mineral
oil (Sigma, M8410 or Acros Organics) unless
stated otherwise. Embryos are cultured in an
incubator with a humidified atmosphere
supplemented with 5% CO2 at 37°C.

To remove the Zona Pellucida (ZP), embryos
are incubated for 45-60 s in pronase (Sigma,
P8811).

For imaging, embryos are placed in 5 or 10
cm glass-bottom dishes (MatTek).

Only embryos surviving the experiments were
analyzed. Survival is assessed by
continuation of cell division as normal when
embryos are placed in optimal culture
conditions.

Mouse lines

Mice are used from 5 weeks old on.
(C57BL/6xC3H) F1 hybrid strain is used for
wild-type (WT). To \visualize plasma
membranes, mTmG (Gt(ROSA)26Sortm4ACTB-
tdTomato,-EGFP)Lwo) js ysed (Muzumdar et al.,
2007).

Isolation of Blastomeres

ZP-free 2-cell or 4-cell stages embryos are
aspirated multiple times (typically between 3—
5 times) through a smoothened glass pipette
(narrower than the embryo but broader than
individual cells) until dissociation of cells.

For 16-cell-stage embryos, they are placed
into EDTA containing Ca?* free KSOM
(Biggers et al., 2000) for 8-10 min before
dissociation. Cells are then washed with
KSOM for 1 h before experiment.

Chemical reagents and treatments

Vx-680 (Tocris, 5907) 50 mM dimethyl
sulfoxide (DMSOQ) stock was diluted to 2.5 uM
in KSOM. To prevent mitosis, 2-cell-stage
embryos are cultured in 2.5 uM Vx-680 for 3
h shortly prior to the 2" cleavage and then
washed in KSOM.

Cytochalasin D (Sigma, C2618-200UL) 10
mM DMSO stock is diluted to 10 uM in
KSOM. To fragment cells, isolated 2- or 16-
cell stage blastomeres were treated with
Cytochalasin D for 20 min before being gently
aspirated into a smoothened glass pipette of
diameter about 30 or 5-10 ym respectively
(Korotkevich et al., 2017). 2-3 repeated
aspirations are typically sufficient to clip cells
into to 2 large fragments, one containing the
nucleus and one without. Cells that did not
fragment after 2 aspirations are used as
control.

GenomONE-CF FZ SeV-E cell fusion kit
(CosmoBio, ISK-CF-001-EX) is used to fuse
blastomeres (Schliffka et al., 2021). HVJ
envelope is resuspended following
manufacturer’s instructions and diluted in
FHM for use. To fuse blastomeres of embryos
at the 16-cell stage, embryos are incubated in



1:50 HVJ envelope for 15 min at 37°C
followed by washes in KSOM.

Latrunculin A (Tocris, ref 3973) 10mM DMSO
stock is diluted to 100 nM in KSOM. To soften
cells, 2-cell stage embryos are imaged in
medium containing Latrunculin A covered
with mineral oil for 2 h.

Micropipette aspiration

As described previously (Guevorkian, 2017;
Maitre et al, 2015), a microforged
micropipette coupled to a microfluidic pump
(Fluigent, MFCS EZ) is used to measure the
surface tension of embryos. In brief,
micropipettes of radii 8-16 um are used to
apply step-wise increasing pressures on the
cell surface until reaching a deformation,
which has the radius of the micropipette (Rp).
At steady-state, the surface tension y of the
cell is calculated from the Young-Laplace’s
law applied between the cell and the
micropipette: y= P./2 (1/R, - 1/R), where P
is the critical pressure used to deform the cell
of radius R.

8-cell stage embryos are measured before
compaction (all contact angles < 105°), during
which surface tension would increase (Maitre
et al., 2015).

Microscopy

For live imaging, embryos are placed in 5 cm
glass-bottom dishes (MatTek) under a
CellDiscoverer 7 (Zeiss) equipped with a
20x/0.95 objective and an ORCA-Flash 4.0
camera (C11440, Hamamatsu) or a 506
axiovert (Zeiss) camera.

Using the experiment designer tool of ZEN
(Zeiss), we set up nested time-lapses in
which all embryos are imaged every 5 h for
10 min with an image taken every 5 s at 2
focal planes positioned 10 pm apart.
Embryos are kept in a humidified atmosphere
supplied with 5% CO2 at 37°C.

mTmG embryos are imaged at the 2- and 16-
cell stage using an inverted Zeiss Observer
Z1 microscope with a CSU-X1 spinning disc
unit (Yokogawa). Excitation is achieved using
a 561 nm laser through a 63x/1.2 C Apo Korr
water immersion objective. Emission is
collected through 595/50 band pass filters
onto an ORCA-Flash 4.0 camera (C11440,
Hamamatsu). The microscope is equipped
with an incubation chamber to keep the

sample at 37°C and supply the atmosphere
with 5% CQO2.

Surface  tension  measurements are
performed on a Leica DMI6000 B inverted
microscope equipped with a 40x/0.8 DRY HC
PL APO Ph2 (11506383) )objective and
Retina R3 camera and 0,7x lens in front of
the camera. The microscope is equipped with
an incubation chamber to keep the sample at
37°C and supply the atmosphere with 5%
CcO2.

Data analysis

Image analysis

Manual shape measurements

FIJI (Schindelin et al., 2012) is used to
measure cell, embryo, pipette sizes, and
wave velocity. The circle tool is used to fit a
circle onto cells, embryos and pipettes. The
line tool is used to fit lines onto curvature
kymographs.

Particle image velocimetry (PIV) analysis

To detect PeCoWaCo in phase contrast
images of embryos, we use Particle Image
velocimetry (PIV) analysis followed by a
Fourier analysis.

As previously (Maitre et al., 2015; Schliffka et
al., 2021), PIVlab 2.02 running on Matlab
(Thielicke and Eize J. Stamhuis, 2020;
Thielicke and Stamhuis, 2010) is used to
process 10 min long time lapses with images
taken every 5 s using 2 successive passes
through interrogation windows of 20/10 um
resulting in ~180 vectors per embryo.

The x- and y-velocities of individual vectors
from PIV analysis are used for Fourier
analysis. A Fourier transform of the vector
velocities over time is performed using
Matlab’s fast Fourier transform function. The
resulting Fourier transforms are squared to
obtain individual power spectra. Squared
Fourier transforms in the x and y directions of
all vectors are averaged for individual
embryos resulting in mean power spectra of
individual embryos.

Spectra of individual embryos are checked for
the presence of a distinct amplitude peak to
extract the oscillation period. The peak value
between 50 s and 200 s was taken as the
amplitude, as this oscillation period range is
detectable by our imaging method. An
embryo is considered as oscillating when the




amplitude peaks 1.85 times above
background (taken as the mean value of the
power spectrum signal of a given embryo).
This threshold value was chosen to minimize
false-positive and false-negative according to
visual verification of time-lapse movies. For
example, visual inspection of embryos shown
in Fig 1D suggest that three zygote, eight 2-
cell, zero 4-cell, three 8-cell are false positive,
and zero zygote, two 2-cell, one 4-cell, five 8-
cell are false negative. Therefore, the number
of oscillating zygote is likely overestimated
while the number of oscillating 8-cell stage is
underestimated.

2-cell, 4-cell and 8-cell stages are considered
early during the first half of the corresponding
stage and late during the second half.

Local curvature analysis

To measure PeCoWaCo period, amplitude
and velocity, we analyze the associated
changes in surface curvature and perform
Fourier analysis.

To obtain the local curvature of isolated
blastomeres, we developed an approach
similar to that of (Driscoll et al., 2012; Maitre
et al.,, 2015; Maitre et al.,, 2016). First, a
Gaussian blur is applied to mTmG images
using FIJI (Schindelin et al., 2012). Then,
using llastik (Sommer et al., 2011), pixels are
associated with cell membrane or
background. Segmentation of cells are then
used in a custom made Fiji plugin (called
WizardofOz, found under the Mirack
repository) for computing the local curvature
information using the start, center and end
point of a 10 um strip on the cell surface to fit
a circle. The strip is then moved by 1 pixel
along the segmented cell and a new circle is
fitted. This process is repeated till all the
points of the cell are covered. The radius of
curvature of the 10 um strip boundaries are
averaged. Kymograph of local curvature
values around the perimeter over time is
produced by plotting the perimeter of the strip
over time.

Curvature kymographs obtained from local
curvature tracking are then exported into a
custom made Python script for 2D Fast
Fourier Transform analysis.

Spectra of individual cells are checked for the
presence of a distinct amplitude peak to
extract the oscillation period. The peak value

between 50 s and 200 s was taken as the
amplitude, as this oscillation period range is
detectable by our imaging method.

To measure the wave velocity a line is
manually fitted on the curvature kymograph
using FIJI.

Statistics

Data are plotted using Excel (Microsoft) and
R-based SuperPlotsOfData tool (Goedhart,
2021). Mean, standard deviation, median,
one-tailed Student’s t-test, Fisher exact test,
and Chi? p values are calculated using Excel
(Microsoft) or R (R Foundation for Statistical
Computing).  Statistical  significance is
considered when p< 102.

The sample size was not predetermined and
simply results from the repetition of
experiments. No sample that survived the
experiment, as assessed by the continuation

of cell divisions, was excluded. No
randomization method was used. The
investigators were not blinded during

experiments.

Code availability

The code used to analyze the oscillation
frequencies from PIV and local curvature
analyses can be found at
github.com/MechaBlasto/PeCoWaCo.git.
The Fiji plugin for local curvature analysis
WizardofOz can be found under the MTrack
repository.

Movie legends

Movie 1: Particle image velocimetry (PIV)
analysis during cleavage stages. Time-
lapse imaging of zygote, 2-, 4- and 8-cell
stage embryos showing PeCoWaCo.
Pictures are taken every 5 s and PIV analysis
is performed between two consecutive
images. PIV vectors are overlaid on top of the
images with vectors pointing upward in
magenta and downward in green. Scale bar,
20 ym.

Movie 2: PIV analysis of 4-cell stage
embryos treated with DMSO or Vx-680.
Time-lapse imaging of 4-cell stage embryos
showing PeCoWaCo after treatment with
DMSO or 2.5 uM Vx680 at the time of the 2nd
cleavage division. Pictures are taken every 5
s and PIV analysis is performed between two



consecutive images. PIV vectors are overlaid
on top of the images with vectors pointing
upward in magenta and downward in green.
Scale bar, 20 ym.

Movie 3: PIV analysis of fragmented 2-cell
stage blastomeres. Time-lapse imaging of
mechanically manipulated and fragmented 2-
cell stage blastomeres with and without
nucleus. Pictures are taken every 5 s and PIV
analysis is performed between two
consecutive images. PIV vectors are overlaid
on top of the images with vectors pointing
upward in magenta and downward in green.
Scale bar, 20 ym.

Movie 4: Surface deformation tracking of
fused cells. Montage of mTmG (top) and
local curvature measurements (bottom) of
fused 8x, 4x, 2x 1/16" blastomeres showing
PeCoWaCo. Scale bar, 20 ym.

Movie 5: Surface deformation tracking of
fragmented 16-cell-stage blastomeres.
Montage of mTmG (top) and local curvature
measurements (bottom) of mechanically
manipulated and fragmented 16-cell stage
blastomeres with and without nucleus 1/16"
blastomeres showing PeCoWaCo. Scale bar,
10 ym.

Movie 6: PIV analysis of 2-cell stage
embryos treated with DMSO or
Latrunculin A. Time-lapse imaging of 2-cell
stage embryos treated with DMSO or 100 nM
Latrunculin A (LatA) showing PeCoWaCo.
Pictures are taken every 5 s and PIV analysis
is performed between two consecutive
images. PIV vectors are overlaid on top of the
images with vectors pointing upward in
magenta and downward in green. Scale bar,
20 ym.
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Supplementary Figure related to Figure 1:
Analysis of PeCoWaCo within cleavage
stages. A) Proportion of early and late 2-cell
(blue, n = 43 and 50), 4-cell (orange, n = 38
and 28), 8-cell stage (green, n = 17 and
32) embryos showing detectable oscillations
after Fourier transform of PIV analysis. ChiZ p
values comparing different stages are
indicated. Light grey shows non-oscillating
embryos. B) Oscillation period of early and
late 2-cell (blue, n = 22), 4-cell (orange, n =
33), 8-cell (green, n = 22) stages embryos.
Larger circles show median values. Student’s
t test p values are indicated.
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Abstract During the first days of mammalian development, the embryo forms the blastocyst,
the structure responsible for implanting the mammalian embryo. Consisting of an epithelium
enveloping the pluripotent inner cell mass and a fluid-filled lumen, the blastocyst results from a
series of cleavage divisions, morphogenetic movements, and lineage specification. Recent studies
have identified the essential role of actomyosin contractility in driving cytokinesis, morphogenesis,
and fate specification, leading to the formation of the blastocyst. However, the preimplantation
development of contractility mutants has not been characterized. Here, we generated single and
double maternal-zygotic mutants of non-muscle myosin Il heavy chains (NMHCs) to characterize
them with multiscale imaging. We found that Myh9 (NMHC II-A) is the major NMHC during
preimplantation development as its maternal-zygotic loss causes failed cytokinesis, increased
duration of the cell cycle, weaker embryo compaction, and reduced differentiation, whereas Myh10
(NMHC 11I-B) maternal-zygotic loss is much less severe. Double maternal-zygotic mutants for Myh9
and Myh10 show a much stronger phenotype, failing most of the attempts of cytokinesis. We found
that morphogenesis and fate specification are affected but nevertheless carry on in a timely
fashion, regardless of the impact of the mutations on cell number. Strikingly, even when all cell
divisions fail, the resulting single-celled embryo can initiate trophectoderm differentiation and
lumen formation by accumulating fluid in increasingly large vacuoles. Therefore, contractility
mutants reveal that fluid accumulation is a cell-autonomous process and that the preimplantation
program carries on independently of successful cell division.

Introduction

During embryonic development, cells execute their genetic program to build organisms with the cor-
rect cell fate, shape, position, and number. In this process, the coordination between cell prolifera-
tion, differentiation, and morphogenesis is crucial. In mice, the early blastocyst initially consists of 32
cells distributed among the trophectoderm (TE) and inner cell mass (ICM), with squamous TE cells
enveloping the ICM and a lumen called the blastocoel (Frankenberg et al., 2016; Plusa and Pilis-
zek, 2020; Rossant, 2016). Starting from the zygote, the early blastocyst forms after five cleavage
divisions, three morphogenetic movements, and two lineage commitments (Maitre, 2017,
White et al., 2018; Zhang and Hiiragi, 2018). Differentiation and morphogenesis are coupled by
the formation of a domain of apical material after the third cleavage (Ziomek and Johnson, 1980).
The apical domain promotes differentiation into TE by counteracting signals from cell-cell contacts,
which control the nuclear localization of the co-transcriptional activator Yap (Hirate et al., 2013,
Nishioka et al., 2009; Wicklow et al., 2014). The apical domain also guides cell division orientation

Schliffka, Tortorelli, et al. eLife 2021;10:€68536. DOI: https://doi.org/10.7554/eLife.68536 1 of 29


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.7554/eLife.68536
https://creativecommons.org/
https://creativecommons.org/
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
http://en.wikipedia.org/wiki/Open_access
http://en.wikipedia.org/wiki/Open_access

e Llfe Research article

Developmental Biology

(Dard et al., 2009; Korotkevich et al., 2017; Niwayama et al., 2019) and contact rearrangements
(Maitre et al., 2016), which is key for positioning cells at the embryo surface or interior. Morphogen-
esis and cleavages are concomitant and appear synchronized with compaction starting after the third
cleavage, internalization after the fourth, and lumen opening after the fifth. Beyond this apparent
coordination, the existence of a coupling between cleavages and morphogenesis requires further
investigations.

Actomyosin  contractility is a conserved instrument driving animal morphogenesis
(Heisenberg and Bellaiche, 2013; Lecuit and Yap, 2015) and cytokinesis (Ramkumar and Baum,
2016). Recent studies have suggested key contributions of actomyosin contractility during all the
morphogenetic steps leading to the formation of the blastocyst (Ozgiic and Maitre, 2020). During
the 8-cell stage, increased contractility at the cell-medium interface pulls blastomeres together and
compacts the embryo (Maitre et al., 2015). Also, cells form an apical domain that inhibits actomyo-
sin contractility (Maitre et al., 2016; Zhu et al., 2017). During the fourth cleavage, the asymmetric
inheritance of this domain leads sister cells to exhibit distinct contractility (Anani et al., 2014;
Maitre et al., 2016). This causes the most contractile blastomeres to internalize and adopt ICM fate,
while weakly contractile cells are stretched at the surface of the embryo and become TE
(Maitre et al., 2016; Samarage et al., 2015). When the blastocoel fluid starts to accumulate, these
differences in contractility between ICM and TE cells guide the fluid away from ICM-ICM cell-cell
contacts (Dumortier et al., 2019). Finally, contractility has been proposed to control the size of the
blastocoel negatively by increasing the tension of the TE and positively by reinforcing cell-cell adhe-
sion via mechanosensing (Chan et al., 2019). Together, these findings highlight actomyosin as a
major engine powering blastocyst morphogenesis.

To change the shape of animal cells, myosin motor proteins contract a network of cross-linked
actin filaments, which can be tethered to the plasma membrane, adherens junctions, and/or focal
adhesions (Murrell et al., 2015). This generates tension, which cells use to change shape and tissue
topology (Clark et al., 2013; Salbreux et al., 2012). Among myosin motors, non-muscle myosin |l
are the key drivers of cell shape changes (Zaidel-Bar et al., 2015). Non-muscle myosin Il complexes
assemble from myosin regulatory light chains, myosin essential light chains, and non-muscle myosin
heavy chains (NMHCs) (Vicente-Manzanares et al., 2009). NMHCs are responsible for generating
the power stroke and exist in three distinct paralogs in mice and humans: NMHC II-A, II-B, and II-C,
encoded by the genes Myh9/MYH9, Myh10/MYH10, and Myh14/MYH14 (Conti et al., 2004). Dis-
tinct paralogs co-assemble into the same myosin mini-filaments (Beach et al., 2014) and, to some
extent, seem to have redundant actions within the cells. However, several in vitro studies point to
specific roles of NMHC paralogs. For example, MYH9 plays a key role in setting the speed of furrow
ingression during cytokinesis (Taneja et al., 2020; Yamamoto et al., 2019) and is essential to drive
bleb retraction (Taneja and Burnette, 2019). During cell-cell contact formation, MYH9 was found
essential for cadherin adhesion molecule clustering and setting contact size while MYH10 would be
involved in force transmissions across the junction and would influence contact rearrangements
(Heuzé et al., 2019; Smutny et al., 2010).

These studies at the subcellular level and at a short timescale complement those at the organis-
mal level and at a long timescale. In mice, the zygotic knockout of Myh14 causes no obvious pheno-
type with animals surviving to adulthood with no apparent defect (Ma et al., 2010), whereas the loss
of either Myh9 (Conti et al., 2004) or Myh10 (Tullio et al., 1997) is embryonic lethal. Myh9 zygotic
knockout embryos die at E7.5 due to visceral endoderm adhesion defects (Conti et al., 2004).
Myh10 zygotic knockout mice die between E14.5 and P1 because of heart, brain, and liver defects
(Tullio et al., 1997). In addition, knocking out both Myh10 and Myh14 can lead to abnormal cytoki-
nesis (Ma et al., 2010). Elegant gene replacement experiments have also revealed insights into par-
tial functional redundancy between Myh9 and Myh10 during development (Wang et al., 2010).
However, despite the prominent role of actomyosin contractility during preimplantation develop-
ment (Ma et al., 2010), the specific functions of NMHC paralogs remain largely unknown. Previous
genetic studies have relied on zygotic knockouts (Conti et al., 2004; Ma et al., 2010; Tullio et al.,
1997), which do not remove the maternally deposited mRNA and proteins of the deleted genes.
This often hides the essential functions of genes during preimplantation morphogenesis, as is the
case, for example, with the cell-cell adhesion molecule CDH1 (Stephenson et al., 2010). Moreover,
NMHCs could have redundant functions, and gene deletions may trigger compensation mechanisms,
which would obscure the function of essential genes (Rossi et al., 2015).
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In this study, we generated maternal-zygotic deletions of single or double NMHC genes to inves-
tigate the molecular control of contractile forces during preimplantation development. We used
nested time-lapse microscopy to quantitatively assess the effect of maternal-zygotic deletions at dif-
ferent timescales. This reveals the dominant role of MYH9 over MYH10 in generating the contractility
that shapes the mouse blastocyst. In addition, double maternal-zygotic Myh9 and Myh10 knockout
reveals compensatory mechanisms provided by MYH10 in generating enough contractility for cytoki-
nesis when MYH9 is absent. Moreover, the maternal-zygotic knockout of both Myh9 and Myh10 can
cause embryos to fail all five successive cleavages, resulting in syncytial single-celled embryos. These
single-celled embryos nevertheless initiate lineage specification and blastocoel formation by accu-
mulating fluid into intracellular vacuoles. Therefore, double maternal-zygotic NMHC mutants reveal
that fluid accumulation in the blastocyst is a cell-autonomous process. Finally, we confirm this sur-
prising finding by fusing all blastomeres of wild-type (WT) embryos, thereby forming single-celled
embryos, which accumulate fluid into inflating vacuoles.

Results

NMHC paralogs during preimplantation development

As in humans, the mouse genome contains three genes encoding NMHCs: Myh9, Myh10, and
Myh14. To decipher the specific contributions of NMHC paralogs to preimplantation development,
we first investigated the expression of Myh9, Myh10, and Myh14.

We performed real-time quantitative PCR (qPCR) at four different stages in order to cover the
levels of transcripts at key steps of preimplantation development. We detected high levels of Myh9
mRNA throughout preimplantation development (Figure 1A). Importantly, transcripts of Myh9 are
by far the most abundant among NMHCs at the zygote stage (E0.5), which suggests that Myh9 is
the main NMHC paralog provided maternally. Myh10 mRNA is detected at very low levels in zygotes
before it reaches comparable levels to Myh? mRNA at the morula stage (Figure 1A). We found that
Myh14 is not expressed during preimplantation stages (Figure 1A). Since Myh14 homozygous
mutant mice are viable and show no apparent defects (Ma et al., 2010), Myh14 is unlikely to play an

A B Zygote 2-cell stage 4-cell stage 8-cell stage Late morula Blastocyst Z-projection

MYH10 DAPI

0.5

Expression level relative to zygote stage Myh9

0.0
Zygote  4-cell  Morula Blastocyst
E0.5 E1.5 E2.5 E3.5

Figure 1. Expression of non-muscle myosin Il heavy chain (NMHC) paralogs during preimplantation development. (A) RT-gPCR of Myh? (red), Myh10
(blue), and Myh14 (grey) at the zygote (E0.5, n = 234), four-cell (E1.5, n = 159), morula (E2.5, n = 189), and blastocyst (E3.5, n = 152) stages from six
independent experiments. Gene expression is normalized to Gapdh and shown as the mean + SEM fold change relative to Myh9 at the zygote stage.
(B) Representative images of immunostaining of NMHC paralogs MYH9 (red) and MYH10 (cyan) throughout preimplantation development. DAPI in
yellow. Scale bar, 20 um.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Analysis of the expression of non-muscle myosin Il heavy chain (NMHC) paralogs during preimplantation development based on
single cell RNA sequencing and MYH9-GFP fluorescence.
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important role in preimplantation development. These gPCR measurements show similar trends to
available mouse single cell RNA sequencing (scRNA-seq) data (Figure 1—figure supplement
1A; Deng et al., 2014). In humans, scRNA-seq data indicate similar expression levels between
MYH9 and MYH10 during preimplantation development and, as in mice, the absence of MYH14
expression (Figure 1—figure supplement 1B; Yan et al., 2013). This points to a conserved regula-
tion of NMHC paralogs in mouse and human preimplantation development.

At the protein level, immunostaining of MYH9 becomes visible at the cortex of blastomeres from
the zygote stage onwards (Figure 1B). On the other hand, MYH10 becomes detectable at the earli-
est at the 16-cell stage (Figure 1B). Finally, we used transgenic mice expressing endogenously
tagged MYH9-GFP to assess the relative parental contributions of MYH9 protein (Figure 1—figure
supplement 1C-D). Embryos coming from MYH9-GFP females show highest levels of fluorescence
at the zygote stage, consistent with our gPCR measurement and scRNA-seq data (Figure 1A, Fig-
ure 1—figure supplement 1A). MYH9-GFP produced from the paternal allele is detected at the 4-
cell stage and increases until blastocyst stage, reaching levels comparable to blastocyst coming from
MYH9-GFP females (Figure 1—figure supplement 1C-D).

Together, we conclude that MYH9 and MYH10 are the most abundant NMHCs during mouse and
human preimplantation development and that MYH9 is heavily maternally provided at both the tran-
script and protein level in the mouse embryo (Figure 1, Figure 1—figure supplement 1).

Preimplantation development of single maternal-zygotic Myh9 or
Myh10 mutant embryos

Initial studies of Myh9 or Myh10 zygotic knockouts have reported that single zygotic knockouts are
able to implant, suggesting they are able to form a functional blastocyst (Conti et al., 2004,
Tullio et al., 1997). A potential lack of phenotype could be due to maternally provided products,
which are most abundant in the case of Myh9 (Figure 1, Figure 1—figure supplement 1). To elimi-
nate this contribution, we used Zp3cre/+ mediated maternal deletion of conditional knockout alleles
of Myh9 and Myh10. This generated either maternal-zygotic (mz) homozygous or maternal only (m)
heterozygous knockout embryos for either Myh? or Myh10. Embryos were recovered at E1.5,
imaged throughout the rest of their preimplantation development, stained, and genotyped once WT
embryos reached the blastocyst stage. We implemented a nested time-lapse protocol to image
each embryo at the long (every 30 min for about 50 hr) and short (every 5 s for 10 min twice for each
embryo around the time of their 8-cell stage) timescales. This imaging protocol allowed us to visual-
ize the effect of actomyosin contractility at multiple timescales, as it is involved in pulsatile contrac-
tions, cytokinesis, and morphogenesis, which take place on timescales of tens of seconds, minutes,
and hours, respectively (Maitre et al., 2015; Maitre et al., 2016).

The first visible phenotype concerns the zona pellucida (ZP), which encapsulates the preimplanta-
tion embryo. WT and maternal Myh10 mutants have a spherical ZP, whereas maternal Myh9 mutants
show an irregularly shaped ZP (Figure 2—figure supplement 1A,B). This suggests a previously unre-
ported role of contractility in the formation of the ZP during oogenesis that is mediated specifically
by maternal MYH9. The abnormally shaped ZP could cause long-term deformation of the embryo, as
previous studies indicate that the ZP can influence the shape of the embryo at the blastocyst stage
(Kurotaki et al., 2007; Motosugi et al., 2005).

During compaction, angles formed at the surface of contacting cells increase as blastomeres are
pulled into closer contact (Figure 2A). In WT embryos, contact angles increase from 87 = 3’ to
147 + 2° during the 8-cell stage between the third and the fourth cleavage (mean + SEM from the
end of the last cleavage of the third wave to the first one of the fourth wave, 23 embryos,
Figure 2A-B, Appendix 1—table 1-2, Figure 2—video 1), as measured previously (Maitre et al.,
2015; Zhu et al., 2017). In mzMyh9 embryos, contact angles only grow from 85 + 2° to 125 + 4°
(mean = SEM, 15 embryos, Figure 2A-B, Appendix 1—table 1-2). This reduced ability to compact
is in agreement with previous measurements on heterozygous mMyh9 embryos, which generate a
lower surface tension, and therefore cannot efficiently pull cells into closer contact (Maitre et al.,
2016). During the 8-cell stage, mzMyh10 embryos initially grow their contacts from 87 + 5° to
121 + 4°, similarly to mzMyh9 embryos (mean + SEM, 11 embryos, Figure 2A-B, Appendix 1—table
1). However, unlike mzMyh9 embryos, mzMyh10 embryos continue to increase their contact size and
reach compaction levels identical to WT embryos by the end of the 16-cell stage (148 + 4°,
mean = SEM, 11 embryos, Figure 2A-B, Appendix 1—table 1). Importantly, heterozygous mMyh?9
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Figure 2. Multiscale analysis of morphogenesis in single maternal-zygotic Myh9 or Myh10 mutant embryos. (A) Representative images of long-term
time-lapse of WT, mzMyh9, and mzMyh10 embryos at the end of the 4-cell stage, start and end of the 8-cell stage, at the initiation of blastocoel
formation and early blastocyst stage (see also Figure 2—video 1). Scale bar, 20 um. Time in hours after the third cleavage. Green lines mark the
contact angles increasing during compaction. Dotted red lines indicate the nascent lumen. (B) Contact angle of WT (grey, n = 23, 23, 21, 22), mzMyh?9
(red, n =15, 15, 10, 8), mMyh9 (light red, n = 8, 8, 8, 3), mzMyh10 (blue, n = 11, 11, 11, 11), and mMyh10 (light blue, n = 20, 20, 20, 20) embryos after the
third cleavage, before and after the fourth cleavage and before the fifth cleavage. Data show mean + SEM. Statistical analyses are provided in
Appendix 1—table 1-2. (C) Embryo growth during lumen formation of WT (grey, n = 20), mzMyh? (red, n = 9), mMyh?9 (light red, n = 7), mzMyh10
(blue, n = 7), and mMyh10 (light blue, n = 13) embryos measured for seven continuous hours after a lumen of at least 20 um in diameter is observed.
Data show mean + SEM. (D) Representative image of a short-term time-lapse overlaid with a subset of velocity vectors from Particle Image Velocimetry
(PIV) analysis. Green for positive and orange for negative Y-directed movement. (E) Velocity over time for a representative velocity vector of embryo
shown in D and Figure 2—video 2. (F) Power spectrum resulting from Fourier transform of PIV analysis of WT (grey, n = 21), mzMyh9 (red, n = 17),
mMyh9 (light red, n = 8), mzMyh10 (blue, n = 11), and mMyh10 (light blue, n = 20) embryos. Data show mean + SEM. (G) Proportion of WT (grey,

n = 21), mzMyh9 (red, n = 17), mMyh? (light red, n = 8), mzMyh10 (blue, n = 11), and mMyh10 (light blue, n = 20) embryos showing detectable
oscillations in their power spectrum (see ‘Materials and methods'). Chi? p value comparing to WT is indicated. (H) Amplitude of oscillation as a function
of the mean contact angle for WT (grey, n = 21), mzMyh9 (red, n = 17), mMyh? (light red, n = 8), mzMyh10 (blue, n = 11), and mMyh10 (light blue,

n = 20) embryos. Open circles show individual embryos and filled circles give mean + SEM of a given genotype. Pearson’s R? and p value are indicated.
Statistical analyses are provided in Appendix 1—table 3.

The online version of this article includes the following video and figure supplement(s) for figure 2:

Figure supplement 1. Macroscopic shape analysis of maternal-zygotic Myh9 and Myh10 mutant embryos.
Figure supplement 2. Morphogenesis of embryos with blastomeres fused at the 4-cell stage.

Figure 2—video 1. Preimplantation development of WT, mzMyh9, and mzMyh10 embryos.
https://elifesciences.org/articles/68536#fig2video

Figure 2—video 2. Periodic waves of contraction in WT, mzMyh9, mzMyh10, and mzMyh9;mzMyh10 embryos.
https://elifesciences.org/articles/68536#fig2video2

Figure 2—video 3. Failed cleavage in mzMyh9 embryos.

https://elifesciences.org/articles/68536#fig2video3

Figure 2—video 4. Preimplantation development of control, %, and ¥ cell number embryos.
https://elifesciences.org/articles/68536#fig2videc4
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or mMyh10 embryos show similar phenotypes to their respective homozygous counterparts
(Figure 2B, Appendix 1—table 1-2), suggesting that maternal loss dominates for both NMHC
paralogs and that the paternal allele makes little difference. Together, we conclude that maternal
MYH9 is essential for embryos to compact fully, whereas MYH10 only regulates the rate of
compaction.

During the 8-cell stage, contractility becomes visible on the short timescale as periodic contrac-
tions, which we can use to gauge the specific contribution of NMHCs (Maitre et al., 2015;
Maitre et al., 2016). We performed particle image velocimetry (PIV) and Fourier analysis to evaluate
the period and amplitude of periodic movements (Figure 2D-F; Maitre et al., 2015). While 14/21
WT embryos displayed periodic contractions, these were rarely detected in Myh9 mutants (1/15
mzMyh9 and 0/8 mMyh9 embryos) and occasionally in Myh10 mutants (3/11 mzMyh10 and 8/20
mMyh10 embryos; Figure 2G, Figure 2—video 2). This suggests that contractility is reduced after
maternal loss of Myh10 and is greatly reduced following maternal loss of Myh9. This hierarchy in the
phenotypes of the NMHC paralog mutants parallels the one observed on the long timescale during
compaction (Figure 2B). In fact, we found that the amplitude of periodic contractions correlates with
the contact angle across the genotypes we considered (Figure 2H, 78 embryos, Pearson’s
R = 0.637, p < 10°°, Appendix 1—table 3). This analysis across timescales reveals the continuum
between the short-term impact of Myh9 or Myh10 loss onto contractile movements and the long-
term morphogenesis, as previously observed for internalizing ICM cells (Maitre et al., 2016).

We also noted that the duration of the 8-cell stage is longer in embryos lacking maternal Myh9
(9.8 £ 0.5 hr from the third to the fourth wave of cleavages, mean + SEM, 15 embryos) as compared
to WT (7.0 + 0.3 hr, mean + SEM, 23 embryos; Figure 2A,B, Appendix 1—tables 1-2, Figure 2—
video 1). This is not the case for the duration of the fourth wave of cleavages or the ensuing 16-cell
stage, which are similar in these different genotypes (Appendix 1—table 2). On the long timescale,
longer cell cycles could affect the number of cells in Myh9 mutants. Indeed, when reaching the blas-
tocyst stage, mzMyh9 embryos count less than half the number of cells than WT (58.1 + 2.9 cells in
23 WT embryos, as compared to 25.2 + 2.8 cells in 15 mzMyh9 embryos, Mean + SEM; Figure 3B).
In the time-lapse movies, we did not observe cell death, which could, in principle, also explain a
reduced cell number at the blastocyst stage. On the other hand, we did observe reverting cleavages
in maternal Myh9 mutants (Figure 2—video 3), effectively reducing cell number at the blastocyst
stage. Loss of MYH9 is likely to cause difficulties during cytokinesis (Taneja et al., 2020;
Yamamoto et al., 2019), which could in turn impact cell cycle progression (Figure 2B) and explain
the significant reduction in cell number in mzMyh9 embryos. As for mzMyh10 embryos, we do not
observe any cell cycle delay and count blastocysts with the correct cell number (Figure 2B and
Figure 3B), indicating that MYH9 is the primary NMHC powering cytokinesis during mouse preim-
plantation development.

The second morphogenetic movement consists in the positioning of cells on the inside of the
embryo after the fourth cleavage division to form the first lineages of the mammalian embryo. To
see if this process is affected in NMHC mutants, we counted the number of inner and outer cells on
immunostaining at the blastocyst stage (Figure 3A-C). Despite showing less than half the expected
cell number, mzMyh9 blastocysts show the same proportion of inner and outer cells as WT and
mzMyh10 embryos (Figure 3C). This suggests that the remaining contractility is sufficient to drive
cell internalization or that oriented cell divisions can mitigate the loss of contractility-mediated inter-
nalization (Korotkevich et al., 2017, Maitre et al., 2016; Niwayama et al., 2019). Outer and inner
cells differentiate into TE and ICM, respectively. To assess whether differentiation is affected in
NMHC mutants, we performed immunostaining of TE marker CDX2 and ICM marker SOX2 at the
blastocyst stage (Figure 3A; Avilion et al., 2003; Strumpf et al., 2005). mzMyh10 embryos display
negligible reduction in CDX2 and SOX2 levels compared to WT embryos (Figure 3E-G). On the
other hand, we found that mzMyh9 embryos show lower levels of CDX2 in their outer cells, as mea-
sured here and previously for mMyh9 embryos at the 16-cell stage (Figure 3F; Maitre et al., 2016),
and of SOX2 for inner cells compared to WT embryos (Figure 3G). This is caused in part by the pres-
ence of individual unspecified cells localized both inside and at the surface of mzMyh9 embryos
(Figure 3D). To assess whether delayed cell cycle progression may explain the reduced differentia-
tion, we calculated the correlation between the duration of the 8-cell stage and the levels of CDX2
in the TE and of SOX2 in the ICM. This correlation is poor for all maternal Myh9 mutants (Pearson’s
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Figure 3. Analysis of TE and ICM lineages in single maternal-zygotic Myh9 or Myh10 mutant embryos. (A) Representative images of WT, mzMyh9, and
mzMyh10 embryos stained for TE and ICM markers CDX2 (magenta) and SOX2 (cyan), DAPI (yellow), and F-actin (grey). The same mutant embryos as in
Figure 2A are shown. Scale bar, 20 um. (B-C) Total cell number (B) and proportion of inner cells (C) in WT (grey, n = 23), mzMyh? (red, n = 15), mMyh9
(light red, n = 8), mzMyh10 (blue, n = 11), and mMyh10 (light blue, n = 19) embryos. (D-E) Nuclear to cytoplasmic (N/C) ratio of CDX2 and SOX2

Figure 3 continued on next page
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Figure 3 continued

staining for individual cells from WT (grey, n = 345), mzMyh9 (red, n = 204), mMyh9 (light red, n = 95), mzMyh10 (blue, n = 160), and mMyh10 (light
blue, n = 300) embryos. (F-G) Average N/C ratio of CDX2 (F) and SOX2 (G) staining for outer (left) or inner (right) cells from WT (grey, n = 23), mzMyh?9
(red, n = 15), mMyh?9 (light red, n = 8), mzMyh10 (blue, n = 11), and mMyh10 (light blue, n = 19) embryos. Mann-Whitney U test p values compared to
WT are indicated.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Analysis of YAP localization in maternal-zygotic Myh9 and Myh10 mutant embryos.
Figure supplement 2. Lineage specification of embryos with blastomeres fused at the 4-cell stage.

= —0.193 for CDX2 and —0.076 for SOX2, 22 embryos, p>1072), which does not support reduced
differentiation levels due to cell cycle delay.

To assess whether signalling upstream of CDX2 and SOX2 expression is affected in NMHC
mutants, we stained embryos for the co-transcriptional activator YAP (Hirate et al., 2013;
Nishioka et al., 2009; Royer et al., 2020; Wicklow et al., 2014). In WT embryos, YAP is enriched
specifically in the nuclei of TE cells (Figure 3—figure supplement 1; Hirate et al., 2013,
Nishioka et al., 2009; Wicklow et al., 2014). Consistent with CDX2 and SOX2 levels, YAP localiza-
tion is unaffected in mzMyh10 mutants and reduced in mzMyh9 mutants (Figure 3—figure supple-
ment 1), as observed previously in mMyh9 mutants at the 16-cell stage (Maitre et al., 2016). In the
mouse preimplantation embryo, the nuclear localization of YAP is promoted by signals from the api-
cal domain (Hirate et al., 2013). ML7 treatment, which inhibits the myosin light chain kinase, sug-
gests that contractility may be required for apical domain formation (Zhu et al., 2017). However,
immunostaining of apico-basal markers reveals that, as in WT, mzMyh9 and mzMyh10 embryos accu-
mulate the apical marker PRKCz at the embryo surface (Figure 4; Hirate et al., 2013). Also, basolat-
eral markers such as the adhesion molecule CDH1 or members of the fluid transport machinery, such
as the ATP1A1 subunit of the Na/K pump and aquaporin AQP3, are enriched at basolateral mem-
branes of WT, mzMyh9, and mzMyh10 embryos alike (Figure 4; Barcroft et al., 2003;
Barcroft et al., 2004, Dumortier et al., 2019; Stephenson et al., 2010). Together, these findings
suggest that MYH9-mediated contractility is required for the correct expression of lineage markers
downstream of YAP but dispensable for the establishment of apico-basal polarity.
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Figure 4. Apico-basal polarity of single maternal-zygotic Myh? or Myh10 mutant embryos. Representative images of WT, mzMyh9, and mzMyh10
embryos stained for apico-basal polarity markers. From left to right: PRKCz, F-actin, ATP1A1, CDH1, and AQP3 shown in grey. Nuclei stained with DAPI
are shown in yellow. Intensity profiles of a representative 15 um line drawn from the embryo surface towards the interior are shown next to each marker
and genotype (arrows). Intensities are normalized to each minimal and maximal signals. Scale bar, 20 um.
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Apico-basal polarity is essential for the final morphogenetic step shaping the blastocyst: the for-
mation of the first mammalian lumen. After the fifth cleavage, the growth of the blastocoel inflates
and increases the projected area of WT embryos steadily at 3.9 £ 0.5 um?/min (mean + SEM, 20
embryos; Figure 2C, Figure 2—video 1). During lumen formation, mzMyh9 and mzMyh10 embryos
inflate at 3.9 £ 1.0 and 4.0 + 0.5 umz/min, respectively, which is similar to WT embryos
(mean + SEM, 9 and 7 embryos; Student's t test compared to WT p>10"2, Figure 2C). This suggests
that blastocoel expansion rate is unaffected in NMHC mutants. Importantly, we observe that the
time of lumen opening in mzMyh9 embryos is not delayed compared to WT embryos (Figure 2A-C).
In fact, relative to the time of third cleavage, the lumen inflates on average at an earlier stage in
mzMyh9 embryos than in WT (Figure 2C). Some mzMyh9 embryos begin inflating their lumen before
the fifth wave of cleavages (5/11; Figure 2—video 1), while all WT and mzMyh10 embryos begin
lumen formation after the first cleavages of the fifth wave. This argues against mzMyh9 embryos hav-
ing a global delay in their development, despite their longer cell cycles, lower cell number
(Figure 2B and Figure 3B), and impaired differentiation (Figure 3D,F-G). Finally, when the lumen
becomes sufficiently large, embryos come into contact with the ZP. 3D segmentation of blastocysts
reveals that embryos with mutated maternal Myh9 alleles become less spherical than those with a
WT allele (Figure 2—figure supplement 1C-F). In fact, the shape of the ZP of mutant embryos at
the 2-cell stage correlates with the shape of embryos at the blastocyst stage (Figure 2—figure sup-
plement 1G; 67 embryos from all genotypes combined but WT, Pearson’s R = —0.739, p<1072),
which suggests that the misshapen ZP could deform the embryo. This is consistent with previous
studies reporting on Myh9 mutant embryos being more deformable than WT (Maitre et al., 2016)
and on the influence of the ZP on the shape of the blastocyst (Kurotaki et al., 2007,
Motosugi et al., 2005). Experimental deformation of the embryo was reported to affect cell fate
(Niwayama et al., 2019; Royer et al., 2020). In the range of deformation of the ZP observed in
mutant embryos, we found weak correlations between the shape of the ZP and CDX2 or SOX2 levels
(Figure 2—figure supplement TH-I, CDX2 in outer cells of 77 embryos from all genotypes com-
bined but WT, Pearson’s R = 0.315, p<1072, SOX2 in the inner cells of 58 embryos, Pearson’s
R = 0.223, p > 10 "). This suggests that defects in lineage specification of maternal Myh9 mutant
embryos do not simply result from the deformation of these blastocysts by their ZP. From this multi-
scale analysis, we conclude that maternal-zygotic loss of Myh9 or Myh10 has little impact on lumen
formation and that maternal loss of Myh9 impacts the shape of the blastocyst indirectly by its initial
effect on the structure of the ZP.

Maternal Myh9 mutants show defective cytokinesis and reduced cell number, which could consti-
tute the cause for the defects in morphogenesis and lineage specification. To separate the effects of
impaired contractility and defective cell divisions, we decided to reduce cell number by fusing blas-
tomeres of WT embryos together. Reducing cell number by % or %2 at the 4-cell stage results in
embryos compacting with the same magnitude and forming a lumen concomitantly to control
embryos (Figure 2—figure supplement 2A-C, Figure 2—video 4, Figure 3—figure supplement
2B). Also, embryos with reduced cell numbers differentiate into TE and ICM identically to control
embryos as far as lineage proportions and fate marker levels are concerned (Figure 3—figure sup-
plement 2A,C-E). Therefore, the morphogenesis and lineage specification defects observed in
maternal Myh9 mutants are not likely to result simply from cytokinesis defects and their impact on
cell number.

Together, these analyses reveal the critical role of MYH9 in setting global cell contractility on
short and long timescales in order to effectively drive compaction, cytokinesis, and lineage specifica-
tion. Comparably, the function of MYH10 during early blastocyst morphogenesis is less prominent.
Importantly, the similarity of maternal homozygous and maternal heterozygous mutants indicates
that the preimplantation embryo primarily relies on the maternal pools of MYH9. We conclude that
maternally provided MYH9 is the main NMHC powering actomyosin contractility during early preim-
plantation development.

Preimplantation development of double maternal-zygotic Myh9;Myh10
mutants

Despite MYH9 being the main NMHC provided maternally, the successful cleavages, shape changes,
and differentiation observed in mMyh9 and mzMyh9 embryos suggest that some compensation by
MYH10 could occur in these embryos. To test for compensations between the two NMHC paralogs
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expressed during preimplantation development, we generated double maternal-zygotic Myh?9 and
Myh 10 knockout (mzMyh9;mzMyh10) embryos.

Nested time-lapse revealed that mzMyh9;mzMyh10 embryos fail most attempts of cytokinesis
(Figure 5A, Figure 5—video 1). In addition to failed cytokinesis, mzMyh9;mzMyh10 embryos show
increased cell cycle durations, which are more severe than those for mzMyh9 embryos (Figure 5A-B,
Appendix 1—table 1-2). This results in mzMyh?;mzMyh10 embryos with only 2.9 + 0.5 cells when
reaching the blastocyst stage (Figure 6B). In fact, they occasionally develop into blastocyst-stage
embryos consisting of only one single cell (1/8 embryos). Of those which succeed in dividing at least
once, compaction after the third cleavage is weak with contact angles for mzMyh9;mzMyh10
embryos capping at 117 + 4° compared to 147 + 2° for WT (mean + SEM, 3 and 23 embryos;
Figure 5B, Appendix 1—table 1, Figure 5—video 1). Consistent with previous observations, peri-
odic contractions are undetectable in any of the double mutants that we analyzed (Figure 5D-E,
Figure 2—video 2). Together, this indicates that double maternal-zygotic Myh9 and Myh10 mutants
generate extremely weak contractile forces compared to WT and single maternal-zygotic Myh9 or
Myh 10 mutants.

When investigating fate specification (Figure 6), CDX2 is present in 5/7 embryos as compared to
all the 23 WT embryos we analyzed (Figure 6F). SOX2 is only detected when embryos succeed in
internalizing at least one cell (Figure 6A,C-E and G). No maternal Myh9;Myh10 mutant embryo con-
sisting of only two cells contained an inner cell, half of embryos with 3-5 cells contained a single
inner cell, and all embryos with six cells or more contained inner cells (Figure 6D). Moreover, the lev-
els of CDX2 in outer cells are reduced compared to WT embryos, as observed previously for single
maternal-zygotic Myh9 mutants. Consistently, YAP is enriched in the nucleus of outer cells, albeit at
lower levels than in WT (Figure 3—figure supplement 1). As for single mutants, the apical marker
PRKCz, F-actin, the cell-cell adhesion molecule CDH1, and members of the fluid-pumping machinery
ATP1A1 and AQP3 are correctly apico-basally polarized in double mutants (Figure 7). The presence
of CDX2, nuclear YAP, and the correct organization of apico-basal polarity suggest that mzMyh9;
mzMyh10 embryos can initiate differentiation into TE, the epithelium responsible for making the
blastocoel. The ability of mzMyh9;mzMyh10 embryos to create de novo a functional polarized epi-
thelium is further supported by the fact that they can eventually proceed with polarized fluid accu-
mulation and create a blastocoel (Figure 5A, Figure 5—video 1). As observed in single maternal
Myh9 mutants, mzMyh9;mzMyh 10 embryos are not delayed to initiate lumen formation despite their
extended cell cycles (Figure 5C, Figure 5—video 1). Also, we measure that mutant embryos grow
at rates that are similar to WT ones (5.8 = 1.5 and 3.9 = 0.5 um?%/min, mean + SEM, 5 and 20
embryos, Student's t test p>10~2; Figure 5C). This indicates that contractility does not influence the
initial growth rate of the blastocoel and that blastocoel formation does not require powerful actomy-
osin contractility.

Finally, we measure similar metrics for all single and double heterozygous Myh9 and Myh10
mutant embryos (Figure 5, Figure 6, Appendix 1—table 1), indicating once again that maternal
contributions predominantly set the contractility for preimplantation development. We conclude
that after the maternal loss of both Myh9 and Myh10, contractility is almost entirely abolished. This
effect is much stronger than that after the loss of maternal MYH9 only and suggests that, in single
maternal Myh9 mutants, MYH10 can compensate significantly, which we would not anticipate from
our previous single mzMyh10 knockout analysis. Therefore, despite MYH9 being the main engine of
preimplantation actomyosin contractility, MYH10 ensures a substantial part of blastocyst morpho-
genesis in the absence of MYH9. The nature and extent of this compensation will need further
characterization.

Preimplantation development of single-celled embryos

Embryos without maternal MYH9 and MYH10 can fail all successive cleavages when reaching the
time of the blastocyst stage (18/53 embryos, all Myh9 and Myh10 mutant genotypes combined
across seven experiments; Figure 8A, Figure 8—video 1). In single-celled embryos, multiple cleav-
age attempts at intervals of 10-20 hr can be observed, suggesting that the cell cycle is still opera-
tional in those embryos (Figure 5—video 1). This is further supported by the presence of multiple
large nuclei in single-celled embryos, indicative of preserved genome replication (Figure 8C). Inter-
estingly, these giant nuclei contain CDX2 and YAP, but no SOX2, suggesting that, in addition to the
cell cycle, the lineage specification program is still partially operational (Figure 8C-E, Figure 3—
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Figure 5. Multiscale analysis of morphogenesis in double maternal-zygotic Myh9 and Myh10 mutant embryos. (A) Representative images of long-term
time-lapse of WT and mzMyh9;mzMyh10 embryos at the end of the 4-cell stage, start and end of the 8-cell stage, at the initiation of blastocoel
formation, and early blastocyst stage (Figure 5—video 1). The middle row shows an embryo that cleaved once at the time of the third cleavage and
twice at the time of the fourth cleavage, which produces an embryo with one inner cell. The bottom row shows an embryo that cleaved once at the
Figure 5 continued on next page
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Figure 5 continued

time of the fourth cleavage, which produces an embryo without inner cell. Scale bar, 20 um. (B) Contact angle of WT (grey, n = 23, 23, 21, 22), mzMyh9;
mzMyh10 (purple, n = 7, 3, 1), mzMyh9;mMyh10 (lilac, n = 7, 4, 2), and mMyh9;mMyh10 (bubblegum, n = 7, 5, 3) embryos after the third cleavage,
before and after the fourth cleavage, and before the fifth cleavage, when available. Data show mean + SEM. Statistical analyses are provided in
Appendix 1—table 1-2. (C) Embryo growth during lumen formation for WT (grey, n = 20), mzMyh9;mzMyh10 (purple, n = 5), mzMyh9;mMyh10 (lilac,

n = 6), and mMyh9;mMyh10 (bubblegum, n = 6) embryos measured for seven continuous hours after a lumen of at least 20 um is observed. Data show
mean + SEM. (D) Power spectrum resulting from Fourier transform of PIV analysis of WT (grey, n = 21), mzMyh9,mzMyh10 (purple, n = 8), mzMyh?9;
mMyh10 (lilac, n = 7), mMyh%;mzMyh10 (pink, n = 1), and mMyh9;mMyh10 (bubblegum, n = 9) embryos. Data show mean + SEM. (E) Proportion of WT
(grey, n = 21), mzMyh?;mzMyh10 (purple, n = 8), mzMyh%;mMyh10 (lilac, n = 7), mMyh?;mzMyh10 (pink, n = 1), and mMyh9;mMyh10 (bubblegum, n = 9)
embryos showing detectable oscillations in their power spectrum. Chi® test p value compared to WT is indicated.

The online version of this article includes the following video for figure 5:

Figure 5—video 1. Preimplantation development of mzMyh?;mzMyh10 embryos.

https://elifesciences.org/articles/68536#fig5video

figure supplement 1). Strikingly, we also observed that at the time of blastocoel formation, single-
celled maternal Myh9 and Myh10 mutant embryos begin to swell to sizes comparable to normal
blastocysts (Figure 8A-B, Figure 8—video 1). Single-celled embryos then form, within their cyto-
plasm, tens of fluid-filled vacuolar compartments, which can inflate into structures comparable in
size to the blastocoel (Figure 8A and C, Figure 8—video 1). The membrane of these cytoplasmic
vacuoles contains the fluid pumping machinery ATP1A1 and AQP3, which is specific of basolateral
membranes in multicellular embryos of all considered genotypes (Figure 7; Barcroft et al., 2003;
Barcroft et al., 2004). This indicates that single-celled embryos are able to establish apico-basal
polarity and to direct fluid pumping into a basolateral compartment despite the absence of neigh-
bouring cells. When measuring the growth rates of single-celled embryos, we found that they are
comparable to the ones of multiple-celled mutant embryos or WT (4.1 £ 0.8, 5.8 £ 1.5, and 3.9 £ 0.5
umz/min, mean + SEM, 4, 5, and 20 embryos, Student’s t test p > 10°2; Figure 8B), indicating that
they are able to accumulate fluid as fast as embryos composed of multiple cells. Therefore, single-
celled embryos are able to initiate TE differentiation and display some attributes of epithelial func-
tion. Unexpectedly, this also indicates that fluid accumulation during blastocoel formation is cell-
autonomous. Together, this further indicates that the developmental program entailing morphogen-
esis and lineage specification carries on independently of successful cleavages.

To further test whether fluid accumulation is cell-autonomous without disrupting actomyosin con-
tractility, we fused all blastomeres at the late morula stage before lumen formation (Figure 8—fig-
ure supplement 1A, Figure 8—video 2). The nuclei from the fused cells displayed high CDX2 and
low SOX2 levels, which indicates that fused embryos retain a TE phenotype (Figure 8—figure sup-
plement 1C-E). Moreover, similarly to single-celled embryos resulting from the loss of contractility,
single-celled embryos resulting from cell fusion grew in size at rates similar to those of control
embryos while forming large fluid-filled vacuoles (3.3 + 0.4 and 3.7 + 0.4 um?/min, 7 and 8 embryos,
Student's t test p > 10~2; Figure 8—figure supplement 1A-B, Figure 8—video 2). This further con-
firms that the initiation of fluid accumulation and its rate during blastocoel morphogenesis can rely
entirely on transcellular transport and are independent from cell-cell contacts and its associated par-
acellular transport.

Together, our experiments with single and double maternal-zygotic NMHC knockout embryos
reveal that, while MYH9 is the major NMHC powering sufficient actomyosin contractility for blasto-
cyst morphogenesis, MYH10 can significantly compensate the effect of MYH9 loss onto cytokinesis
and compaction. Mutant and fused embryos also reveal that even blastocyst-stage embryos made
out of a single cell can proceed with the preimplantation program in a timely fashion, as they differ-
entiate into TE and build features of the blastocyst, such as the inflation of fluid-containing compart-
ments. Finally, myosin mutants and fused embryos reveal that the developmental program entailing
morphogenesis and lineage specification carries on independently of successful cleavages. This fur-
ther demonstrates the remarkable regulative capacities of the early mammalian embryo.
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Figure 6. Analysis of TE and ICM lineage in double maternal-zygotic Myh9 and Myh10 mutant embryos. (A) Representative images of WT and
mzMyh9,;mzMyh 10 embryos stained for TE and ICM markers CDX2 (magenta) and SOX2 (cyan), DAPI (yellow), and F-actin (grey). The same mutant
embryos as in Figure 5A are shown. Scale bar, 20 um. (B-C) Total cell number (B) and proportion of inner cells (C) in WT (grey, n = 23), mzMyh?9;
mzMyh10 (purple, n = 8), mzMyh?,;mMyh10 (lilac, n = 7), mMyh9;mzMyh10 (pink, n = 1), and mMyh%;mMyh10 (bubblegum, n = 9) embryos. (D) Number
Figure 6 continued on next page
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Figure 6 continued

of maternal Myh9;Myh10 mutant embryos with (cyan) or without (magenta) inner cells as a function of the total number of cells. (E) Nuclear to
cytoplasmic (N/C) ratio of CDX2 and SOX2 staining for individual cells from WT (grey, n = 345), mzMyh?;mzMyh10 (purple, n = 17), mzMyh9;mMyh10
(lilac, n = 41), mMyh9:;mzMyh10 (pink, n = 2), and mMyh9;mMyh10 (bubblegum, n = 21) embryos. (F-G) N/C ratio of CDX2 (F) and SOX2 (G) staining for
outer cells from averaged WT (grey, n = 23), mzMyh9;mzMyh10 (purple, n = 8), mzMyh9:mMyh10 (lilac, n = 7), mMyh?,mzMyh10 (pink, n = 1), and
mMyh9;mMyh10 (bubblegum, n = 9) embryos. Mann-Whitney U test p values compared to WT are indicated.

Discussion

Recent studies have described the critical role of actomyosin contractility in establishing the blasto-
cyst (Anani et al., 2014; Chan et al., 2019; Dumortier et al., 2019; Maitre et al., 2015;
Maitre et al., 2016; Samarage et al., 2015; Zenker et al., 2018; Zhu et al., 2017). To understand
the molecular regulation of this crucial engine of preimplantation development, we have eliminated
the maternal and zygotic sources of the NMHCs MYH9 and MYH10 individually and jointly. Mater-
nal-zygotic mutants reveal that actomyosin contractility is primarily mediated by maternal MYH9,
which is found most abundantly. Comparatively, loss of Myh10 has a mild impact on preimplantation
development. Nevertheless, double maternal-zygotic mutants reveal that in the absence of MYH9,
MYH10 plays a critical role in ensuring sufficient contractility to power cleavage divisions. Further-
more, double maternal-zygotic mutants bring to light the remarkable ability of the preimplantation
embryo to carry on with its developmental program even when reduced to a single-celled embryo.
Indeed, single-celled embryos, obtained from NMHC mutants or from the fusion of all cells of WT
embryos, display evident signs of differentiation and initiate lumen formation by accumulating fluid
in a timely fashion. Therefore, NMHC mutants and fused embryos reveal that the developmental
program entailing morphogenesis and lineage specification carries on independently of successful
cleavages.

Despite the importance of contractility during the formation of the blastocyst, maternal-zygotic
mutants of NMHCs are yet to be characterized. The phenotypes we report here further confirm
some of the previously proposed roles of contractility during preimplantation development and pro-
vide molecular insights on which NMHC paralog powers contractility. We observed reduced com-
paction when Myh9 is maternally deleted and slower compaction when Myh10 is deleted
(Figure 2A-B). This is in agreement with cell culture studies, in which Myh? knockdown reduces
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Figure 7. Apico-basal polarity of maternal Myh9;Myh10 mutant embryos composed of multiple cells or a single cell. Representative images of WT,
multiple- or single-celled Myh9;Myh10 mutant embryos stained for apico-basal polarity markers. From left to right: PRKCz, F-actin, ATP1A1, CDH1, and
AQP3 shown in grey. Nuclei stained with DAPI shown in yellow. Intensity profiles of a representative 15 um line drawn from the embryo surface towards
the interior are shown next to each marker and genotype (arrows). Intensities are normalized to each minimal and maximal signals. Scale bar, 20 um.
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Figure 8. Single-celled embryos at the blastocyst stage. (A) Representative images of long-term time-lapse of WT and single-celled mMyh?;mMyh10
embryos at the onset of fluid accumulation (Figure 8—video 1). Scale bar, 20 um. (B) Embryo growth curves during fluid accumulation for WT (grey,

n = 20) and multiple- (yellow, n = 13) or single-celled Myh9;Myh10 (green, n = 4) mutant embryos measured for seven continuous hours after a lumen of
at least 20 um is observed. Data show mean + SEM. (C) Representative images of WT and single-celled mMyh9:mMyh10 embryos stained for TE and
ICM markers CDX2 (magenta) and SOX2 (cyan), DAPI (yellow), and F-actin (grey). The same mutant embryos as in A are shown. Scale bar, 20 um. (D-E)
N/C ratio of CDX2 (D) and SOX2 (E) staining for outer cells from WT (grey, n = 23) and multiple- (yellow, n = 18) or single-celled Myh9;Myh10 (green,

n = 6) embryos. Mann-Whitney U test p values compared to WT are indicated.

The online version of this article includes the following video and figure supplement(s) for figure 8:

Figure supplement 1. Morphogenesis and lineage specification of embryos with all blastomeres fused at the late morula stage.
Figure 8—video 1. Preimplantation development of an mMyh?,;mMyh10 embryo failing all successive cleavages.
https://elifesciences.org/articles/68536#fig8video

Figure 8—video 2. Fluid accumulation in control and single-celled fused embryos.
https://elifesciences.org/articles/68536#fig8video2

contact size whereas Myh10 knockdown does not (Heuzé et al., 2019; Smutny et al., 2010). This is
also in agreement with previous studies using inhibitory drugs on the preimplantation embryo. Com-
paction is prevented, and even reverted, when embryos are treated with blebbistatin, a drug directly
inhibiting NMHC function (Maitre et al., 2015), or ML7, an inhibitor of the myosin light chain kinase
(Zhu et al., 2017). However, zygotic injection of siRNA targeting Myh9 did not affect compaction
(Samarage et al., 2015; Zenker et al., 2018), further indicating that MYH9 acts primarily via its
maternal pool. Similarly, siRNA-mediated knockdown of a myosin regulatory light chain Myl12b did
not affect compaction (Zhu et al., 2017). Therefore, for efficient reduction of contractility with
molecular specificity, maternal depletion is required.

The phenotypes of the maternal-zygotic NMHC mutants can also appear in contradiction with
other conclusions from previous studies. Drugs were used to test the role of contractility in apico-
basal polarity establishment with contradictory results. ML7, but not blebbistatin, was reported to
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block de novo cell polarization (Zhu et al., 2017). This discrepancy might be due to ML7 inhibiting
other kinases than MLCK such as PKC (Bain et al., 2003), which is required for apical domain forma-
tion (Zhu et al., 2017). Also, blebbistatin was reported to block the maturation of the apical domain
(Zenker et al., 2018). The apical domain is essential for TE differentiation and for polarized fluid
transport (Laeno et al., 2013; Hirate et al., 2013). We observed that even the most severely
affected NMHC mutant embryos are able to establish and maintain apico-basal polarity, specific
expression of TE markers and, most importantly, a functional polarized fluid transport (Figure 8).
This argues against the requirement of contractility for de novo polarization and apical domain
maturation.

Besides compaction defects, reduced cell number is one of the major effects caused by reduced
contractility in the maternal-zygotic knockout of NMHCs. Loss of MYH9 alone, but not of MYH10
alone, causes cytokinesis defects (Figures 2-3, Figure 2—videos 1 and 3). This could simply be
explained by the higher levels of maternal MYH9 (Figure 1). In vitro studies also noted that MYH?9,
but not MYH10, is key to power the ingression of the cleavage furrow (Taneja et al., 2020). This
recent study also noted that MYH10 can compensate the absence of MYH9 with increased cortical
recruitment (Taneja et al., 2020). Consistently, we observed much more severe division failures
when both Myh9 and Myh10 are maternally removed (Figures 5, 6 and 8). This reveals significant
compensation between NMHCs during preimplantation development. Whether this compensation
takes place by a change in subcellular localization or by changes in expression level will require fur-
ther studies.

Reduced cell number could have a major impact during very early development, when the zygote
needs to produce enough cells for developmental patterning and morphogenesis. During normal
development, the mouse embryo paces through the successive morphogenetic steps of compaction,
internalization, and lumen formation at the rhythm of the third, fourth, and fifth waves of cleavage
(Maitre, 2017; Ptusa and Piliszek, 2020; Rossant, 2016; White et al., 2018). Such concomitance
may initially suggest that the preimplantation program is tightly linked to cleavages and cell number.
However, seminal studies have established that the mammalian embryo is regulative and can build
the blastocyst correctly with either supernumerary or fewer cells (Smith and McLaren, 1977,
Snow, 1973; Tarkowski, 1959, Tarkowski, 1961; Tarkowski and Wroblewska, 1967). For exam-
ple, aggregating multiple embryos results in compaction and lumen formation after the third and
fifth cleavage, respectively, rather than when the chimeric embryos are composed of 8 and 32 cells
(Tarkowski, 1961). Disaggregation leads to the same result with halved or quartered embryos com-
pacting and forming a lumen at the correct embryonic stages rather than when reaching a defined
cell number (Tarkowski, 1959; Tarkowski and Wroblewska, 1967). Contrary to disaggregated
embryos, NMHC mutant embryos show reduced cell numbers without affecting the amount of cellu-
lar material (Figure 2—figure supplement 1). As observed in other species, the pace of develop-
ment during mouse cleavage stages is thought to depend on the size ratio between the nucleus and
the cytoplasm (Tsichlaki and FitzHarris, 2016). Evidences of nuclear divisions are visible even in the
case of single-celled embryos (Figure 8—video 1), which suggests that the nuclear to cytoplasmic
ratio may increase during the development of single-celled embryos. In line with these previous
studies, the present experiments further confirm that compaction, internalization, and lumen forma-
tion take place without the expected cell number. Therefore, although cleavages and morphoge-
netic events are concomitant, they are not linked. Importantly, affecting blastocyst cell number
through maternal Myh?9 loss or fusion of blastomeres at the 4-cell stage preserves the proportion of
cells allocated to TE and ICM lineages (Figure 3C and Figure 3—figure supplement 2D). A recent
study proposed that this proportion is controlled by the growth of the lumen (Chan et al., 2019).
This is compatible with our observation that lumen growth is not affected by the loss of Myh9 or cell
fusion (Figure 2C and Figure 2—figure supplement 2C). However, lineage proportions break down
when both Myh9 and Myh10 are maternally lost (Figure 6C). With about three cells on an average
(Figure 6C-D), a majority of double mutants fail to internalize cells. As observed for doublets of 16-
cell stage blastomeres, in principle, two cells should be enough to internalize one cell by an entosis-
like process (Maitre et al., 2016; Overholtzer et al., 2007). With extremely low contractility, double
mutants may fail to raise contractility above the tension asymmetry threshold, enabling internalisa-
tion (Maitre et al., 2016). As for oriented cell division (Korotkevich et al., 2017), this mechanism
needs at least two cells to push one dividing cell within the cell-cell contact area. Together, this
explains the absence of inner cells in mutant embryos with fewer than three cells.
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Disaggregation experiments were key to reveal some of the cell-autonomous aspects of blasto-
cyst formation: a single 8-cell stage blastomere can polarize (Ziomek and Johnson, 1980) and
increase its contractility (Maitre et al., 2015). Our observations on single-celled embryos reveal that
fluid accumulation is also a cell-autonomous process (Figure 8). In fact, single-celled embryos inflate
at rates similar to control embryos, implying that cell-cell contacts, closed by tight junctions at the
embryo surface, are not required for accumulating fluid within blastomeres. Therefore, blastocoel
components may be transported exclusively transcellularly, whereas paracellular transport through
tight junctions may be negligible.

Whether single-celled embryos resulted from systematically failed cytokinesis or from cell fusion,
these embryos grow at a similar rate, which is also the same as control embryos and other embryos
composed of a reduced cell number (Figure 2C, Figure 5C, Figure 8B, Figure 8—figure supple-
ment 1B, and Figure 2—figure supplement 2C). This suggests that fluid accumulation is a robust
machinery during preimplantation development. Interfering with aquaporins, ion channels and trans-
porters affect fluid accumulation, but the transcellular and paracellular contributions remain unclear
(Barcroft et al., 2003; Kawagishi et al., 2004; Schliffka and Maitre, 2019). Future studies will be
needed to understand what sets robust transcellular fluid accumulation during preimplantation
development. The ability of single cells to polarize and inflate a lumen was recently demonstrated in
vitro by plating hepatocytes onto CDH1-coated substrates (Zhang et al., 2020). In this study, fluid
accumulation in single-celled embryos does not result in the formation of a lumen but in the forma-
tion of inflating vacuoles. Vacuoles were also reported to appear occasionally in mutant mouse
embryos with defective cell-cell adhesion (Bedzhov et al., 2012; Stephenson et al., 2010). Similarly,
vacuole formation in case of acute loss of cell-cell adhesion has been studied in vitro (Vega-
Salas et al., 1988). When apical lumens are disrupted, the apical compartment is internalized, and
this can result in fluid accumulation within the vacuolar apical compartment (VAC) (Vega-Salas et al.,
1988). Analogous VACs were proposed to coalesce into the lumen of endothelial tubes upon cell-
cell contact in vivo (Kamei et al., 2006). The molecular characteristics and dynamics of these struc-
tures and their empty counterparts, the so-called apical membrane initiation sites, have been exten-
sively studied in vitro and proven helpful to better understand apical lumen formation (Bryant et al.,
2010; Overeem et al., 2015). In the case of the blastocyst, which forms a lumen on its basolateral
side (Dumortier et al., 2019; Schliffka and Maitre, 2019), such vacuoles may constitute an equiva-
lent vacuolar basolateral compartment. Similar to apical lumen, further characterization of the molec-
ular identity and dynamic behaviors of these vacuoles may prove useful to better understand fluid
accumulation during basolateral lumen formation. Studying transcellular fluid transport and the
molecular machinery of basolateral lumen formation will be greatly facilitated by the fusion approach
reported in the present study (Figure 8—figure supplement 1).

Materials and methods

Embryo work

Recovery and culture

All the animal works were performed in the animal facility at the Institut Curie, with permission from
the institutional veterinarian overseeing the operation (APAFIS #11054-2017082914226001). The
animal facilities are operated according to international animal welfare rules.

Embryos were isolated from superovulated female mice mated with male mice. Superovulation of
female mice was induced by intraperitoneal injection of 5 international units (IU) pregnant mare's
serum gonadotropin (Ceva, Syncro-part), followed by intraperitoneal injection of 5 IU human chori-
onic gonadotropin (MSD Animal Health, Chorulon) 44-48 hr later. Embryos at E0.5 were recovered
from plugged females by opening the ampulla followed by a brief treatment with 37°C 0.3 mg/mL
hyaluronidase (Sigma, H4272-30MG) and washing in 37°C FHM. Embryos were recovered at E1.5 by
flushing oviducts and at E2.5 and E3.5 by flushing oviducts and uteri from plugged females with 37°
C FHM (Millipore, MR-122-D) using a modified syringe (Acufirm, 1400 LL 23).

Embryos were handled using an aspirator tube (Sigma, A5177-5EA) equipped with a glass pipette
pulled from glass micropipettes (Blaubrand intraMark or Warner Instruments).
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Embryos were placed in KSOM (Millipore, MR-107-D) supplemented with 0.1% BSA (Sigma,
A3311) in 10 pL droplets covered in mineral oil (Acros Organics). Embryos are cultured in an incuba-
tor under a humidified atmosphere supplemented with 5% CO2 at 37°C.

To remove the ZP, embryos were incubated for 45-60 s in pronase (Sigma, P8811).

Blastomeres were fused using the GenomONE-CF FZ SeV-E cell fusion kit (CosmoBio, ISK-CF-
001-EX). HVJ envelope was resuspended following manufacturer’s instructions and diluted in FHM
for use. To fuse the blastomeres of embryos at the 4-cell stage, embryos were incubated in 1:60 HVJ
envelope/FHM for 15 min at 37°C followed by washes in KSOM. To fuse blastomeres at the morula
stage, embryos were treated in the same manner in 1:50 HVJ envelope/FHM. Fusion typically
completes ~30 min after the treatment.

For imaging, embryos were placed in 3.5 or 5 cm glass-bottom dishes (MatTek).

Mouse lines
Mice used were of 5 weeks old and above.

(C57BL/6xC3H) F1 hybrid strain was used for WT.

To remove LoxP sites specifically in oocytes, Zp3c’e/+ (Tg(Zp3-cre)?3Knw) mice were used
(de Vries et al., 2000).

To generate mzMyh9 embryos, Myh9™>R%29 mice were used (Jacobelli et al., 2010) to breed
Myh@tmoRSad/tm5RSad. 7, 3Cre/* famales with Myh9*~ +. To generate mzMyh10 embryos, Myh10t™7%-
29 mice were used (Ma et al., 2009) to breed Myh1Qtm7Rsad/tm7Rsad, 7,3Cre/+ famales with Myh10*
~ +. To generate mzMyh9%;mzMyh10 embryos, Myh9m°RSad/tm5RSad. p\jy/p, qgtm7Rsad/tm7Rsad. 7, 3Cre/+
females were mated with Myh9*~; Myh10*~ males. To generate embryos with a maternal Myh9-
GFP allele, Myh9'm8.1RS2d (GH(ROSA)26Sorm4ACTB-tdTomato, EGFFILuo) famales were mated with WT
males; to generate embryos with a paternal Myh9-GFP allele, WT females were mated with
Myh9tm8-1RSad  (GHROSA)26Sorm#ACTB-tdTomato,-£GFPLuo) - males  (Muzumdar et al., 2007,
Zhang et al., 2012). For fusion at the morula stage, (Gt(ROSA)26Sortm#ACTB-tdTomato-EGFP)Luo) 1yice
were used (Muzumdar et al., 2007).

Mouse strain RRID
(C57BL/6xC3H) F1 MGI:5650923
Tg(Zp3-cre)?3Knw MGI:3835429
MyhgtmSRSad/tmoRSad MG!:4838530
Myh1Qtm?Rsad/tm7Rsad MG|:4443040
Myhgim-1RSad MGI:5499741
Gt(ROSA)26SormACTE tdTomato-EGFPLuo IMSR_JAX:007676
Immunostaining

Embryos were fixed in 2% PFA (Euromedex, 2000-C) for 10 min at 37°C, washed in PBS, and permea-
bilized in 0.1% (SOX2, CDX2, and YAP primary antibodies) or 0.01% (all other primary antibodies)
Triton X-100 (Euromedex, T8787) in PBS (PBT) at room temperature before being placed in blocking
solution (PBT with 3% BSA) at 4°C for 2-4 hr. Primary antibodies were applied in blocking solution at
4°C overnight. After washes in PBT at room temperature, embryos were incubated with secondary
antibodies, DAPI, and/or phalloidin in blocking solution at room temperature for 1 hr. Embryos were
washed in PBT and imaged immediately after.

Primary antibodies Dilution Provider RRID

CDX2 1:200 Abcam, ab157524 AB_2721036
SOX2 1:100 Abcam, ab%97959 AB_2341193
YAP 1:100 Abnova, H00010413-M01 AB_535096
Phospho-MYH9 (Ser1943) 1:200 Cell Signaling, 5026 AB_10576567

Continued on next page
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Continued

Primary antibodies Dilution Provider RRID

MYH10 1:200 Santa Cruz, sc-376942

PRKCz (H-1) 1:50 Santa Cruz, sc-17781 AB_628148
AQP3 1:500 Novusbio, NBP2-33872

CDH1 1:500 eBioscience,14-3249-82

ATP1A1 1:100 Abcam, ab76020 AB_1310695
Secondary antibodies and dyes Dilution Provider RRID

Alexa Fluor Plus 488 anti-mouse 1:200 Invitrogen, A32723 AB_2633275
Alexa Fluor 546 anti-mouse 1:200 Invitrogen, A11003 AB_2534071
Alexa Fluor Plus 488 anti-rabbit 1:200 Invitrogen, A32731 AB_2633280
Alexa Fluor Plus 546 anti-rabbit 1:200 Invitrogen, A11010 AB_2534077
Alexa Fluor 633 anti-rat 1:200 Invitrogen, A21094 AB_141553
Alexa Fluor 488 anti-rat 1:200 Invitrogen, A11006 AB_2534074
Alexa Fluor 633 phalloidin 1:200 Invitrogen, A22284

4’ ,6-diamidino-2-phenylindole (DAPI) 1:1000 Invitrogen, D1306 AB_2629482

Single embryo genotyping

DNA extraction was performed on single fixed embryos, in 10 uL of DNA extraction buffer contain-
ing 10 mM Tris-HCI (pH 8, Sigma, T2694), 50 mM KCI (Sigma, 60142), 0.01% gelatine (Sigma,
G1393), 0.1 mg/mL proteinase K (Sigma, P2308) at 55°C for 90 min, followed by deactivation of the
proteinase K at 90°C for 10 min. 2 uL of this DNA extract was used in PCR reactions.

To assess the Myh9 genotype, a preamplification PCR was performed using forward (fw) primer
GGGACCCACTTTCCCCATAA/reverse (rev) primer GTTCAACAGCCTAGGATGCG at a final concen-
tration of 0.4 uM. The PCR program is as follows: denaturation at 94°C 4 min; 35 cycles of 94°C 1
min, 58°C 1 min, 72°C 3:30 min, 72°C 1 min; final elongation step at 72°C 7 min. Subsequently, 2 uL
of the PCR product was directly used as a template for two independent PCR amplifications to
detect either a 592 bp amplicon for the WT allele, with fw primer GGGACACAGTTGAATCCCTT/rev
primer ATGGGCAGGTTCTTATAAGG or a 534 bp amplicon for a mutant allele, with fw primer
GGGACACAGTTGAATCCCTT/rev primer CATCCTGTGGAGAGTGAGAGCAC at a final concentra-
tion of 0.4 uM. PCR program is as follows: denaturation at 94°C for 4 min; 35 cycles of 94°C 1 min,
58°C 2 min, 72°C 1 min; final elongation step at 72°C 7 min.

To assess the Myh10 genotype, a preamplification PCR was performed using fw primer
GGCCCCCATGTTACAGATTA/rev primer TTTCCTCAACATCCACCCTCTG at a final concentration
of 0.4 uM. The PCR program is as follows: denaturation at 94°C for 4 min; 35 cycles of 94°C 1 min,
58°C 1 min, 72°C 2 min, 72°C 1 min; final elongation step at 72°C 7 min. Subsequently, 2 uL of the
PCR product was directly used as a template for a PCR amplification using fw primer 1 TAGC-
GAAGGTCTAGGGGAATTG/fw primer 2 GACCGCTACTATTCAGGACTTATC/rev primer CAGA-
GAAACGATGGGAAAGAAAGC at a final concentration of 0.4 pM. PCR program is as follows:
denaturation at 94°C for 4 min; 35 cycles of 94°C 1 min, 58°C 1:30 min, 72°C 1 min; final elongation
step at 72°C 7 min, resulting in a 230 bp amplicon for a WT allele and a 630 bp amplicon for a
mutant allele.

Quantitative RT-PCR

To extract total RNA, embryos were collected in 3 pL of PBS, frozen on ice or snap-frozen on dry ice
and stored at —80°C until further use. Total RNA extraction was performed using the PicoPure RNA
Isolation Kit (ThermoFisher Scientific, KIT0204) according to manufacturer’s instructions. DNase
treatment was performed during the extraction, using RNase-Free DNase Set (QIAGEN, 79254).
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cDNA was synthesized with random primers (ThermoFisher Scientific, 48190011), using the Super-
Script Ill Reverse Transcriptase kit (ThermoFisher Scientific, 18080044) on all the extracted RNA,
according to manufacturer’s instructions. The final product could be used immediately or stored at
—20°C until further use.

All the RT-gPCR reactions were performed using the ViiA 7 Real-Time PCR machine (Applied Bio-
Systems) according to the instruction of the manufacturer. For each target sample, amplifications
were run in triplicate in 10 pL reaction volume containing 5 pL of 2x Power SYBR Green PCR Master
Mix (Applied Biosystems, 4367659), 1.4 uL of cDNA, 0.5 uL of each primer at 2 uM, and 2.6 uL of
nuclease-free water. The PCR program is as follows: denaturation at 95°C 10 min; 40 cycles of 95°C
155, 60°C 1 min; 1 cycle of 95°C 15 s, 60°C 1 min, 95°C 15 s. The last cycle provides the post PCR
run melt curve, for assessment of the specifics of the amplification. Each couple of primers was
designed in order to anneal on consecutive exons of the cDNA sequence, far from the exon-exon
junction regions, except for the Gapdh gene. The size of amplicons varied between 84 bp and 177
bp. Gapdh housekeeping gene was used as internal control to normalize the variability in expression
levels of each target gene, according to the 2*“T method. For every experiment, data were further
normalized to Myh9 levels at the zygote stage.

Total RNA was extracted from 234, 159, 189, 152 embryos at zygote, four-cell, morula, and blas-
tocyst stages, respectively, from six independent experiments.

Gene name Primer sequence forward Primer sequence reverse

Myh?9 (ex7-ex8) CAATGGCTACATTGTTGGTGCC AGTAGAAGATGTGGAAGGTCCG
Myh10 (ex3-ex4) GAGGGAAGAAACGCCATGAGA GAATTGACTGGTCCTCACGAT
Myh14 (ex25-ex26) GAGCTCGAGGACACTCTGGATT TTTCTTCAGCTCTGTCACCTCC
Gapdh (ex6-ex7) CATACCAGGAAATGAGCTTG ATGACATCAAGAAGGTGGTG

Bioinformatic analysis

Mouse and human single cell RNA sequencing data were extracted from Deng et al., 2014 and
Yan et al., 2013, analyzed as in De laco et al., 2017. In brief, single cell RNAseq datasets of human
and mouse embryos (GSE36552, GSE45719) were downloaded and analyzed using the online plat-
form Galaxy (usegalaxy.org). The reads were aligned to the reference genome using TopHat (Galaxy
Version 2.1.1; Kim et al., 2013) and read counts generated with htseg-count (Galaxy Version 0.9.1;
Anders et al., 2015). Normalized counts were determined with limma-voom (Galaxy Version
3.38.3 + galaxy3; Law et al., 2014).

Microscopy

For live imaging, embryos were placed in 5 cm glass-bottom dishes (MatTek) under a Celldiscoverer
7 (Zeiss) equipped with a 20x/0.95 objective and an ORCA-Flash 4.0 camera (C11440, Hamamatsu)
or a 506 axiovert (Zeiss) camera.

Embryos were imaged from E1.5 to E3.5 until the establishment of a stable blastocoel in WT con-
trol embryos. Using the experiment designer tool of ZEN (Zeiss), we set up a nested time-lapse in
which all embryos were imaged every 30 min at three focal planes positioned 10 um apart for 40-54
hr and each embryo was subjected to two 10 min-long acquisitions with an image taken every 5 s at
two focal planes positioned 10 um apart that were set 12 and 19 hr after the second cleavage divi-
sion of a reference WT embryo. Embryos were kept in a humified atmosphere supplied with 5%
CO2 at 37°C. After imaging, mutant embryos were tracked individually for immunostaining and
genotyping.

Live MYH9-GFP embryos were imaged at the zygote, four-cell, morula, and blastocyst stages.
Live imaging was performed using an inverted Zeiss Observer Z1 microscope with a CSU-X1 spin-
ning disc unit (Yokogawa). Excitation was achieved using 488 and 561 nm laser lines through a 63x/
1.2 C Apo Korr water immersion objective. Emission was collected through 525/50 and 595/50 band
pass filters onto an ORCA-Flash 4.0 camera (C11440, Hamamatsu). The microscope was equipped
with an incubation chamber to keep the sample at 37°C and supply the atmosphere with 5% CO2.
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Immunostainings were imaged on the same microscope using 405, 488, 561, and 642 nm laser
lines through a 63x/1.2 C Apo Korr water immersion objective; emission was collected through 450/
50 nm, 525/50 nm, 595/50 band pass or 610 nm low pass filters.

Data analysis

Time-lapse of preimplantation development

Based on the time-lapses of preimplantation development from E1.5 to E3.5, we assessed the timing
of the third, fourth, and fifth cleavage divisions as well as the dynamics of compaction and lumen
growth following these definitions:

(1)Cleavages are defined as part of the same wave when they occur within 30 min of the cleavage
of another cell within the same embryo. As embryos are recovered at E1.5, time-lapse imaging starts
around the time of the second cleavage. As cell divisions are affected by the mutations of Myh9
and/or Myh10, the cell number of recovered embryos is not necessarily equal to WT cell number.
Therefore, we used the entire time-lapse to determine whether the first observed division corre-
sponds to thesecond, third, fourth, or fifth wave. Failed cytokinesis is counted as part of cleavage
waves. (2) Timing of maximal compaction is defined as the time when embryos stop increasing their
contact angles. (3) Timing of blastocoel formation is taken as the time when a fluid compartment
with a diameter of at least 20 um is visible.

The timings of all cleavage divisions and morphogenetic events were normalized to the end of
the third cleavage division (beginning of the 8-cell stage in WT embryos).

Surface contact angles were measured using the angle tool in Fiji. Only the contact angles formed
by two adjacent blastomeres with their equatorial planes in focus were considered. For each
embryo, between one and six contact angles were measured after completion of the third cleavage,
just before the onset of the fourth cleavage, after completion of the fourth cleavage, and just before
the onset of the fourth cleavage.

Lumen growth was assessed by an increase in the area of the embryo. Using FlJI, an ellipse was
manually fitted around the embryo every hour starting from the time of blastocoel formation
(defined here as when a lumen of at least 20 um becomes visible) until the end of the time-lapse.
Growth rates of individual embryos were calculated over a 7 hr time window following the time of
blastocoel formation. Measured projected areas from different embryos were synchronized to the
time of blastocoel formation and averaged. For a fused single-celled embryo, the mean blastocoel
formation time of the control embryos from each experiment was calculated to synchronize the
fused embryos (1 hr of deviation from the mean blastocoel formation time can be allowed to accom-
modate cell divisions and sampling time). For control embryos, only blastocyst growing by at least
35% of their projected area were considered.

The shape of the zona pellucida was measured by fitting an ellipse on the outer edge of the zona
pellucida and measuring the long and short axes.

Time-lapse of periodic contractions

Particle image velocimetry (PIV) analysis was performed using PIVlab 2.02 running on Matlab
(Thielicke and Stamhuis, 2020; Thielicke and Stamhuis, 2014). Similar to Maitre et al., 2015, time-
lapse movies acquired every 5 s were processed using two successive passes through interrogation
windows of 20/10 um resulting in ~180 vectors per embryo. Vector velocities were then exported to
Matlab for Fast Fourier Transform (FFT) analysis. The power spectrum of each embryo was then ana-
lyzed to assess the presence of a clear oscillation peak. The peak value between 50 and 120 s was
taken as the amplitude, as this oscillation period range corresponds to the one where WT show oscil-
lations (Maitre et al., 2015; Maitre et al., 2016). An embryo is considered as oscillating when the
amplitude peaks 1.7 above background (taken as the mean value of the power spectrum signal of a
given embryo) to determine whether it has a detectable oscillation. Power spectra of embryos from
the same genotype were averaged.

Time-lapse of Myh9-GFP embryos
Myh9-GFP intensity was measured in FlJI by fitting a circle with a radius of 50 um over the sum pro-
jection of each embryo and measuring the mean gray value. Background intensity was measured in a
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circular area with radius 5 um and subtracted to the embryonic value. The corrected intensities were
normalized to the zygote stage of maternal Myh9-GFP embryos.

Immunostaining

We used FlJI to measure the levels of SOX2, CDX2, and YAP expression and localization by measur-
ing the signal intensity of immunostainings. For each embryo, 15 cells (five ICM, five polar TE, five
mural TE) were measured. In case an embryo had fewer than five ICM cells, a corresponding number
of TE cells were added. If the embryo had fewer than 15 cells, all cells were measured. For each cell,
the signal intensity was measured in a representative 3.7 um? circular area of the equatorial nuclear
plane and in a directly adjacent cytoplasmic area. Mitotic and apoptotic cells were excluded from
analysis. We then calculated the nuclear to cytoplasmic ratio.

To obtain apico-basal intensity profiles of polarity markers, we selected confocal slices cutting
through the equatorial plane of a surface cell lining the blastocoel. We drew a 15-um-long and 0.4-u
m-thick line from the cell-medium interface through the cell into the cell-lumen or cell-vacuole inter-
face. Lowest/highest intensity values were normalized to 0 and 1, respectively.

To count cell number, we used DAPI to detect nuclei and phalloidin staining to detect cells. Cells
were considered outer cells if they were in contact with the outside medium.

To measure the 3D properties of blastocysts, we manually segmented the surface of the embryo
and of the blastocoel using Bitplane Imaris. Volumes and ellipticity were obtained from Imaris. The
cellular volume was obtained by subtracting the blastocoel volume from the total volume of the
embryo.

Statistics
Mean, standard deviation, SEM, lower and upper quartiles, median, Pearson’s correlation coeffi-
cients, unpaired two-tailed Welch’s t test, Mann-Whitney U test, and Pearson'’s Chi? test with Yates's
correction for continuity p values were calculated using Excel (Microsoft) and R (http://www.r-proj-
ect.org). Pearson's correlation statistical significance was determined on the corresponding table.
Statistical significance was considered when p<10’2. Boxplots show the median (line), interquartile
range (box), 1.5 x interquartile range (whiskers), and remaining outliers (dots).

The sample size was not predetermined and simply results from the repetition of experiments.
No sample was excluded. No randomization method was used. The investigators were not blinded
during experiments.
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Appendix 1—table 1. Statistical analysis of compaction data.

Developmental Biology

Mean contact angles and developmental times related to Figure 1B and Figure 3B with associated
SEM, embryo number, and p value from unpaired two-tailed Welch's t test against WT.

Time before intial fourth

Time after last third cleavage cleavage Time after last fourth cleavage  Time before intial fifth cleavage
P P
Mean SEM Embryos value Mean SEM Embryos pvalue Mean SEM Embryos pvalue Mean SEM Embryos value

WT Time after 3rd cleavage 0 0 23 NA 7.0 03 23 NA 109 03 21 NA 167 04 22 NA

[h]

Contact angle [ 87 3 NA 147 2 NA 140 3 NA 148 2 NA
mzMyh9  Time after 3rd cleavage 0 0 15 NA 9.8 05 15 0.0001 138 06 10 0.002 188 05 8 0.01

[h]

Contact angle [ 85 2 0.5 125 4 0.00001 104 5 0.00001 131 8 0.02
mMyh9  Time after 3rd cleavage 0 0 8 NA 104 07 8 0.001 146 08 8 0.002 187 07 3 0.002

th]

Contact angle [ 86 5 0.5 115 6 0.0001 112 7 0.003 113 21 0.1
mzMyh10  Time after 3rd cleavage 0 0 " NA 54 04 M 0.004 102 06 1 0.2 158 04 1 0.1

[h]

Contact angle [1 87 5 08 121 4 0.0001 126 5 0.03 148 4 0.8
mMyh10  Time after 3rd cleavage 0 0 20 NA 63 04 20 0.2 108 03 20 0.5 168 06 20 0.9

[h]

Contact angle [ 85 3 03 128 5 0.0004 128 3 0.006 149 28 0.5
mzMyh9;  Time after 3rd cleavage 0 0 7 NA 9.7 08 3 0.07 12 NA 1 NA NA
mzMyh10  [h]

Contact angle [7 89 6 0.8 117 4 0.006 84.5 NA NA
mzMyh9;  Time after 3rd cleavage 0 0 7 NA 69 17 4 1.0 9 05 2 0.1 12 NA 1 NA
mMyh10  [h]

Contact angle [ 83 5 0.6 100 5 0.002 108 14 0.07 113 NA NA
mMyh9;  Time after 3rd cleavage 0 0 7 NA 8 13 5 0.5 " 05 3 1.0 NA
mMyh10  [h]

Contact angle [ 76 7 0.1 110 5 0.0006 105 3 0.002

Appendix 1—table 2. Statistical analysis of cell cycle duration data.
Mean durations of 8-cell stage, fourth wave of cleavage, and 16-cell stage related to Figures 2B and
5B with associated SEM, embryo number, and p value from unpaired two-tailed Welch's t test against

WT.
Duration of fourth wave of

Duration of 8-cell stage [h] cleavages [h] Duration of 16-cell stage [h]

Mean SEM Embryos \':alue Mean SEM Embryos \F:alue Mean SEM Embryos \F:alue
WT 70 03 23 NA 40 03 23 NA 55 04 23 NA
mzMyh?9 98 05 15 0.0001 48 07 15 0.3 57 08 14 0.8
mMyh?9 104 07 8 0.001 42 12 8 0.9 7.0 1.1 8 0.1
mzMyh10 54 04 M1 0.004 48 08 11 0.2 56 05 M 0.9
mMyh10 63 04 20 0.2 45 04 20 0.3 6.1 05 20 0.4
Continued on next page
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Appendix 1—table 2 continued

Duration of fourth wave of
Duration of 8-cell stage [h] cleavages [h] Duration of 16-cell stage [h]

P P P
Mean SEM Embryos value Mean SEM Embryos value Mean SEM Embryos value

mzMyh9; 103 14 8 0.06 20 08 3 0.1
mzMyh10

mzMyh?9; 8.1 14 6 0.5 4.3 1.1 3 0.8 NA
mMyh10

mMyh9; 93 10 8 0.06 36 07 5 0.6
mMyh10

Appendix 1—table 3. Statistical analysis of periodic contraction data.
Mean amplitude of periodic movements and contact angle related to Figure 2H with associated
SEM, embryo number, and p value from Mann-Whitney U test against WT.

Maximum amplitude within 50-120 s oscillation period range [um] Contact angle []

Embryos Mean SEM p value Mean SEM p value
WT 21 0.140 0.009 NA 126 5 NA
mzMyh9 15 0.039 0.002 0.0000005 78 3 0.000003
mMyh? 8 0.045 0.003 0.00005 82 6 0.001
mzMyh10 11 0.094 0.009 0.006 103 6 0.02
mMyh10 20 0.111 0.013 0.01 108 5 0.02
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Actomyosin contractility is a major engine of the morphogenetic events of the
preimplantation mouse development. Increase in actomyosin contractility drives
embryo compaction (Maitre et al., 2015). Differences in contractility trigger the sorting
of blastomeres into internal or external positions; the less-contractile cells spread over
the more contractile cells, which become internalized (Maitre et al., 2016). Once the
blastomeres are segregated into different positions they are considered to differentiate
into two different cell types: the inner cell mass (ICM) and the trophectoderm (TE).
Contractile forces play a role also during cavitation process where more contractile
cells pushes the fluid towards the less contractile ones deciding the positioning of the
lumen (Dumortier et al., 2019). Although actomyosin contractility plays such an
important role, how it maturates throughout cleavage stages remains unknown. Mouse
embryo with its slow development compared to other model organisms used in this
field allows us to look at actomyosin contractility at 2 different timescale; 1) hours-to-
days: Morphogenetic events 2) seconds-to-minutes : Periodic Cortical Waves of
Contraction (PeCoWaCo).

In this thesis, | discovered and studied the scaling of Periodic Cortical Waves of
Contraction (PeCoWaCo) that we observe during the preimplantation development of
mouse embryos. More specifically; | investigated when and why preimplantation
mouse embryos start showing PeCoWaCo and how PeCoWaCo are regulated both
mechanically and molecularly via mechanical manipulations of cell size and shape as

well as genetic and chemical disruptions of actomyosin contractility.
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1. PeCoWaCo reveals maturation of actomyosin cortex

| showed that PeCoWaCo are detectable from zygote onwards. Moreover, by
looking into characteristics of PeCoWaCo, we observed the change in the period of
PeCoWaCo throughout the cleavage stages. This showed us that PeCoWaCo can be
used as a tool to understand the actomyosin cortex of the earlier stages. This gave us
a ‘map’ of the mechanochemical characteristics of the actomyosin cortex that was not
possible by simply looking at cell divisions or morphogenesis as there is no
morphogenetic event happening till 8-cell stage.

We also showed that from zygote to early 8-cell stage surface tension drops after
each round of division and this drop in the surface tension coincides with the decrease
in the period of PeCoWaCo. However, when looked into stages after the initiation of
morphogenesis, PeCoWaCo period stays unaffected from the changes in the surface
tension. 16-cell stage, where 2 population of surface tension is observed, although
there is a difference in the amplitude, there is no difference in the PeCoWaCo period
between these populations (Maitre et al., 2016).

Although PeCoWaCo are detectable from zygote onwards, | observed that
detection rate shows a dramatic peak when embryo reaches the 4-cell-stage. After
using various methods to understand the reason of this peak, | showed that the pulsed
contractions do not rely on the successive reductions in cell size but rather on the
gradual decrease in surface tension of the blastomeres. We hypothesize that pulsatile
nature of actomyosin, or the cycling activator / inhibitor exists from the beginning,
however the cortex of blastomeres at the zygote and 2-cell stages is too stiff to deform
therefore this internal oscillations are not able to curve the surface for PeCoWaCo to
become visible. Indeed, softening the cortex of 2-cell stage embryos with low
concentrations of the actin polymerization inhibitor Latrunculin A increased the
proportions of embryos displaying PeCoWaCo proving our hypothesis. Moreover, the
oscillation period of softened 2-cell stage embryos is lower than the control indicating
that F-actin polymerization rate could be the regulatory machinery behind the stepwise
decrease in PeCoWaCo period. In addition to cortical softening awaking the
PeCoWaCo, | also showed that zygotic genome activation (ZGA) that occurs at 2-cell-

stage is required for the peak of PeCoWaCo detection that we observe at 4-cell-stage.
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FIGURE 27: GRAPHICAL ABSTRACT
Schematic diagram of our findings on scaling of surface tension and PeCoWaCo
through cleavage stages with a peak of detection rate at 4-cell stage corresponding to

a critical surface tension value and zygotic genome activation.

Altogether, these might suggest that the cortex is different between cleavage
stages and at the morphogenetic stage. | showed that this difference is not coming
from a detectable cortex thickness with airyscan. However, cortex mechanics is also
likely to be affected by the spatial organization of F-actin. To better understand the
structural changes in the cortex, other superresolutive microscopes can be used to
resolve better, such as STED or electron microscopy. However, as cells of the
preimplantation embryo are non-adhesive and big, these methods are not optimal for
the moment. Instead, the new sample preparation method called expansion
microscopy can be more suitable to look into architectural changes happening during
the cleavage stages. This new method works by physically magnifying the specimen
directly; therefore, it enables biological samples to be imaged with nanoscale precision,
even on ordinary microscopes. Magnifying an already quite big cell would cause losing
the signal and the resolution of half of the volume. However, the bottom half could

already be enough for deciphering the architecture of the cortex.
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In addition to high-resolution imaging to decipher the architecture, we can focus
on the crosslinkers and actin nucleators that shape the actin meshwork. Mining protein
screening data of preimplantation development can guide us to select target proteins
(Gao et al., 2017). These proteins can be targeted using inhibitors such as SMIFH2
(formin inhibitor) and CK666 (Arp2/3 inhibitor) and see whether they affect the
PeCoWaCo period. However, using drugs is, most of the time, not a clear-cut
experiment as they inhibit many other processes simultaneously. For cleaner
experimentation, one can focus on genetic tools. Due to the maternal pool of mRNA
and proteins, CRISPR/Cas9 technology is unsuitable for the cleavage stages. As we
have not been successful with our attempts to replicate already published results with
siRNA, this technique is also out of the list. A novel technique called TrimAway that
directly targets the protein of interest would be a better option for this purpose. This
method eliminates protein of interest within seconds by introducing an antibody specific
to the protein of interest and a special protein called Trim21 as Trim21 recognizes
antibodies and targets them (together with the protein they bind) to proteasomes (Israel
et al., 2019). For our interest, selective antibodies and Trim21 can be introduced into
2-cell embryo to see if the PeCoWaCo period will increase and become more like what
we observe in the zygote or decrease and become more like the ones in 4-cell-stage
leading us to understand how the actomyosin cortex changes through the
developmental stages. In addition to removal, overexpression experiments with mRNA
injection can help as well. Altogether, these could give us how the actomyosin cortex
changes over the time of cleavage stages.

The pipeline that | developed to study the cortex mechanics of cleavage stage
mouse embryos could also be helpful to study the cortex and its contractility through
early embryonic developments of different mammals. This pipeline is not an invasive
method, and it does not require a fluorescence signal. It simply requires observing
embryos under the microscope with white light. Therefore, it serves as a
straightforward pipeline to be used for the embryos of other mammals that we do not
have enough genetic tools (or rights to use them on) to do confocal images such as
human embryos. Morphogenesis of the human blastocyst has not yet been analyzed
thoroughly, and we, therefore, do not know to what extent it differs from other

mammals. Preliminary observations on human embryos developing during artificial
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reproductive technologies (ART) reveal quantitative differences with the mouse
regarding morphogenetic progression. To further characterize the specific properties
of human embryonic development, it would be key to observe if PeCoWaCo are
conserved and if its features are similar. PIV analysis pipeline can quantify the period
and amplitude of PeCoWaCo in human embryos. Moreover, preliminary results of Julie
Firmin, a PhD student in our lab, show that preimplantation human embryos are much
more stiffer than mouse embryos. Therefore, it would be interesting for our hypothesis
on cortex stiffness and PeCoWaCo detection to see if PeCoWaCo are conserved in
human embryos. This pipeline can be used to investigate the cortex mechanics of other
animals, in addition to human embryos, such as sheep, pigs, cows, and horses.
Allowing the selection of better embryos for those animals can be better for their
strategic benefits (food, research) and their industries' economic impact. Supposing
that PeCoWaCo are conserved and could tell us whether the quality of the embryo is
good or not; then can be used as a quality check step in the reproduction technologies
as a novel non-invasive method to appraise quantitatively the developmental capacity

of embryos without needing hard to perform techniques.
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2. Robustness of PeCoWaCo Period and Velocity.

In this study, we take advantage of the slow development of the mouse embryo to
study thousands of pulsed contractions and the robustness of the mouse embryo to
size manipulation to explore the geometrical regulation of PeCoWaCo. Using
fragmentation and fusion of cells, we find that the initiation, persistence, or properties
of PeCoWaCo do not depend on a broad range of cell sizes. Furthermore, although
PeCoWaCo seem insensitive to geometrical changes, aspiration of blastomeres
reveals that PeCoWaCo are sensitive to mechanical stress. We confirm this by using
a mild reduction of cell contractile stresses. Together, this study reveals the
geometrical and mechanical regulation of PeCoWaCo during preimplantation
development.

Measuring the period, amplitude, and wave velocity of 16-cell stage blastomeres
over a broad range of sizes and surface curvature by fusing different numbers of cells
and fragmenting cells into smaller cells. Careful analysis of the relationship between
cell size and the properties of PeCoWaCo over this extensive range of cell radii showed
that periodic contractions maintain their amplitude, period, and propagation velocity
(Fig 12). This finding highlights the robustness of periodic contractions to a broad range
of curvatures. This also makes blastomere size as an unlikely explanation for the
gradually decreasing oscillation period from the zygote stage onwards (Fig 12E). The
robustness of the period of PeCoWaCo to varying cell size and curvature is compatible
with the proposal that contractile pulses durations are an intrinsic property of the
actomyosin cytoskeleton (Baird et al., 2017) which cells can excite in space and time
to change shape (Bement et al., 2015).

In addition to the robustness of the period, | also showed unsuspected robustness
of the velocity to changing cell size and curvature. Interestingly, the propagation speed
of Rho activation wavefront in starfish oocytes had been suggested to be coupled to
the local curvature of the cell surface (Bischof et al., 2017a). Shape changing
experiments done on starfish oocyte revealed that propagation speed of the Rho
wavefront is changing with local curvature. However, it is not regulated by the curvature
but by decaying of the concentration gradient that causes the contractions in the first
place (Wigbers et al., 2021). These findings suggest that wave propagation is globally

coordinated and this is proposed to serve as a mechanism for cells to sense their
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shape (Wigbers et al., 2021). This is quite interesting as it could explain the behavior
difference that we observe with micropipette aspiration. By aspirating the cells into a
micropipette, we create a stretched surface and change the distance between the
surface and the center of the cell's mass, resulting in slower PeCoWaCo.

One of our hypothesis to explain the robustness of period and the velocity of
PeCoWaCo with changing cell size is the change in the number of traveling waves. At
the 8-cell stage, PeCoWaCo has been characterized as a mode 2 oscillation (Maitre
et al., 2015). Meaning that there are two waves travelling around the cell at the same
time. We hypothesize that by fusing different numbers of cells together, we might be
adding more traveling waves into the system. This could explain how we observe same
oscillation period at different cell sizes while the wave travels at the same speed (Fig.
28). In order to test this hypothesis, with Ido Lavi, who was a PhD student in
Laboratoire Jean Perrin and received his PhD from Sorbonne Université on 2019, we
looked into different oscillation modes in the fused embryos and we did not detect
difference. However, we cannot exclude the fact that all these measurements were
done on the images taken at the equatorial plane of the cells. It is not possible to fully
understand the behavior of a wave that travels in 3D by only looking at it in 2D.
Therefore, this is not sufficient to reject this hypothesis and imaging PeCoWaCo in 3D

is critical for further investigation.
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FIGURE 28: MULTIPLE WAVES HYPOTHESIS

Schematic diagram of our hypothesis explaining how with changing the number of
traveling waves both period and the velocity of PeCoWaCo can be staying the same
with increasing and decreasing cell sizes through fusion and fragmentation

experiments.

146



PeCoWaCo had been shown to avoid cell-cell contacts and the apical domain of
the cell (Maitre et al., 2015). Under the light of this information, another hypothesis on
the observed robustness of period and the velocity of PeCoWaCo with changing cell
size is the “Free-space to wave”. In the fusion experiment as | used 16-cell stage
embryos, blastomeres with and without apical domains are merged creating multiple
patches of apical domain around the perimeter (Fig. 29). This could mean that although
| created different cell sizes by fusing different numbers of cells, due to different number
of apical domains added to the surface at the end the space that PeCoWaCo could
travel could be staying the same. This hypothesis could be easily checked from the 3D
images of fused cells and measuring the surface area that apical domains cover
compared to total surface area. Moreover, it is also possible that due to the labyrinth
created by these apical domain patches, PeCoWaCo travel rather locally instead of all
around the perimeter. Therefore, to better understand the mechanisms that provides
the robustness of the PeCoWaCo characteristics it would be interesting to see how the
wave travels in this labyrinth. The best way to see this would be 3D imaging and 3D
analysis of PeCoWaCo in fused cells. Unfortunately, with the technologies we have we
cannot image fast enough to catch the propagation of the PeCoWaCo for the full size

of the fused cells.

:F',Eg ' FIGURE 29: PATCHES OF APICAL DOMAIN IN

FUSED CELLS

Maximum projection of a fused 4x 1/16®
blastomere fixed and Immunostained with
Phalloidin in blue and aPKC in white
showing the patches of apical domain
(shown with white arrows) at the cell

surface.
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3. Molecular regulation of PeCoWaCo

The robustness of the properties of PeCoWaCo to varying cell size curvature that
we discussed earlier is compatible with the proposal that contractile pulses durations
are an intrinsic property of the actomyosin cytoskeleton (Baird et al., 2017), which cells
can excite in space and time to change shape (Bement et al., 2015). To investigate the
regulatory machinery behind | first focused on the main characters : Myosin motor and
F-actin and also 2 pathways Rho and aPKC.

The analysis of maternal zygotic mutants of myosin-Il heavy chain 9 and 10 showed
that PeCoWaCo in mouse blastomeres result primarily from the action of the Myh9
rather than Myh10. With the low numbers of Myh9 homozygous mutant indicating that
myosin might play a role in fine tuning the period, | used myosin motor activity
inhibitors, Blebbistatin and ML-7, to inhibit the myosin light chain kinase, the myosin
heavy chain respectively at low concentrations on 16-cell-stage blastomeres. These
experiments showed that the period of oscillations are regulated by Myosin motor
activity whereas the velocity is not affected by it. Then | targeted the F-actin filament
by using Latrunculin A at 2-cell stage and 16-cell stage. Interestingly, inhibiting F-actin
polymerization showed different effects on PeCoWaCo at 2 and 16 cell stage embryo.
While it decreased the period at 2-cell stage, at 16-cell stage the period was increase.
This difference shows us that cortex and its contractility is working differently at
different stages. More interestingly, inhibition of actin polymerization while it affects the
period, like myosin motor, also did not change the wave velocity. Altogether, these
results suggest that, period is representing the characteristics of the meshwork
whereas the wave propagation is probably regulated globally by cytoplasmic signals.

The cycling of contractile pulses is typically regulated by the Rho GTPase signaling
module, which controls both actin filaments nucleation via formins and non-muscle
myosin |l activation via kinases (Zaidel-Bar et al., 2015). Therefore, this pathway is a
likely regulator of the period of PeCoWaCo during development. In starfish oocytes,
contraction and the Rho wave front shown to be initiated with the decrease of Cdk1
gradient. Moreover, its velocity had been shown to be regulated globally by the ratio
between Cdk1 and Ect2 levels in the cytoplasm (Bischof et al., 2017b; Wigbers et al.,
2021). However, Cdk1 is released into cytoplasm after nuclear breakdown. This

regulation is specific for cell division and we do not expect this to be involved in our

148



system as PeCoWaCo in mouse embryos are observed during interphase and not
visible during division.

Fusion of cells at the 16-cell stage implies that blastomeres with and without apical
domains are merged. The apical domain is known to influence the amplitude of
contractile waves (Maitre et al., 2016). Therefore, apical signals may also influence the
period and/or velocity of PeCoWaCo. Moreover, PKC activation was proposed to
activate actomyosin contractility via the Rho GTPase (Zhu et al., 2017), which was
earlier found to be required for compaction (Clayton et al., 1999). However, Rho kinase
(Rock), the usual suspect typically involved in controlling actomyosin contractility does
not seem to be involved in early mouse development. Neither Rock inhibitors (Kono et
al., 2014; Laeno et al., 2013; Samarage et al., 2015; Zenker et al., 2018), nor Rock
knockout (Kamijo et al., 2011) show a compaction phenotype (or other contractility
defects). My results with aPKC mutants and dominant negative form, together with Rho
inhibitor, showed that neither aPKC nor Rho pathways play a role in the regulation of
PeCoWaCo.
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In the mouse, morphological changes occur on the timescale of hours when
actomyosin contractility typically acts within seconds to minutes (Salbreux et al., 2012).
On such short timescale, mouse blastomeres show rapid surface deformations, which
propagate periodically. Initially spotted in 1980 (Lehtonen, 1980), these movements
were later characterized as Periodic Cortical Waves of Contraction (Maitre et al., 2015)
in short “PeCoWaCo”.

The pulsatile nature of actomyosin contractility is a mysterious property of cell’s
contractility, which is of widespread interest to biologists studying cell and tissue shape
in physiological conditions and disease. With its relatively slow development, the
mouse embryo permits observing actomyosin contractility across different time scales.
PeCoWaCo are observed as a traveling wave, however, how these contractions
occurred at cortex level and how they “travel” remains unknown. Understanding the
mechanism of action of PeCoWaCo can help to decipher their function at cellular and
at tissue level.

In this thesis, | investigated the initiation and the regulation of PeCoWaCo in pre-
implantation mouse embryos. | demonstrated that throughout cleavage divisions,
actomyosin contractility matures to become the major driving force of
morphogenesis and PeCoWaCo can be used as a read out of this maturation of
the cortex as its frequency increases with maturing cortex. | have also
demonstrated that PeCoWaCo characteristics (its frequency and velocity) are
robust to changes in cell sizes. Moreover, | also shed some light on the uncoupling
between the regulation of the period and the velocity of these oscillations.
Experiments with actomyosin contractility inhibitors suggest that while the period is
regulated by the properties of the cortex, velocity might be regulated at the
global level.

In addition to the scientific outcome presented in this thesis, we highlighted the
importance of interdisciplinarity collaborations such as with image analysts and
theoretical physicists. Our discussions led to new experimental designs, new
parameters to look into and also to build new hypothesis. Moreover, the image analysis
tool that we developed in collaboration would be useful for various other research
outside of investigation of PeCoWaCo. With its error-prone usage on a free software

like Fiji, It does not require an expertise in computer science. This is not only important
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for developmental biologist or cell biologist who is interested in actomyosin cortex. As
the cellular form is an important parameter in defining the well-being and functions of
a cell and, therefore, can be used as a criterion for determining its state of health, our

image analysis tool can serve to more translational research areas as well.
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