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Preface 
  
 This manuscript will present two studies conducted in the mouse oocyte through 

the prism of Myosin-X, a molecular motor having the dual interest of being involved in 

the formation of filopodia and in the positioning of division spindles in several cellular 

models. 

 

 My initial thesis project, which will be the first one addressed in the Results 

section (although presented last in the introduction), follows on from studies conducted 

in the lab on spindle positioning in the mouse oocyte. In essence, it remains to be 

established how F-actin, which plays a critical role in spindle positioning in this model, 

transmits pulling forces to the microtubule spindle of the first meiotic division to position 

it in the oocyte. Myosin-X emerged as an interesting candidate for mediating this 

process due to its known involvement in spindle positioning in several mitotic cells, and 

its potential to bind to F-actin and microtubules. To determine whether Myosin-X plays 

a role in spindle positioning in the mouse oocyte, we generated what we thought was 

a conditional knockout of Myosin-X in oocytes using the Zp3-Cre loxP system. It turned 

out that we had in fact generated a total knockout of Myosin-X because of the retention 

of the neomycin selection cassette, whose promoter interfered with Myosin-X 

expression in all mouse cell types. 

 With a total knockout in hand, we coincidentally observed that oocytes form 

Myosin-X null mice displayed a reduced density of contacts with somatic cells. These 

contacts are cellular protrusions established by somatic cells that surround the oocyte 

during its development. The role of these protrusions in oocyte development has been 

indirectly addressed, but requires further study. Since we generated oocytes with 

reduced density of somatic protrusions, we decided to study the role of these structures 

in oocyte quality, focusing on the ability of these oocytes to support meiotic maturation. 

My second thesis project was born, and is now the main subject of this manuscript.  

 We subsequently generated a true conditional knockout of Myosin-X in oocytes 

by removing the neomycin selection cassette. This allowed us to complete my first 

thesis project, the results of which ruled out a role for Myosin-X in spindle positioning 

in the mouse oocyte. Importantly, Myosin-X in the oocyte is not required for female 

fertility. Hence, we were able to attribute the defects we observed in full knockout 



 

oocytes to the somatic depletion of Myosin-X and the resulting decrease in somatic 

contact density. In this regard, my two thesis projects crossed over, the former 

benefiting the latter. The discovery that we had a full knockout strain and the 

subsequent launch of my second thesis project occurred relatively soon after I joined 

the lab, so we were able to bounce back easily. I am glad events turned out this way, 

and I enjoyed working on two separate projects.  

 

 The introduction of this manuscript will be organized into three parts. The first 

one briefly introduces the mammalian oocyte and the two major stages of its post-

partum development, oocyte growth and meiotic maturation. The second chapter 

focuses on the interaction between the oocyte and somatic cells with an emphasis on 

direct contacts during oocyte growth. Finally, the last chapter briefly presents the 

mechanisms by which the mouse oocyte positions its spindle before anaphase of the 

first meiotic division. For each chapter, where I have written paragraphs based on 

reviews, these are cited at the end of the relevant paragraph as follows: 

o Review.  
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Abbreviations 

 

§ Akr1b3: aldo-keto reductase family 1, member B3 

§ cAMP: cyclic adenosine monophosphate 

§ cGMP: cyclic guanosine monophosphate 

§ COC: cumulus-oocyte complex 

§ dpc: days post-coitum 

§ dpp: days post-partum 

§ EPAB: Embryonic poly(A)-binding protein  

§ EU: 5-ethynyl uridine 

§ FABP3: Fatty acid-binding protein 3 

§ F-actin: filamentous actin  

§ FDR: false discovery rate correction 

§ FERM: band 4.1/ezrin/radixin/moesin 

§ FSH: Follicle stimulating hormone 

§ GDF-9: Growth differentiation factor-9 

§ GO: gene ontology 

§ GOC: granulosa-oocyte complex 

§ IQ: IQ motifs 

§ LH: Luteinizing hormone 

§ lincRNA: long intergenic non-coding RNA 

§ MII: meiosis II 

§ miRNA: microRNA precursors 

§ MPF: maturation promoting factor 

§ Mt-tRNA: transfer RNA located in the mitochondrial genome 

§ MYO10: Myosin-X 

§ MyTH4: myosin tail homology 4 

§ NEBD: nuclear envelope breakdown 

§ Oser1: oxidative stress responsive serine rich 1 

§ P adj: adjusted P value with false discovery rate 

§ PB: polar body 

§ PBE: polar body extrusion 
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§ PGC: primordial germ cell 

§ PH: pleckstrin homology domains 

§ pHi: intracellular pH 

§ ROS: reactive oxygen species 

§ SAH: single a-helix 

§ SiR-act: SiR-actin 

§ SiR-tub: SiR-tubulin 

§ TEC: to be experimentally confirmed 

§ TNT: tunneling nanotube 

§ TUB: Tubulin 

§ TZP: transzonal projection 

§ ZP: zona pellucida 

§ ZP1-4: Zona pellucida glycoprotein 1, 2, 3 or 4. 
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 The following is a general introduction to the oocyte, its biological function as a 

germ cell, and the acquisition of its developmental potential, a prerequisite for the 

generation of a good quality embryo. This section serves as a background to the main 

topic of this thesis, i.e. the oocyte-somatic cell interaction during oocyte development. 

The different stages of oogenesis and folliculogenesis will therefore be briefly 

introduced, but not detailed. If you are interested in learning more about these 

processes, I recommend reading the reviews listed at the end of the paragraphs, or 

the following books, which I used to write some chapters in this section: 

 

o Biology and pathology of the oocyte: its role in fertility and reproductive 

medicine. (2003). (A. Trounson, & R. Gosden, Eds.).  Cambridge University 

Press.  

o Oogenesis: the universal process. (2010). (M-H. Verlhac, & A. Villeneuve, Eds.).  

John Wiley & Sons, Ltd. 
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  Organisms that rely on sexual reproduction for species propagation produce 

germ cells to generate genetically new individuals. Germ cells include the oocyte for 

females and the spermatozoon for males, and are unique in that they change from a 

diploid to a haploid state during their formation process. Subsequent fertilization of the 

oocyte by the spermatozoon restores the cell diploid content and leads to the formation 

of a single totipotent cell, the zygote. The ability of the zygote-derived embryo to 

develop into a healthy offspring is closely related to the quality of the oocyte, also 

known as the oocyte developmental potential. This potential is acquired after the 

oocyte has undergone two developmental stages: a growth phase, during which it 

stores macromolecules critical for embryogenesis, and a maturation process, 

accompanied by the extrusion of half of its DNA content. Oocyte production is, in its 

basal state, subject to developmental errors that increase with the age of the mother 

and are a potential cause of impaired fertility or congenital disease in the prospective 

offspring. Further knowledge of how the oocyte acquires its developmental 

competence is valuable not only for basic research but also for clinical purposes. 

Decreased fertility due to poor oocyte quality or altered oocyte development leads to 

the use of assisted reproductive technology to conceive. The chances of success of 

these technologies are low and a current societal challenge is to increase their 

efficiency by, in particular, improving in vitro recapitulation of the critical steps of oocyte 

development. 

 

I) Production of the oocyte pool: the fundamental basis of female 
fertility 

 
1)  Oocyte fetal development: germ cell entry into meiosis  

 

 Mammalian oocytes are produced in the ovary during fetal life from primordial 

germ cells (PGC) that have undergone several cycles of mitotic proliferation. The germ 

cells are called oocytes when they enter meiosis. This process consists of two 

successive cell divisions (meiosis I and II) with a single step of DNA replication, a 

meiotic feature that leads to the reduction of the cell DNA content by half. During fetal 

life, oocytes develop until the diplotene stage of prophase I where they arrest with pre-

condensed pairs of homologous chromosomes that have undergone genetic 



 7 

recombination. Oocytes remain arrested at this stage until meiosis resumes in post-

pubertal mammals, upon hormonal stimulation. It is therefore in a quiescent state that 

oocytes spend most of their life, a state that can last up to several months in mice and 

decades in humans.  

 Since it is thought that germ cells no longer enter meiosis after the birth of 

female mammals, individuals are born with a limited number of resting oocytes that 

constitutes their only reproductive pool. This lack of germ cell renewal after birth is a 

characteristic of female reproduction, as spermatozoa are produced continuously 

throughout the life of male individuals. For sexually mature females, this implies that 

they rely on long-lived germ cells to reproduce and that their oocyte pool is depleted 

during each reproductive cycle, making the pool size critical for fertility.  

 

o Byskov and Nielsen 2003 

o Combes 2010  

 

2) Primordial follicles formation: enclosing the oocyte in a somatic 

environment   

 

 The fetal oocyte undergoes the early stages of prophase I not isolated but 

surrounded by neighboring oocytes in a progressively disrupted syncytium-like nest, 

which results from earlier mitotic divisions with incomplete cytokinesis. Once the nest 

breaks down, the individualized oocytes get surrounded by a single layer of somatic 

cells termed pregranulosa cells (Fig.1 A). This event occurs during embryogenesis in 

humans and during the perinatal period in rodents. The coupling of the oocyte and 

pregranulosa cells marks the formation of the primordial follicle, the fundamental unit 

of the ovary that contains the quiescent oocyte. Importantly, it initiates a close 

intercellular dialogue between the oocyte and the somatic cells, and bidirectional 

communication between the two cell types is essential for proper oocyte development. 

Somatic embedding is maintained for most of the remaining development of the 

oocyte. When the oocyte leaves its quiescent state to grow, the somatic cells 

accompany it in this process by proliferating and differentiating in a process called 

follicular growth. 
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o Skinner 2005 

o O'Connell and Pepling 2021 

 

II) Oocyte and follicular growth: shaping the developmental 

potential of the oocyte  
 

1)  Overview of the growth phase: preparing the oocyte for future meiotic 

divisions and embryogenesis  

  

 The oocyte enclosed in the primordial follicle is incompetent to resume meiosis, 

to be fertilized and therefore to generate an offspring. To do so, it must first undergo 

morphological and cytoplasmic changes in a process termed oocyte growth. During 

this process, which lasts about 2-3 weeks in mice and several months in humans, the 

size of the oocyte increases from a diameter of ~ 15 µm to ~ 80 µm in mice and from 

~ 30 µm to ~ 120 µm in humans. 

 One of the most prominent feature of growth is the substantial storage in the 

oocyte of proteins and transcripts required for future development (Fig.1 A). 

Importantly, the oocyte becomes transcriptionally silent at the end of growth and no 

longer synthesizes transcripts during subsequent meiotic divisions (Fig.1 B). 

Additionally, the early embryo depends on stored maternal RNAs to develop until 

zygote genome activation, which occurs predominantly at the 2-cell embryonic stage 

in mice. Storage of transcript during oocyte growth is therefore critical not only for 

subsequent meiotic divisions, but also for early embryogenesis (Clarke 2012, Conti 

and Franciosi 2018). 

 Another critical aspect of the growth phase is the ultrastructural change in 

oocyte organelles, particularly mitochondria (Wassarman and Josefowicz 1978), which 

may reflect an increased metabolic activity of the oocyte during this time period. 

Therefore, the oocyte growth process can be viewed as a marathon for the oocyte to 

provide enough energy and macromolecular content to the embryo for optimal 

development. 
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2) Activation of primordial follicles and preantral growth

As mentioned earlier, the primordial follicle is the basic unit from which each 

oocyte competent to be fertilized originates. Once the follicular pool is constituted, 

resting follicles enter growth (also called initial recruitment or follicle activation) in a 

continuous manner until the pool is severely depleted. Pool exhaustion, which results 

either from follicle entering growth or from follicle degeneration by atresia, marks the 

end of female reproductive life and the entry into menopause.  

The factors that trigger follicle activation are still poorly understood. However, it 

is proposed that the activation is regulated by a combination of autocrine and paracrine 

factors, inhibitory and activating, coming from the oocyte and surrounding somatic 

cells. Importantly, it is suggested that oocyte growth is triggered by intercellular 

communication between the oocyte and the granulosa cells.  

The onset of growth is marked by the exit of the oocyte from quiescence and by 

the mitotic proliferation of the surrounding somatic cells, which change from a 

squamous to a cuboidal shape. Follicles are termed primary when the oocytes 

are surrounded by a single layer of cuboidal granulosa cells. At this 

stage, glycoproteins start to assemble into filaments to form the zona 

pellucida, an extracellular layer surrounding the oocyte (Wassarman and 

Litscher 2018, see Chapter II, paragraph III.1). As the granulosa cells 

continue to proliferate, they accumulate in several layers around the growing 

oocyte. The follicle is termed secondary. Another type of somatic cell enters in 

the follicle constitution at this period, the theca cell. Theca cells notably 

contribute to follicular development by providing steroid precursors to the 

granulosa cells that they surround and structural support to the follicle 

(Young and McNeilly 2010). Note that since this thesis investigates oocyte-

somatic cell communication through direct contact and that theca cells are not 

adjacent to the oocyte, I will not focus on this type of somatic cell in the rest of the 

manuscript. 

o Faddy and Gosden 2003

o Oktem and Urman 2010

o El-Hayek and Clarke 2016

o Clarke 2018
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3) Antral follicle growth

As the follicle continues to expand with additional layers of granulosa cells 

surrounding the growing oocyte, a fluid-filled chamber called the antrum appears 

between the granulosa cells. The antrum segregates the granulosa cells into tow 

differentiated subpopulations (Fig.1 A). The first population of granulosa cells (called 

cumulus cells) is adjacent to the oocyte with which it constitutes a sub-complex termed 

the cumulus-oocyte complex (COC). The COC is of particular interest to this study as 

it represents the only site in the antral follicle where direct oocyte-somatic cell 

communication occurs. The other population of granulosa cells is located on the follicle 

wall, the cells are called mural granulosa cells and are notably characterized by their 

steroid production.  

At the antral stage, follicles are dependent on Follicle stimulating hormone 

(FSH) to further grow. Upon FSH stimulation, only a few antral follicles continue to 

grow, while the majority undergo degeneration by atresia. This selection process 

corresponds to the second follicle recruitment and occurs cyclically in sexually 

mature organisms. Only a minority of antral follicles therefore continue growth and 

among this cohort, depending if the species is mono- (human) or poly- (mouse) 

ovulating, only one or a few follicles classified as dominant are selected to resume 

meiosis and undergo ovulation. 

o Faddy and Gosden 2003

o Oktem and Urman 2010

o El-Hayek and Clarke 2016

o Clarke 2018
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Figure 1: Development of the mouse oocyte arrested in prophase I. A) Schematic 

of fetal oocyte development and follicular growth. PGC stands for primordial germ cell, 

dpc days post-coitum, dpp days post-partum and COC cumulus-oocyte complex. B) 
Graph of global transcriptional activity of the oocyte during growth. C) Schematics 

depicting some of the morphological criteria that we used to characterize an 

“incompetent” (left) and “competent” (right) oocyte before meiosis resumption at the 

antral stage. 
 

III) Meiotic divisions: extrusion of half of the oocyte DNA content 

while preserving the maternal stores 

 

1) Overview of meiotic divisions: becoming haploid in an altruistic way 
 

 At the end of growth, the oocyte has developed into a large cell with a remodeled 

cytoplasm, rich in nutrients and macromolecules. The oocyte still contains the paternal 

and maternal chromosomes. To fulfill its biological fate, i.e. to provide an offspring to 

the individual who carries it, it must become haploid.  The oocyte achieves this goal 

after two successive divisions (meiosis I and II) without a DNA replication step in 

between. It undergoes a process termed meiotic maturation marked by a series of 

nuclear and cytoplasmic remodeling that lasts ~12 hours in mice and ~ 36 hours in 

humans (Fig. 2). Meiotic maturation extends from the resumption of meiosis, where 

the oocyte had paused in prophase I, to metaphase II. At this stage, the oocyte 

experiences its second meiotic arrest until fertilization, caused by the encounter with a 

spermatozoon, which triggers the resumption and exit of the second meiotic division. 

Of note, fertilization does not take place in the ovary but in the fallopian tube, where 

the oocyte is delivered after its release from the follicle during ovulation in metaphase 

II. Therefore, ovulation signs the end of the embedding of the oocyte in the follicle (Fig. 

2).  

 The oocyte loses half of its DNA content with numerous constraints. One of 

these constraints is to implement a strategy to off-center the chromosomes to ensure 

asymmetric divisions in size. The asymmetry of cell divisions limits the loss of oocyte 

reserve at each division. Each meiotic division therefore releases a small cell of 

derisory size compared to that of the oocyte, called polar body. This is part of a 
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perspective, which can be qualified anthropomorphically as “altruistic”, which allows 

the embryo to receive the greatest number of macromolecules and organelles 

necessary for its development.  

2) Competence to resume meiosis and release from prophase I arrest

The ability of the oocyte arrested at the diplotene stage of prophase I to 

resume meiosis, also known as meiotic competence, is acquired at the antral stage 

and is positively correlated with oocyte size (Sorensen and Wassarman 1976). 

Importantly, the oocyte nucleus is subject to changes while reaching meiotic 

competence. It is relocated from an eccentric to a centric position in the oocyte (Fig. 

1C). This process is mediated by F-actin and is accompanied by a reshaping of 

the oocyte transcriptome that correlates with the acquisition of its developmental 

potential (Almonacid 2015, Almonacid 2019). In addition, the chromatin of the oocyte 

undergoes large-scale remodeling throughout the progression of the antral 

stage and progressively shifts from a predominantly decondensed 

configuration in the nucleoplasm to a condensed configuration primarily 

surrounding the nucleolus (Fig.1 C). This period of gradually condensed 

chromatin corresponds to that of global transcriptional silencing of the oocyte, 

which precedes the resumption of meiosis (Fig.1 B).  

A competent oocyte can be identified in vitro by its ability to spontaneously 

resume meiosis when released from the follicle. This illustrates the involvement of the 

surrounding somatic cells in the control of maturation entry. When the oocyte becomes 

meiotically competent, the interaction with somatic cells blocks meiosis resumption to 

further enhance oocyte developmental competence. Indeed, the ability of the oocyte 

to resume meiosis and its competence to complete meiotic maturation are acquired in 

temporally decoupled manner (Sorensen and Wassarman 1976). Somatic prevention 

of premature meiotic resumption relies on sending inhibitory signals to the oocyte that 

maintain a high level of cyclic adenosine monophosphate (cAMP) in the oocyte. 

Somatic inhibitory inputs cease after a surge of Luteinizing hormone (LH), which leads 

to a cascade of intercellular communication involving both mural and cumulus cells. 

The latter results in a decreased in the amount of cAMP in the oocyte, activation of the 

maturation promoting factor (MPF), and ultimately the resumption of meiosis. 
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 In this study, we used different morphological criteria to classify oocytes as 

“incompetent” or “competent” to support meiotic maturation (i.e., meiosis resumption 

and extrusion of the first polar body). This classification is based on the presence or 

absence of a visible perivitelline space (i.e., the space between the oocyte and the 

zona pellucida), the granularity of the outer border of the zona pellucida and the 

subcellular position of the oocyte nucleus (Fig.1 C). 

      

o Albertini 2003 

o Luciano 2012 

o Coticchio 2015 

 

3) Summary of the main features of meiotic maturation  

 

3.1- Off-centering and segregation of homologous chromosomes 

 

 The resumption of meiosis is marked by the rupture of the nuclear envelope 

(NEBD), which is followed by the compaction of chromosomes into individualized 

bivalents. Homologous chromosomes congress and align on the spindle equatorial 

plane during a long prometaphase/metaphase and then separate into two batches, 

one of which is extruded in the first polar body (Mihajlović and FitzHarris 2018, Fig. 2). 

The first meiotic division, qualified as reductional, yields a haploid oocyte. It is followed 

by an equational division of mitotic type which leads to the separation of sister 

chromatids after fertilization.  

 To align and segregate homologous chromosomes during meiosis I, a division 

spindle, distinct in shape from most of its mitotic counterparts, is assembled in a 

centriole-free context (Bennabi 2016, Mihajlović and FitzHarris 2018). Centrioles are 

indeed degraded in many mammalian oocytes prior to meiotic divisions (Szollosi 1972, 

for mouse oocytes). Subsequently, the spindle migrates from the center of the oocyte, 

where it has bipolarized, to the cell cortex by a process engaging filamentous actin (F-

actin) (Chaigne 2017). Spindle off-centering underlies the asymmetric division in size 

of the oocyte and the retention of a large cytoplasm for embryogenesis, a feature 

positively correlated with oocyte developmental potential (Kyogoku 2017). As spindle 
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Adapted from Verlhac and Terret 2016

positioning is atypical in the maturing mouse oocyte, mainly because it is performed 

without centrioles, this process will be discussed in more detail in Chapter III. 

 

3.2- Organelle reorganization and translational regulation/degradation of 

maternal transcripts 

 

 As meiotic maturation proceeds, the oocyte undergoes changes in the 

distribution or morphology of many of its organelles, including endoplasmic reticuli, 

golgi apparatus and mitochondria. This remodeling is believed critical for the 

acquisition of the developmental potential of the oocyte (Coticchio 2015, Conti and 

Franciosi 2018). In particular, the spindle of the first meiotic division migrates to the 

cortex surrounded by mitochondria in the mouse. This mitochondria distribution is 

considered valuable in providing a localized energy supply to the maturing oocyte.  

 Meiotic maturation is also marked by the timely translational activation of 

dormant transcripts previously accumulated during growth. This activation occurs in a 

context of transcriptional repression and is required for proper maturation progression. 

In addition, meiotic maturation is a period of degradation of maternal transcripts, which, 

together with translational activation, appears to be a prerequisite for the completion 

of the oocyte-to-embryo transition and for the embryo to use its own genome for further 

development (Clarke 2012, Conti and Franciosi 2018). 
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Figure 2: Meiotic divisions of the mouse oocyte. Schematic of oocyte meiotic 

maturation and fertilization. NEBD stands for nuclear envelope breakdown.   

 

Concluding remarks 
 

 The mammalian oocyte is an unconventional cell in that it can remain dormant 

for a significant period of the female’s life, then expand drastically, and finally become 

haploid after a process involving two asymmetric divisions. The quality of the oocyte, 

determined by its ability to generate a well-constituted embryo, depends on the correct 

completion of these sequential steps. Numerous studies have been carried out to 

decipher the main cellular and molecular actors involved in the key processes of oocyte 

development. A major objective of this research is to gain a solid knowledge on the 

latter in order to bring new fundamental advances on why oocyte formation generates 

a basal rate of bad quality oocytes. This scientific knowledge could be exploited in 

more applied contexts, such as the modulation and improvement of oocyte culture 

conditions to increase the rate of success of assisted reproductive technologies. In 

particular, an important line of study is to determine the extent to which the oocyte 

relies on somatic cells for proper development. Indeed, the oocyte is engaged in a two-

way dialogue with the surrounding granulosa cells as it develops, and this dialogue is 

critical for adequate follicular growth and oogenesis.  
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 This section provides an overview of the interaction between the oocyte and 

somatic cells during mammalian oogenesis, with an emphasis on direct dialogue 

during follicular growth. The fact that this chapter is the main section of this thesis is 

the result of two fortuitous elements; the retention of a selection cassette in a 

conditional knockout and the realization of a non-routine immunostaining protocol in 

the lab. These two elements initiated my main thesis project and can therefore be 

considered as “tartes Tatin” in a scientific background. I would like to thank Marie-

Emilie for trusting me enough to let me dock and discover the field of follicular growth.  
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Cells in the body communicate with each other for a variety of purposes, 

including spatial orientation, proliferation, or adoption of a specific fate. These 

communications can take place when cells are physically distant from each other, or 

conversely, require direct cellular contact. Among the various cellular complexes 

present in mammals, the ovarian follicle is a site of intense cellular communication, 

involving not only different cell types, but also various means of dialogue. The timely 

coordination of these intercellular exchanges is crucial for the proper development of 

the oocyte, and by extension, for the generation of a good quality embryo.  

Among the different communications established between the oocyte and the 

somatic cells, that by direct contact is particularly interesting for this study as it 

represents the main mode of communication used by the granulosa cells to send 

developmental inputs to the oocyte. The emergence of the zona pellucida at an early 

stage of follicular growth challenges the maintenance of this direct dialogue, as it 

spatially separates the oocyte from surrounding granulosa cells. One strategy 

implemented to maintain the direct dialogue between the oocyte and somatic cells is 

the elaboration by the granulosa cells of filopodia-like protrusions to connect to the 

oocyte membrane. Although the dynamics of these structures remains to be further 

studied, several of their mediated communications have been identified as important 

to the developmental potential of the oocyte. Importantly, the oocyte regulates the 

formation of these somatic protrusions and therefore acts as a coordinator of somatic 

input release for its proper development.  

I) Overview of oocyte-somatic cell interaction during oogenesis

The oocyte grows and matures enclosed by the granulosa cells which 

participate in the acquisition of its developmental potential. The need for a close 

coupling between these two cell types for oocyte development is nowadays well 

established. It has been notably evidenced by the in vitro culture of oocytes with 

altered association with granulosa cells (Eppig 1979, Ge 2008). Oocytes cocultured 

with, but not enclosed in, granulosa cells failed to grow properly compared to 

cultured granulosa cell-enclosed oocytes (Eppig 1979). In addition, oocytes devoid of 

somatic cells showed impaired in vitro maturation that was improved by coculture 

with cumulus cells (Ge 2008).   
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The bidirectional communication between the two cell types coordinates critical 

biological processes of the oocyte. This communication is the basis of the oocyte 

dependence on the granulosa cells for development. Oocyte-somatic communications 

during growth consist of a well-orchestrated combination of paracrine signaling, gap 

junction coupling, and possibly extracellular vesicle exchange. The role of these 

communications in the follicle has been the subject of numerous studies and has been 

notably investigated by oocyte denudation (Haghighat and Van Winkle 1990, De La 

Fuente and Eppig 2001, Eppig 2005, FitzHarris and Baltz 2006, Macaulay 2014, 

Macaulay 2016), oocytectomy (Eppig 2005, Sugiura 2005, El-Hayek 2018), 

chimeric cell reaggregation (Eppig 2002), use of chemical uncouplers (Haghighat 

and Van Winkle 1990, FitzHarris and Baltz 2006, Norris 2009, Luciano 2011), 

targeted gene deletions (Dong 1996, Carabatsos 1998, Simon 1997, Zhang 2021) 

and siRNA (El-Hayek 2018). Note that this list is not exhaustive. 

Through intercellular communication, somatic cells participate in oocyte 

metabolic activity (Biggers 1967, Donahue and Stern 1968, Haghighat and Van Winkle 

1990, Eppig 2005), control the timely resumption of meiosis (Norris 2009), and 

modulate large-scale chromatin remodeling and global RNA synthesis in the oocyte 

(De La Fuente and Eppig 2001, Luciano 2011). In turn, the oocyte, primarily by 

secreting factors, modulates granulosa cell differentiation and proliferation for 

adequate follicle growth (Dong 1996, Carabatsos 1998, Eppig 2002).  

o Kidder and Vanderhyden 2010

o El-Hayek and Clarke 2016

o Clarke 2018

o Da Broi 2018

o Alam and Miyano 2019

II) Oocyte-somatic cell interaction in primordial and early growing

follicles: an unconstrained dialogue

From the primordial stage to early follicular growth, the granulosa cells are 

positioned adjacent to the oocyte without being separated by a defined layer of 

extracellular matrix (Fig. 3 B). This promiscuity between the two cell types is conducive 
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to intercellular dialogue, which is thought critical for oocyte survival and growth 

activation. 

 Among the dialogue between the oocyte and somatic cells identified in dormant 

or early growing follicles, paracrine factors secreted by granulosa cells and the oocyte 

activate signaling pathways in the corresponding cell type. Notably, the expression of 

Kit ligand by pregranulosa cells activates Kit signaling in the oocyte, which most likely 

contributes to activation of oocyte growth (Kidder and Vanderhyden 2010, El-Hayek 

and Clarke 2016, Clarke 2018). In addition, gap junctions are proposed to be located 

at the interface between the oocyte and granulosa cells in early growing follicles, and 

cytoplasmic protrusions of granulosa cells have been identified by electron microscopy 

in human primordial and primary follicles (Motta 1994, Makabe 2006). These 

protrusions increase in number as the follicle enters into growth and the zona pellucida 

starts to be deposited, and contact the oocyte membrane.  

 The interaction between the oocyte and somatic cells in dormant and early 

growing follicles is the initiation of a communication that will be maintained for the rest 

of the oocyte growth. However, the progressive formation of the zona pellucida from 

the primary stage spatially isolates the oocyte in the follicle. It represents a physical 

constraint that must be overcome to maintain oocyte-somatic cell dialogue and to 

further shape oocyte quality. 

 

III) Oocyte-somatic cell interaction with a defined zona pellucida: an 

impeded but persistent dialogue  
 

1) The zona pellucida, the extracellular layer surrounding the oocyte  

 

 The zona pellucida is the extracellular matrix that surrounds the oocyte and 

embryo from early follicular growth to the end of preimplantation development. This 

coat is similar to the vitelline envelope found in non-mammalian organisms, such as 

fish and amphibians. The zona pellucida plays a role in follicular growth (Rankin 2001), 

fertilization, and embryo protection during preimplantation development, making it a 

critical element for fertility (Liu 1996, Rankin 1996, Rankin 1999, Ranking 2001). 

 In most mammals, the zona pellucida is composed of four Zona pellucida 

glycloproteins (ZP1-4), with the exception of the mouse, which does not express ZP4. 
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These proteins are secreted by both the oocyte and the granulosa cells during follicular 

growth (with the further exception of the mouse and other rodents in which only the 

oocyte expresses matrix glycoproteins).  

In the mouse, the zona pellucida is constituted by ZP1 interconnected fibrils 

composed of ZP2 and ZP3 heterodimers (Fig. 3 A). During early follicular growth, the 

fibrils are first deposited in patches between the oocyte and the granulosa cells, and 

gradually join to form a defined matrix layer that completely surrounds the oocyte 

(Fig. 3 B). As growth proceeds, the zona pellucida thickens and pushes the 

granulosa cell bodies away from the oocyte. Nevertheless, direct communication 

between the two cell types, essential for the developmental potential of the oocyte, 

is maintained by numerous somatic protrusions that cross the extracellular 

matrix. 

o Wassarman and Litscher 2018

o Litscher and Wassarman 2020

o Moros-Nicolás 2021

Figure 3: The zona pellucida in the mouse ovarian follicle. A) Schematic of two 

fibrils of ZP2-ZP3 dimers cross-linked by ZP1. B) Schematic of zona pellucida 

formation and thickening during follicular growth. Images show dormant (left), growing 

(middle), and fully-grown (right) follicles.  
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2) Transzonal projection, a mean to maintain intercellular contact  

 

2.1- Overview 

 

 To maintain close contact with the oocyte as the zona pellucida is gradually 

deposited between the two cell types, granulosa cells elaborate cytoplasmic 

protrusions that cross the matrix and contact the oocyte membrane (Albertini and Rider 

1994, Motta 1994, Makabe 2006, Baena and Terasaki 2019). These protrusions are 

called transzonal projections (TZPs) owing to their localization in the extracellular 

matrix.  

 TZPs are well conserved in mammals and have been notably identified in horse, 

pig, monkey, goat, guinea pig, rat (Albertini and Rider 1994), cow (Macaulay 2014, 

Macaulay 2016, Del Collado 2017), mouse (Simon 1997, Carabatsos 1998, Combelles 

2004, Mora 2012, McGinnis and Kinsey 2015, Lowther 2017, El-Hayek 2018, Baena 

and Terasaki 2019, Abbassi 2021, Zhang 2021) and human (Motta 1994, Makabe 

2006).  

 Due to the presence of adherens junctions at their tips (Mora 2012, Baena and 

Terasaki 2019, Abbassi 2021), it is proposed that TZPs play a role in cell-cell adhesion 

in the follicle. Importantly, they mediate intercellular signaling and exchange of 

nutrients and macromolecules between somatic cells and the oocyte. Hence, cellular 

and molecular properties of TZPs make them a pivotal element in oocyte-somatic cell 

dialogue. 

 

o Albertini 2001 

o Clarke 2018 

 

2.2- TZP structure and dynamics  

 

Ø A filopodia-like protrusion 

 

 In addition to their snake-like appearance, TZPs share structural features with 

filopodia (Gallop 2020) and other cytoplasmic protrusions that enable intercellular 

contact, such as tunneling nanotubes (TNTs) (Yamashita 2018, Zurzolo 2021). The 
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main common feature of these protrusions is that they have an actin-rich backbone 

(Fig. 4 A, B). Some TZPs also contain tubulin (Albertini and Rider 1994, Combelles 

2004, El-Hayek 2018), although they represent a minority in the overall TZP 

population. Knowledge about the morphology and structure of TZPs has mainly been 

obtained by electron microscopy (Anderson and Albertini 1976, Albertini and Rider 

1994, Motta 1994, Simon 1997, Makabe 2006, Mora 2012, Macaulay 2014, Macaulay 

2016, Baena and Terasaki 2019), and by fluorescence and confocal microscopy 

(Albertini and Rider 1994, Carabatsos 1998, Combelles 2004, Mora 2012, Macaulay 

2014, Macaulay 2016, McGinnis and Kinsey 2015, Lowther 2017, Del Collado 2017, 

El-Hayek 2018, Abbassi 2021, Zhang 2021) using primarily phalloidin to label F-actin 

rich TZPs. 

 A study in mice demonstrated that in addition to being actin-rich, TZPs also 

contain other structural components present in filopodia (El-Hayek 2018, Fig. 4 A). 

These include DAAM1 and fascin, a formin and an actin-bundling protein respectively 

(Gallop 2020), known to be involved in filopodia formation and integrity. El-Hayek and 

colleagues showed that TZPs may also contain the molecular motor Myosin-X 

(MYO10) (Berg 2000, Kerber and Cheney 2011), which accumulates in foci at the 

granulosa cell membrane facing the oocyte. Of note, MYO10 has been shown to be 

involved in the formation of filopodia (Berg 2002, Bohil 2006, Heimsath 2017), and also 

that of TNTs (Gousset 2013). It is proposed that MYO10 initiates filopodia formation 

by converging F-actin into parallel bundles (Fig. 4 A) and elongates it by providing 

cargo proteins involved in filopodia growth (Kerber and Cheney 2011). In particular, it 

is suggested that the MYO10 dimer moves on actin bundles, with larger step sizes and 

higher velocity than on single actin filaments, a peculiarity that would be valuable in 

promoting filopodia formation (Ropars 2016). The role of MYO10 in TZPs remains to 

be determined. Nevertheless, the possible localization of MYO10 to TZPs and its role 

as a filopodia promoter make it a prime candidate to alter the integrity of TZPs to better 

understand the significance of these protrusions for oocyte development. This will be 

addressed in the Results section. 
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Ø TZP dynamics during oogenesis 

  

 One aspect of TZPs that remains to be further deciphered is their dynamics, 

including their formation and retraction during oocyte development. This latter aspect 

is difficult to access as it is technically challenging to monitor TZPs in the follicle by live 

microscopy. Nevertheless, there is increasing evidence to suggest that, like filopodia, 

TZPs are dynamic structures.   

 Electron, fluorescence and confocal microcopy images have shown that TZPs 

not only vary in morphology, but also increase in number during oocyte growth, and 

undergo significant retraction during meiotic maturation to disconnect from the oocyte 

(Motta 1994, Makabe 2006, El-Hayek 2018, Macaulay 2014, Abbassi 2021). Mirroring 

these dynamics, the ability of granulosa cells to establish new protrusions during 

oocyte growth has been demonstrated by chimeric reaggregation of oocytes and 

granulosa cells isolated from respectively wild-type and transgenic mice expressing a 

membrane-targeted fluorescent protein. After chimeric cell reaggregation, newly 

formed TZPs from membrane-labeled granulosa cells were evidenced to make contact 

with wild-type oocytes, indicating the establishment of new intercellular contacts (El-

Hayek 2018). In addition, a recent study using serial section electron microscopy 

showed that most TZPs in the mouse antral follicle do not contact the oocyte (Baena 

and Terasaki 2019). This may reflect the ability of TZPs to dynamically form and retract 

during follicular growth, intermittently establishing and interrupting communication with 

the oocyte. 

 Interestingly, the ability of granulosa cells to establish new protrusions during 

oocyte growth is regulated by external factors. Among these, Growth differentiation 

factor-9 (GDF-9), a factor secreted by the oocyte, and FSH, the gonadotropin involved 

in antral follicular growth, modulate the extent of somatic contact received by the 

oocyte by respectively enhancing (Carabatsos 1998, El-Hayek 2018, Zhang 2021) or 

reducing TZP density (Albertini 2001, Combelles 2004). In the case of GDF-9, its role 

as a modulator of TZP density is likely achieved by regulating the mRNA quantity of 

TZP structural components in granulosa cells, including that of MYO10 (El-Hayek 

2018). Hence, the ability of granulosa cells to elaborate or retract TZPs in response to 

external factors, including those from the oocyte, allows for the timely adjustment of 

oocyte-somatic cell contacts for optimal follicular growth. 
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Figure 4: Transzonal projections (TZPs) connect granulosa cells to the oocyte. 
A) Schematics of a forming filopodium in a cultured cell (top) and a TZP in a 

mammalian ovarian follicle (bottom). STED microscopy image of TZPs stained with 
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phalloidin to label F-actin in a fully-grown mouse oocyte (bottom right). Credits Julien 

Dumont, CIRB imaging facility. B) Spinning disk images of a mouse preantral follicle 

(left) and a mouse cumulus-oocyte complex (right) stained with phalloidin to label F-

actin. 

 

2.3- TZP-mediated interactions: meeting the needs of the oocyte  

 

Ø Cell-cell adhesion  

  

 By virtue of adherens junctions located at the interface between TZPs and the 

oocyte membrane (Mora 2012, Baena and Terasaki 2019, Abbassi 2021), it is 

proposed that TZPs maintain a stable connection between the oocyte and surrounding 

granulosa cells. At this interface, adherens junctions include N-cadherin on the TZP 

side, and E-cadherin on the oocyte side (Fig. 5 A). 

 Consistent with a role for TZPs in intercellular connection, TZP disruption in 

mice lacking Embryonic poly(A)-binding protein (EPAB) correlates with cumulus cells 

that are loosely associated with oocytes after isolation of COCs from follicles (Lowther 

and Mehlmann 2015, Lowther 2017). However, a direct role of TZPs in this process 

cannot be attributed, as EPAB is a post-transcriptional regulator that binds to poly(A) 

tails whose depletion may have caused other oocyte defects not necessarily 

attributable to the decrease in TZP density. In addition, loose contact between the 

oocyte and granulosa cells correlated with TZP retraction has been observed in 

growing follicles upon destabilization of cadherins following calcium depletion (Mora 

2012). Again, caution should be exercised regarding the direct role of TZPs in this 

intercellular contact, as calcium depletion may also have altered the adherens 

junctions between granulosa cells. Nevertheless, it is highly suggested that TZPs 

provide granulosa cells with an anchor point to the oocyte. This anchoring may be 

necessary to maintain a robust intercellular complex, and therefore ensure efficient 

communication between the oocyte and the granulosa cells.   
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Ø Gap junction coupling

One of the most critical intercellular interaction enabled by TZPs is the exchange 

of nutrients and signaling molecules between granulosa cells and the oocyte. This 

exchange is mediated by gap junctions located at the interface between the TZP and 

the oocyte membrane (Anderson and Albertini 1976, Simon 1997, Fig. 5 A, B). Gap 

junctions are integral to oocyte development, as mice deficient in Connexin 37, the 

major connexin composing the oocyte-granulosa cell gap junction, yield oocytes that 

are smaller than controls and are incompetent to resume meiosis (Simon 1997). 

TZP-oocyte gap junctions participate in a variety of biological processes in the 

follicle. This includes metabolic cooperativity between the oocyte and granulosa cells 

that allows somatic cells to fulfill the energy needs of the oocyte. In essence, the oocyte 

is not self-sufficient in several respects; it cannot use glucose as an energy source for 

meiotic maturation (Biggers 1967, Donahue and Stern 1968) and has a limited uptake 

of amino acids (Haghighat and Van Winkle 1990, Eppig 2005). To remedy this, the 

oocyte relies on granulosa cells from which it draws metabolites at the appropriate time 

during development (Biggers 1967, Donahue and Stern 1968, Haghighat and Van 

Winkle 1990, Eppig 2005). Gap junctions mediate this metabolite sharing, most likely 

by transferring amino acids (Haghighat and Van Winkle 1990) and energy substrates, 

such as pyruvate, from the granulosa cells to the oocyte (Fig. 5 B). 

In addition to providing somatic nutrients to the oocyte, TZPs regulate the level 

of cAMP in the oocyte through gap junctions. This regulation is instrumental in keeping 

the oocyte arrested in prophase I and preventing an untimely resumption of meiosis. 

In short, gap junction mediated-transfer of cyclic guanosine monophosphate (cGMP) 

from the granulosa cells to the oocyte maintains a high level of oocyte cAMP, which 

prevents MPF activation and meiosis resumption (Norris 2009, Fig. 5 B). Also 

through the possible regulation of oocyte cAMP level, junctional coupling between 

the oocyte and granulosa cells is required for the gradual chromatin 

compaction and transcriptional silencing of the oocyte, which is associated with 

the meiotic and developmental competence of the oocyte (Luciano 2011). 

o Kidder and Vanderhyden 2010

o El-Hayek and Clarke 2016

o Clarke 2018
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o Da Broi 2018 

o Alam and Miyano 2019 

 

Ø Exchange of extracellular vesicles 

 

 In addition to metabolically coupling granulosa cells and the oocyte, it has been 

proposed in cattle that TZPs also mediate the exchange of extracellular vesicles 

between the two cell types (Macaulay 2014). This synaptic-type of communication, as 

suggested by the authors, would allow the transfer of macromolecules, and possibly 

organelles, from one type of cell to the other, which cannot be achieved by gap 

junctions. Indeed, gap junctions permit the transfer of molecules smaller than 1 kDa, 

which excludes large macromolecules. Hence, our understanding of the diversity of 

signals exchanged between the two cell types would be taken to a higher molecular 

scale. In particular, it has been shown that transcripts, such as mRNAs, transit along 

the TZP and are transferred to the oocyte, where they are likely translated by the 

oocyte machinery (Macaulay 2014, Macaulay 2016). These observations lead to the 

attractive concept that somatic cells may participate in the oocyte transcriptome on 

which the embryo may rely for development. At present, whether somatic transcripts 

are transferred through extracellular vesicles is a conjuncture that remains to be 

substantiated.  
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Figure 5: TZP-mediated interactions in the ovarian follicle. A) Schematics of TZPs 

making adherens and gap junctions with the oocyte. E-cad stands for E-cadherin and 

N-cad for N-cadherin. B) Magnification of the rectangle in A) representing a gap 

junction at the oocyte-TZP interface. MPF stands for maturation promoting factor, 

cAMP for cyclic adenosine monophosphate, cGMP for cyclic guanosine 

monophosphate, and aa for amino acid. 

 

2.4- Opening to broader perspectives 

 

Ø Disease impact on TZP-mediated communication 

 

 The study of TZP-mediated interactions in pathological contexts, such as 

diabetes, could be crucial to the ethology of disease-related fertility disorders. Of note, 

maternal diabetes is associated with impaired oocyte maturation, defects in embryonic 
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development, and poorer reproductive outcome (Wang and Moley 2010). In a type I 

diabetic mouse model (Ratchford 2008), gap junction communication between 

cumulus cells and the oocyte is reduced. Likely contributing to the decrease in cell 

coupling, the expression of Connexin 37, the predominant connexin composing the 

gap junction between the oocyte and somatic cells, is reduced in the oocyte of diabetic 

mice compared to non-diabetic mice. Alteration of the TZP-oocyte gap junction in the 

pathological context of diabetes could lead to defects in oocyte development, which 

could partly explain the link between this disease and impaired female fertility.  

 

Ø Age impact on TZPs 

 

 The ability of granulosa cells to elaborate or maintain TZPs has been shown to 

decrease with maternal age in mice (El-Hayek 2018). When comparing the number of 

TZPs between two mice of different ages, this number was lower in the older mouse. 

In addition, El-Hayek and colleagues identified in granulosa cells of aged mice a 

decrease in the RNA quantity of some structural components of TZPs, including 

MYO10, compared to younger mice. This decrease could account for the difficulty that 

aged granulosa cells have in assembling or maintaining contacts with the oocyte. It is 

worth noting that maternal age correlates negatively with oocyte quality, and by 

extension, with female fertility. Since TZPs may participate in shaping oocyte quality, 

the latest findings in mice provide new perspectives into the role that TZP density may 

play in age-related decline in fertility. 

 

Ø Exclusively somatic? Protrusions of oocyte origin 

  

 A most recent study in mice attractively documented that microvilli elaborated 

by the oocyte traverse the zona pellucida in growing follicles, as do the somatic TZPs 

(Zhang 2021). These oocyte protrusions, called “mushroom-like” microvilli by the 

authors owing to their bubble-like end, form a less dense ensemble than TZPs. 

Nonetheless, they contribute to follicular growth and female fertility. Interestingly, the 

loss of these microvilli, due to the deletion in the oocyte of a gene involved in microvilli 

formation, results in delayed oocyte and follicle growth and leads to female subfertility. 

To explain these phenotypes, the authors propose that oocyte microvilli mediate the 
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release of factors, such as GDF-9, in the vicinity of granulosa cells, thereby 

coordinating granulosa cell proliferation and function.  

 Although oocyte protrusions do not appear to contact granulosa cells, their 

location in the zona pellucida and their probable involvement in oocyte-somatic cell 

dialogue make them resemble transzonal projections. As the authors point out, these 

local elongations of the oocyte illustrate the ability of the oocyte to respond to the 

constraint of the zona pellucida in order to enhance the dialogue with the granulosa 

cells. 

 

 In light of the three TZP-mediated interactions presented above, the TZP 

structure serves several functions within the follicle, from a putative role in cell-cell 

adhesion to mediating the oocyte-somatic cell dialogue. This protrusion appears to be 

a crucial element in the manufacture of an oocyte capable of producing a good quality 

embryo. 
 

IV) Oocyte-neighboring cell interaction in non-mammals 

 
 We have just seen that most mammals set up cellular protrusions within the 

ovarian follicle, mainly somatic, to establish the dialogue between the oocyte and the 

surrounding somatic cells. What about the strategy used in non-mammalian organisms 

to enable oocyte development? This final section focuses on two non-mammalian 

models that rely on intercellular communication for oocyte development, namely 

Drosophila and C.elegans. 

 

1) The case of the Drosophila oocyte: multiple interactions with different cell 

types  

  

 A particular feature of Drosophila oogenesis is that the oocyte develops 

adjacent to two types of cells: nurse cells and follicle cells (Fig. 6 A). The nurse cells 

are germline cells that form a cyst with the oocyte following cell divisions without 

complete cytokinesis. The oocyte is located adjacent to them on its anterior side. The 

follicle cells, like the granulosa cells, are somatic and border the remaining oocyte 

surface. Intercellular interactions between the oocyte and neighboring cells play not 
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only a role in oocyte polarization, defining the embryonic axes, but also promote oocyte 

growth. Like its mammalian counterpart during meiotic maturation, the Drosophila 

oocyte is primarily transcriptionally inactive during its growth and therefore depends 

notably on neighboring cells to develop, which supply macromolecules. 

 The nurse cells, as their name indicates, have a nutritive role for the oocyte. 

They provide it with organelles and transcripts through ring canals, which are 

cytoplasmic bridges linking the germ cells in the cyst. As proposed by Macaulay and 

colleagues, this exogenous contribution to the oocyte transcriptome could also be 

found in the bovine oocyte, possibly mediated by extracellular vesicles (Macaulay 

2014, Macaulay 2016). 

 An interesting type of interaction between follicle cells and the oocyte is that 

which occurs during vitellogenesis. The follicle cells provide yolk proteins to the oocyte 

by exocytosis, which is a source of nutrients for embryogenesis. It is noteworthy that 

the follicle cells and the oocyte establish microvilli at their extracellular interface. 

However, it remains to be established whether the microvilli of both cell types allow for 

intercellular exchange of yolk proteins by contact. Nevertheless, the authors of the 

review cited bellow suggest that these protrusions may indeed be the site of 

communication by direct contact or, as suggested by Zhang and colleagues in mouse 

oocytes (Zhang 2021), deliver local factors to overcome the distance between the two 

cell types. As proposed by Antel and Inaba, the microvilli established by follicle cells 

and the Drosophila oocyte are reminiscent of TZPs. Indeed, at this stage of Drosophila 

oogenesis, the vitelline bodies, which are granules that will later assemble to form the 

vitelline membrane, are localized between the two cell types and may represent an 

obstacle to intercellular exchange, as does the zona pellucida. Like TZPs, the microvilli 

of the follicle cell and oocyte could counteract this obstruction and reduce the dialogue 

distance between the two cell types. 

 Therefore, like mammalian oocytes, the Drosophila oocyte depends on cellular 

interactions with neighboring cells, in this case from two different cell origins, in order 

to develop optimally. 

 

o Antel and Inaba 2020 

 

 



 34 
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2) The case of the C. elegans oocyte: use of somatic cells for timely 

resumption of meiosis  

 

 The C. elegans oocyte develops adjacent to somatic cells called sheath cells 

(Fig. 6 B). Like cumulus cells in the mammalian follicle, sheath cells are involved in 

regulating the resumption of meiosis of the prophase I arrested oocyte. Sheath cells 

allow for the timely resumption of meiosis, which is triggered by the presence of sperm 

that secretes the major sperm protein, a protein that acts similarly to LH in mammals. 

Interestingly, as in mammals, regulation of meiosis resumption is based on G-protein 

and protein kinase A signaling, which in the case of C. elegans occurs in the sheath 

cells but would not be required in the oocyte. Importantly, inhibition of premature 

meiotic maturation is mediated by gap junctions at the interface between sheath cells 

and the oocyte. Therefore, as pointed out by the authors of the reviews cited below, 

the control of meiosis resumption is a rather conserved mechanism, which involves 

somatic-oocyte dialogue by direct contacts. 

 

o Kim 2013 

o Huelgas-Morales and Greenstein 2018 
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Figure 6: Drosophila and C. elegans oocytes and their neighboring cells. A) 

Schematic of a Drosophila egg chamber. A and P stands for anterior and posterior, 

respectively. B) Schematic of the proximal part of a C. elegans hermaphrodite gonad.  

 

Concluding remarks 

 
 In mammals, as in non-mammalian organisms, neighboring cells help the 

oocyte to fulfill its biological purpose of ensuring an offspring for its carrier. In the 

mammalian follicle, the granulosa cells and the oocyte have a common goal, namely 

that the oocyte stores the nutrients necessary for embryogenesis in a coordinated 

manner during its development. Under the control of the oocyte, the granulosa cells 

integrate and address the changing needs of the oocyte despite the intrusion of the 

zona pellucida between the two cell types. In spite of the latter, transzonal projections 

not only provide metabolic coupling between the oocyte and somatic cells, but also 

ensure that the oocyte resumes meiosis timely with optimal developmental 

competence. 

 Like the oocyte, granulosa cells are subject to aging and project or maintain 

their cellular protrusions less efficiently as the female advances in age. As there is 

increasing evidence that TZPs are critical to oocyte development, a decrease in their 

density may compromise oocyte quality. Therefore, oocyte defects caused 

exogenously by a decrease in TZP numbers would be in addition to those inherent to 

the oocyte also triggered by female aging. Importantly, the time of conception of the 

childbearing generation has changed from previous decades and tends to be 

postponed until later in life, especially when career goals have been met. This implies 

that more women are facing age-related fertility issues when they intend to conceive. 

For this reason, but also for basic research, there is a growing need to better 

understand the involvement of TZPs in oocyte development.  

 By being assisted by granulosa cells, the oocyte has stored a significant amount 

of nutrients during its growth. Its next challenge is to conserve them for embryogenesis 

during the last step of its development, that is meiotic maturation. During this period, 

the oocyte timely implements mechanisms to generate asymmetric divisions in size, a 

strategy to retain most of the maternal stores in the oocyte. 
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 In this final introductory chapter, I will briefly discuss the strategy employed by 

mouse oocytes to off-center their division spindle prior to anaphase of meiosis I. I will 

also succinctly review the role of Myosin-X in spindle positioning in other models, and 

discuss why we considered it as an interesting candidate to mediate spindle off-

centering forces in the mouse oocyte.   

 This chapter may seem out of place after discussing oocyte growth and oocyte-

somatic cell interaction, and I apologize if the transition is a bit abrupt. This reflects the 

chance I had during my thesis to work on two seemingly distinct topics. However, it 

could be said that oocyte growth and spindle off-centering have in common that they 

provide the embryo with optimal nutrient content for its development. I am glad that I 

was able to study both of these topics, and I would even say that it helped me to have 

a more integrated view of Science. In this regard, each of my two thesis projects has 

pulled the other up. 
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 With the assistance of the granulosa cells, the oocyte has increased in size and 

accumulated nutrient reserves during its growth that must be conserved to support 

early embryogenesis. Upon resuming meiosis, the oocyte faces a paradox. To become 

haploid, it must shed half of its DNA content, yet each meiotic division inevitably results 

in a loss of cytoplasm and, by extension, of nutrients required for embryo development. 

To solve this issue, the mammalian oocyte implements a spindle off-centering strategy 

that allows the oocyte to perform two asymmetric divisions in size. In this regard, 

chromosomes are extruded with limited loss of cytoplasm in the polar bodies. In 

mammalian oocytes, spindle positioning involves molecular mechanisms that differ 

from those of most somatic cells. Importantly, if not properly coordinated, spindle off-

centering in the mouse oocyte can trigger chromosome misalignment prior to 

anaphase and lead to aneuploidy, a defect associated with decreased pregnancy 

success and congenital diseases. 

 

I) Spindle positioning in the absence of cortical cues and centrioles 

 

 In mouse oocytes, the spindle of meiosis I is first assembled in the cell center 

at the former nucleus location and migrates to the cortex once bipolarized in a process 

that lasts about 2.5 hours (Verlhac 2000). Unlike many somatic cells, the oocyte lacks 

cortical cues as it reengages in cell division. Consequently, spindle positioning is not 

predefined by the cortex, but rather depends on the subcentral site of the oocyte where 

the spindle has assembled, and on the orientation of the spindle pole axis (Verlhac 

2000). Indeed, the spindle is formed in the central region of the oocyte, but not at its 

perfect geometrical center, with one pole closer to the cortex than the other (referred 

to as leading pole). The axis of migration is defined by the two spindle poles and the 

spindle travels along this axis towards the closest cortical site. 
 In addition, many mammalian oocytes, including those of the mouse (Szollosi 

1972), undergo meiotic maturation devoid of centrioles. As a result, oocytes do not 

nucleate astral microtubules, which play a critical role in mitotic spindle orientation and 

positioning in most somatic cells (di Pietro 2016, Théry 2005, Toyoshima and Nishida 

2007, Woolner and Papalopulu 2012, Fig. 7 A). In essence, astral microtubules, 

nucleated by centrosomes containing centrioles forming the spindle poles, anchor the 

mitotic spindle to the cell cortex and exert forces that allow adequate spindle 
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positioning. Notably, in many somatic cells, astral microtubules transmit pulling forces 

to the centrosomes. This microtubule-mediated traction derives from force-generating 

proteins localized at particular sites in the cortex (di Pietro 2016). In mammalian 

oocytes, F-actin substitutes for astral microtubules to anchor and position the spindle 

to the cell cortex (Fig. 7 B). Treatment of mouse oocytes with F-actin-destabilizing 

drugs prevents spindle migration, whereas treatment with microtubule-destabilizing 

drugs is not detrimental to chromosome off-centering (Longo and Chen 1985, Van 

Blerkom and Bell 1986, Verlhac 2000, Azoury 2008). In mouse oocytes, the F-actin 

that drives spindle migration derives from two distinct networks nucleated in a timely 

manner during meiotic maturation. These two networks, although elaborated by distinct 

nucleators and different in their architecture, work synergistically to transmit pulling 

forces to the spindle and therefore underlie the first asymmetric division of the oocyte.  

 

II) Two F-actin networks cooperate to off-center the meiosis I spindle  
 

1) A straight cytoplasmic network surrounds the spindle and connects it to 

the cortex 

 

 Of the two F-actin networks involved in spindle off-centering in mouse oocytes, 

one is nucleated in the cytoplasm by the straight F-actin nucleators Formin-2 (Leader 

2002, Dumont 2007a, Azoury 2008, Schuh and Ellenberg 2008) and Spire1, 2 (Pfender 

2011). This network connects the spindle to the cortex. In this regard, cytoplasmic F-

actin could be considered as the functional analogue of astral microtubules. 

Importantly, a subsection of this network encapsulates and infiltrates the spindle 

(Azoury 2008, Schuh and Ellenberg 2008), forming a structure referred to as the F-

actin cage (Fig. 7 B). The F-actin cage is the site of force transmission from the F-actin 

to the spindle microtubules, and is therefore the scene of interplay between the two 

cytoskeleton elements.  

 The pulling forces that drive spindle migration are generated by the Myosin-II 

molecular motor located at the poles of the spindle/F-actin cage (Schuh and Ellenberg 

2008, Bennabi 2020, Fig. 7 B). The initiation of spindle migration is enabled by the 

slightly off-center assembly of the spindle in the oocyte (Verlhac 2000) and its initial 

pushing (Li 2008, Yi 2013, Duan 2020), which likely results in one pole being closer 
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and thus better connected to the cortex than the other (Schuh and Ellenberg 2008). It 

is proposed that this imbalance in spindle anchoring leads to Myosin-II located at the 

leading spindle pole to have a greater amount of F-actin substrate than Myosin-II at 

the opposite pole, thereby triggering spindle migration. Once initiated, spindle 

migration is not achieved without the intervention of a second F-actin network that 

reinforces the imbalance of pulling forces at the spindle poles. 

 

2) A branched subcortical network provides cortical softness to enhance 

spindle migration  

 

 The second F-actin network involved in spindle migration in the mouse oocyte 

is progressively nucleated by the Arp2/3 complex after NEBD (detectable 3 hours later) 

and forms a subcortical thickening (Chaigne 2013, Chaigne 2015, Fig. 7 B). This 

network triggers a decrease in cell cortical tension by dislodging Myosin-II from the 

cortex. In essence, the cortical tension of the oocyte decreases during meiotic 

maturation (Larson 2010, Chaigne 2013) and accommodates spindle migration when 

encompassed within a defined range of forces. Indeed, cortical tension outside this 

range impedes asymmetric oocyte division (Chaigne 2013, Chaigne 2015). It is 

proposed that lowered cortical tension and a resulting softer cortex may facilitate the 

penetration of cytoplasmic F-actin into the cortex for increased spindle anchorage. This 

may also promote the extraction of filaments from the cortex to provide more 

substrates for Myosin-II located at the leading spindle pole (Chaigne 2015). Hence, 

subcortical F-actin and the resulting decrease in cortical tension of the oocyte may 

increase pulling forces in an anisotropic way at the leading spindle pole to enhance 

spindle migration (Chaigne 2013, Chaigne 2015). 

 Interestingly, an excessive drop in cortical tension mediated by subcortical F-

actin increases the risk of chromosome misalignment before anaphase I (Bennabi 

2020). In this regard, spindle off-centering places the oocyte in an already paradoxical 

situation during maturation. Indeed, the mechanisms that allow the oocyte to reconcile 

the extrusion of its genetic material with the limitation of cytoplasmic loss is potentially 

generative of aneuploidy if implemented incorrectly. 
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 Summarily, spindle positioning in the mouse oocyte requires an interplay 

between cytoskeletal elements at two levels: between cytoplasmic and subcortical F-

actin, and between cytoplasmic F-actin and spindle microtubules. The latter interplay 

deserves further study, as it remains to be determined how the F-actin cage transmits 

pulling forces to the spindle. A candidate protein for this process is Myosin-X, a 

molecular motor with unconventional binding proprieties. 

 

III) Myosin-X, a possible mediator of spindle off-centering forces? 

 

 We have briefly introduced MYO10 in the previous chapter by mentioning its 

involvement in the formation of filopodia and possibly transzonal projections, making it 

a potential contributor to the establishment or maintenance of oocyte-somatic cell 

contacts. Interestingly, MYO10 has also been identified as a coordinator of spindle 

positioning in dividing cells. 

 MYO10 is an unconventional myosin with myosin tail homology 4 (MyTH4) and 

band 4.1/ezrin/radixin/moesin (FERM) domains (Berg 2000, Fig. 7 C). MYO10 binds 

to F-actin with its motor domain located at the protein head. Importantly, its tail-located 

MyTH4 domain allows it to bind directly to microtubules (Weber 2004, Hirano 2011). 

This latter feature yields the attractive concept that MYO10 may connect F-actin to 

microtubules, and thereby promote interplay between the two cytoskeletal elements. 

 MYO10 has been documented to be involved in spindle assembly and integrity 

maintenance in Xenopus oocytes (Weber 2004) and embryos (Woolner 2008). 

Importantly, it is instrumental in proper spindle anchoring, positioning and orientation 

in several mitotic cells (Toyoshima and Nishida 2007, Kwon 2015, Woolner 2008, 
Woolner and Papalopulu 2012, Liu 2012). Notably, in cultured human cells, MYO10 is 

necessary for spindle orientation parallel to the substrate plane (Toyoshima and 

Nishida 2007). In addition, MYO10 directs centrosomes towards “clouds” of subcortical 

F-actin and retraction fibers (Kwon 2015, Fig. 7 A). In Xenopus embryo epithelial cells, 

MYO10 is engaged in correct spindle movement within the cell (Woolner 2008) and 

spindle positioning on the apical-basal axis (Woolner and Papalopulu 2012). 

 MYO10 ability to bind to F-actin and microtubules, and previous documentations 

of its role in spindle positioning in several models, make it an interesting candidate for 

mediating force transmission from cytoplasmic F-actin to spindle microtubules in the 
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mouse oocyte. For these reasons, the first project of this thesis was to test whether 

MYO10 plays a role in the first asymmetric division of the mouse oocyte, the results of 

which are presented in the first part of the Results section. 

 

 

 

Figure 7: Mechanisms of spindle positioning in metaphase cells. A) Schematics 

of a cultured human cell, side view (upper image) and top view at the equatorial plane 

of the cell (lower image). B) Schematic of a mouse oocyte. C) Schematic of the Myosin-

X protein (partially based on UniProt database for mouse). IQ stands for IQ motifs, 

SAH for single a-helix, CC for coiled-coil, PH for pleckstrin homology domains, MyTH4 

for myosin tail homology 4, and FERM for band 4.1/ezrin/radixin/moesin.  



 43 

Concluding remarks 

 

 After a quiescent phase of variable duration, followed by a period of expansion 

and reserve accumulation, the oocyte completes its development by reconciling the 

loss of diploidy with the retention of a nutrient-rich cytoplasm. Each step of post-partum 

oocyte development, namely oocyte growth and meiotic maturation, must be properly 

coordinated to ensure a high developmental potential of the oocyte. Interestingly, while 

granulosa cells play a critical role in coordinating oocyte growth, spindle positioning 

during meiosis I is inherent to the oocyte. Although spindle off-centering in mammalian 

oocytes is indirectly initiated by exogenous factors triggering meiosis resumption, it is 

not predetermined by external determinants, as pointed out by the authors of the 

articles cited above. In support of this last argument, spindle positioning is studied in 

the lab in in vitro maturing oocytes devoid of granulosa cells.  

 It is therefore interesting to note the ability of the oocyte to undergo spindle off-

centering/asymmetric division without extracellular contribution. However, it should be 

considered that this may only be an apparent autonomy. Indeed, although asymmetric 

oocyte division can be achieved in the absence of granulosa cells during in vitro 

maturation, somatic cells may contribute to the completion of this process indirectly by 

interacting with the oocyte, upstream, during oocyte growth. The latter is the subject of 

the main article of this thesis and will be discussed in the second part of the Results 

section. In this respect, the role of granulosa cells during oogenesis could be 

simplistically summarized as accompanying and coordinating the acquisition of 

developmental autonomy of the oocyte, allowing it to dispose of the molecular content 

necessary to efficiently sustain meiotic maturation and embryogenesis.  
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 Attached is the manuscript of the first study of this thesis published in 

Development in April 2021. Referring to several dividing cell models in which Myosin-

X plays a major role in spindle positioning, we investigated the possible involvement 

of this molecular motor in spindle morphogenesis and off-centering in the mouse 

oocyte. We generated a mouse strain conditionally depleted of MYO10 in oocytes and 

assessed meiosis I spindle assembly and positioning by live spinning disk imaging 

throughout meiotic maturation. We first demonstrated that MYO10 is not enriched at 

the meiosis I spindle. Importantly, targeted deletion of the Myo10 gene does not impair 

spindle assembly and off-centering, or female fertility. These results support a non-

essential role for MYO10 in the first asymmetric division of the oocyte. Although we 

close the door on a function for MYO10 in mediating the transmission of F-actin forces 

to spindle microtubules, this study may be useful to further investigate other candidates 

for linking F-actin to the spindle in the mouse oocyte 
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Myosin-X is dispensable for spindle morphogenesis and

positioning in the mouse oocyte
Flora Crozet, Christelle Da Silva, Marie-Héleǹe Verlhac* and Marie-Emilie Terret*

ABSTRACT

Off-center spindle positioning in mammalian oocytes enables

asymmetric divisions in size, which are important for subsequent

embryogenesis. The migration of the meiosis I spindle from the

oocyte center to its cortex is mediated by F-actin. Specifically, an F-

actin cage surrounds the microtubule spindle and applies forces to it.

To better understand how F-actin transmits forces to the spindle, we

studied a potential direct link between F-actin and microtubules. For

this, we tested the implication of myosin-X, a known F-actin and

microtubule binder involved in spindle morphogenesis and/or

positioning in somatic cells, amphibian oocytes and embryos.

Using a mouse strain conditionally invalidated for myosin-X in

oocytes and by live-cell imaging, we show that myosin-X is not

localized on the spindle, and is dispensable for spindle and F-actin

assembly. It is not required for force transmission as spindlemigration

and chromosome alignment occur normally. More broadly, myosin-X

is dispensable for oocyte developmental potential and female fertility.

We therefore exclude a role for myosin-X in transmitting F-actin-

mediated forces to the spindle, opening new perspectives regarding

this mechanism in mouse oocytes, which differ from most

mitotic cells.

KEY WORDS: Myosin-X, Mouse oocyte, Spindle positioning, F-actin

INTRODUCTION

Spindle positioning is key for the development of eukaryotic

organisms as it defines the geometry of cell division. It can trigger

either redundancy or divergence of fate between daughter cells,

following a symmetric versus an asymmetric division (for reviews,

see Morin and Bellaïche, 2011; Di Pietro et al., 2016). Owing to

their two successive asymmetric divisions in size (meiosis I and II),

mammalian oocytes are relevant models for studying spindle off-

centering mechanisms. In meiosis I, it is a process that has not yet

been fully deciphered, consisting of the migration of the spindle

from the cell center to the cortex (Verlhac et al., 2000). The

asymmetric divisions of the oocyte provide the prospective mother

with one big egg and two tiny polar bodies, a discrepancy in size

that is important for keeping the largest proportion of maternal

stores needed for embryogenesis in the fertilizable egg (Kyogoku

and Kitajima, 2017).

As with most mitotic cells (Morin and Bellaïche, 2011; Di Pietro

et al., 2016), spindle positioning in mammalian oocytes relies on

cortical inputs and forces applied to the spindle, and hence depends

on the cell mechanical properties. Pioneering studies in murine

oocytes have highlighted the importance of tight regulation of

cortical mechanics to properly transmit forces to the spindle,

enabling an asymmetric division in size and a good oocyte quality

(Chaigne et al., 2013, 2015; Bennabi et al., 2020). Cortical

mechanics is a very good predictor of oocyte developmental

potential in humans and mice (Yanez et al., 2016). Strikingly, a

weakened transmission of forces in extra-soft engineered oocytes

prevents spindle off-centering (Chaigne et al., 2015) and induces

chromosome misalignment, causing aneuploidy (Bennabi et al.,

2020). The forces applied to mouse oocyte spindles are mediated by

filamentous actin (F-actin) bypassing the absence of canonical

centrosomes and the consequent lack of astral microtubules

(Szollosi et al., 1972; Longo and Chen, 1985), which are the

main effectors of spindle positioning in mitotic cells (Théry et al.,

2005; Toyoshima and Nishida, 2007; Fink et al., 2011; Morin and

Bellaïche, 2011; Woolner and Papalopulu, 2012; Kwon et al., 2015;

Di Pietro et al., 2016). A dynamic cytoplasmic F-actin network,

including an actin-cage surrounding the spindle (Azoury et al.,

2008; Schuh and Ellenberg, 2008; Chaigne et al., 2013, 2015;

Mogessie and Schuh, 2017), is polymerized by the straight actin

nucleators formin 2 (Leader et al., 2002; Dumont et al., 2007a;

Azoury et al., 2008; Schuh and Ellenberg, 2008), spire 1 and spire 2

(Pfender et al., 2011). It anchors the spindle to the cortex and off-

centers it through myosin II-generated pulling forces at spindle

poles (Schuh and Ellenberg, 2008; Chaigne et al., 2013; Bennabi

et al., 2020). A subcortical Arp2/3-dependent F-actin network

(Chaigne et al., 2013, 2015), progressively nucleated after nuclear

envelope breakdown (NEBD), remodels cortical properties by

chasing myosin II from the cortex, resulting in lower cortical tension

(Larson et al., 2010; Chaigne et al., 2013, 2015). Working in

synergy with the cytoplasmic F-actin, the subcortical F-actin

network increases an imbalance of pulling forces at the spindle

poles (Chaigne et al., 2015). This imbalance first originates from

the slightly off-center assembly of the spindle before the onset of

migration (Verlhac et al., 2000) and its initial pushing (Li et al.,

2008; Yi et al., 2013; Duan et al., 2020), resulting in one pole

closer to the cortex (the leading pole). Following cortex

softening, this imbalance of forces is further amplified by the

cytoplasmic F-actin-mediated stretching of the subcortical

F-actin towards the leading spindle pole, likely providing

spindle-localized myosin II with greater substrate and

accelerating spindle migration (Chaigne et al., 2015).

Although the cytoplasmic F-actin involvement in coupling

cortical mechanics to spindle off-centering is well established in

mouse oocytes, how it directly transmits forces to the spindle

remains elusive. Intriguingly, the actin cage perfectly surrounds the

microtubule spindle and numerous actin filaments penetrate it
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(Azoury et al., 2008; Schuh and Ellenberg, 2008; Mogessie and

Schuh, 2017), suggesting a possible inter-cytoskeleton crosstalk at

the spindle. Moreover, artificial F-actin enrichment at the meiotic

spindles in murine eggs increases the bundling of microtubules and

affects their dynamics (Mogessie and Schuh, 2017), supporting the

ability of F-actin to transmit mechanical constrains to the

microtubules and suggesting a spindle-localized F-actin/

microtubule crosslinker in mouse oocytes. In this study, we

addressed the role of a known F-actin and microtubule binder, the

unconventional myosin-X (MYO10), in this process. MYO10 is a

MyTH4-FERM myosin (myosin tail homology 4 - band 4.1, ezrin,

radaxin, moesin) (Berg et al., 2000; Hirano et al., 2011) capable of

binding both to F-actin via its head motor domain (Homma et al.,

2001) and to microtubules via its MyTH4-FERM domain (Weber

et al., 2004; Hirano et al., 2011). Numerous studies have highlighted

MYO10 involvement in spindle dynamics, orientation and

positioning in mitotic cells (Toyoshima and Nishida, 2007;

Woolner et al., 2008; Liu et al., 2012; Woolner and Papalopulu,

2012; Kwon et al., 2015; Sandquist et al., 2016, 2018). It has also

been involved in nuclear anchoring and spindle rotation in Xenopus

oocytes (Weber et al., 2004), as well as in spindle morphogenesis

and integrity in Xenopus oocytes and embryos (Weber et al., 2004;

Woolner et al., 2008; Sandquist et al., 2016). We therefore

investigated whether MYO10 directly links F-actin to spindle

microtubules in mouse oocytes and thus participates in spindle off-

centering. We took advantage of the Cre-loxP system to generate a

mouse strain conditionally invalidated for MYO10 in oocytes and

assessed spindle morphogenesis and positioning in oocytes lacking

MYO10, as well as their subsequent developmental capacity. Our

results show that MYO10 is present in mouse oocytes but not

enriched at the spindle in meiosis I. Importantly, MYO10 is

dispensable for actin organization, spindle morphogenesis and

positioning in oocytes, and more generally not essential for female

fertility.

RESULTS

MYO10 does not localize to the meiosis I spindles

If MYO10 crosslinks F-actin to microtubules in mouse oocytes, it

might be enriched at the spindle. In several models, MYO10 was

detected at both mitotic and meiotic spindles (Weber et al., 2004;

Woolner et al., 2008; Woolner and Papalopulu, 2012; Sandquist

et al., 2016, 2018; Brieño-Enríquez et al., 2017; So et al., 2019), and

more specifically often accumulated at spindle pole regions in the

vicinity of cortical/spindle F-actin (Weber et al., 2004; Woolner

et al., 2008). Contrary to what was previously described in mouse

oocytes (Brieño-Enríquez et al., 2017; So et al., 2019), we did not

detect by immunofluorescence any endogenous MYO10

accumulation at the meiosis I spindles (Fig. 1A). We quantified

MYO10 spindle enrichment by measuring the ratio of the spindle

and cytoplasmic MYO10 fluorescence intensities. This ratio was

close to 1 (Fig. 1B left, 1.05±0.06), showing that endogenous

MYO10 is not enriched at the spindle. In addition, no specific

labeling of MYO10 in the cytoplasm was observed, with a signal

that was mostly diffuse. In previous articles (Brieño-Enríquez et al.,

2017; So et al., 2019), the authors used different antibodies and

immunostaining protocols than ours, which could explain the

different localizations observed between their studies and ours.

However, these studies were not intended to address the role of

myosin-X in oocytes, so the specificity of their staining was not

tested on oocytes depleted for myosin-X (genetically or using

siRNA) as we do here. Indeed, our MYO10 antibody was further

validated in our mouse strain conditionally invalidated for MYO10

in oocytes (Myo10−/−, see Materials and Methods and Fig. 1E-H).

We observed a decrease in the intensity of MYO10 labeling in both

mid-grown Myo10−/− oocytes enclosed in an environment of

otherwise wild-type granulosa cells and fully grown Myo10−/−

oocytes compared with their respective controls (Fig. 1G). This

intensity was fivefold lower in the cytoplasm of Myo10−/− oocytes

than in controls at NEBD+6 h (Fig. 1G, lower images and

quantification in H; control, 0.75±0.13; Myo10−/−, 0.15±0.02).

Conversely, we detected MYO10 in the wild-type granulosa cells

surrounding Myo10−/− oocytes at mid-growth, as in those

surrounding control oocytes of the same stage (Fig. 1G, upper

images). This further confirms the specificity of the MYO10

antibody and also shows the efficiency of our genetic approach that

allowed the specific depletion of MYO10 in oocytes from the mid-

growth stage of their development. In parallel, we microinjected

exogenous MYO10 tagged with GFP (GFP-MYO10) into prophase

I oocytes and monitored its localization throughout meiosis

I. Similar to endogenous MYO10, GFP-MYO10 was not enriched

at the meiosis I spindles (Fig. 1B, right, C and Movie 1; ratio of

spindle and cytoplasmic GFP-MYO10 fluorescence intensities of

0.99±0.05) or at any other cytoplasmic location. Supporting the

robustness of our MYO10 detection tools, we observed that both

endogenous and exogenous MYO10 (Fig. 1D, left and right,

respectively) accumulated in foci in the vicinity of the oocyte cortex,

a pattern of localization consistent with previous studies in somatic

cells (Berg et al., 2000; Liu et al., 2012; Kwon et al., 2015). To

conclude, and in contrast to other models, MYO10 is present in

mouse oocytes but is not enriched at the spindle.

Spindle morphogenesis is normal in MYO10 depleted

oocytes

MYO10 plays a role in spindle morphogenesis and integrity

in various models. MYO10 disruption, using morpholino

oligonucleotide-based approaches, dominant-negative constructs

or neutralizing antibodies, alters spindle assembly in Xenopus

oocytes (Weber et al., 2004), and triggers both spindle lengthening

(Woolner et al., 2008; Woolner and Papalopulu, 2012) and pole

fragmentation (Woolner et al., 2008; Sandquist et al., 2016) in

Xenopus embryos. In somatic cells, however, spindle length

(Toyoshima and Nishida, 2007; Liu et al., 2012) and pole

integrity (Kwon et al., 2015) are normal when MYO10 is

knocked down. In murine oocytes, spindle morphogenesis starts

with the formation of a microtubule ball assembled around the

chromosomes following NEBD that progressively bipolarizes

(Schuh and Ellenberg, 2007; Dumont et al., 2007b; Kitajima

et al., 2011; Bennabi et al., 2016). We followed spindle

morphogenesis using live spinning disk microscopy during

meiosis I in control and Myo10−/− oocytes incubated with SiR-

tubulin to label the microtubules. Both the bipolarization timing of

meiosis I spindles (Fig. 2A,B; control 3.64±1.17 h,Myo10−/− 3.69±

0.70 h; Movie 2), their inter-polar length and width 30 min before

polar body extrusion (Fig. 2C,D; control, 31.02±3.82 µm;Myo10−/−,

29.54±2.49 µm for spindle length; control, 15.59±0.56 µm;Myo10−/−

15.41±0.51 µm for spindle width) were not significantly different

between control and Myo10−/− oocytes. MYO10 therefore does not

play a role in spindle morphogenesis and integrity in mouse oocytes.

F-actin is properly organized in MYO10-depleted oocytes

Owing to the role of MYO10 in actin organization in Xenopus

oocytes and somatic cells (Weber et al., 2004; Toyoshima and

Nishida, 2007), we also assessed the integrity of the cytoplasmic

F-actin in Myo10−/− oocytes by immunofluorescence in fixed cells
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Fig. 1. See next page for legend.
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using phalloidin staining (Fig. 2E, upper images) and in live oocytes

microinjected with the F-actin probe GFP-UtrCH (Fig. 2E, lower

images). The cytoplasmic F-actin meshes were not altered in

meiosis IMyo10−/− oocytes, as evidenced by a cytoplasmic F-actin

intensity not significantly different from controls (Fig. 2E, upper

images, F; control, 0.85±0.08; Myo10−/−, 0.82±0.11). The actin

cages enclosing the meiosis I spindles were also properly shaped in

Myo10−/− oocytes (Fig. 2E, lower images), arguing that MYO10

does not play a role in assembling such structures. In addition, we

assessed the integrity of the subcortical F-actin network, which

mediates spindle positioning through cortex softening, in GFP-

UtrCH-injected Myo10−/− oocytes. No defects in the subcortical

F-actin network were observed in such a MYO10 depletion

context, as indicated by a thickness comparable with controls at

NEBD+7 h in Myo10−/− oocytes (Fig. 2G,H; control, 3.32±

0.32 µm; Myo10−/−, 3.40±0.25 µm). Interestingly, the lack of

impact of MYO10 depletion on F-actin networks is consistent with

earlier studies and is not specific to mouse oocytes. Subcortical

F-actin is not affected by MYO10 knockdown in terms of

assembly and cellular localization in somatic cells (Kwon et al.,

2015), nor are the F-actin cables surrounding the spindle in

Xenopus embryos (Woolner et al., 2008).

The spindle migrates in MYO10 depleted oocytes

In different studies, conducted in a wide variety of models ranging

from Xenopus oocytes, epithelia to somatic cells, MYO10 was

described as being required for proper spindle movement in the cell

(Weber et al., 2004; Toyoshima and Nishida, 2007; Woolner et al.,

2008; Woolner and Papalopulu, 2012; Liu et al., 2012; Kwon et al.,

2015; Sandquist et al., 2016, 2018). Interestingly, MYO10 and

F-actin disruption leads to similar defects in spindle orientation in

mammalian cells (Toyoshima and Nishida, 2007; Kwon et al.,

2015) and aberrant cortical anchoring in Xenopus embryos

(Woolner et al., 2008), suggesting that they work synergistically

in such processes. In mouse oocytes, F-actin disruption impairs

spindle migration in meiosis I (Longo and Chen, 1985; Verlhac

et al., 2000). We thus analyzed spindle positioning in MYO10-

depleted oocytes in order to assess whether MYO10 transmits

forces to the spindle. We followed the spindle migration by live

spinning disk microscopy during meiosis I in control andMyo10−/−

oocytes incubated with SiR-tubulin to label the microtubules.

Unlike the latter models, spindle positioning was unaltered by

MYO10 depletion in mouse oocytes (Fig. 3A,B; Movie 3). Spindle

migration and cortical positioning, assessed by measuring the

distance between the cortex and the leading spindle pole 30 min

before polar body extrusion (Fig. 3B; control, 6.35±3.52 µm;

Myo10−/−, 4.65±2.58 µm), were not significantly different between

control and Myo10−/− oocytes. In addition, we examined the

cortical position of the spindle in metaphase II-arrested oocytes by

live spinning disk microscopy (Fig. 3C). The majority of the

arrested control (97.56%) and MYO10 depleted (97.22%) oocytes

showed an off-centered meiosis II (MII) spindle 7 h after polar body

extrusion (Fig. 3D). These results show that MYO10 does not play a

role in the cortical positioning of the meiotic spindles in mouse

oocytes.

Chromosomes are well aligned in MYO10 depleted oocytes

A weakened transmission of forces to the spindle has no effect on

spindle morphogenesis but alters meiosis I chromosome alignment

in mouse oocytes engineered to become extra soft (Bennabi et al.,

2020). We thus assessed chromosome behavior in Myo10−/−

oocytes, testing whether MYO10 depletion might affect force

transmission, if not to the spindle, at least to the chromosomes. We

microinjected control andMyo10−/− oocytes with H2B-RFP to label

their chromosomes, incubated them with SiR-tubulin to label the

microtubules and followed them by live spinning disk microscopy

before polar body extrusion. We observed no defects in the

alignment or segregation of meiosis I chromosomes in Myo10−/−

oocytes (Fig. 3E,F; Movie 4). Chromosome alignment was

evaluated 30 min before anaphase by framing all chromosomes in

a single rectangle (referred to as the bounding box as in Bennabi

et al., 2020) and by measuring the bounding box height (Fig. 3F,

upper chart; control, 12.44±2.81 µm; Myo10−/−, 12.12±2.66 µm)

and width (Fig. 3F, lower chart; control, 16.04±0.98 µm;Myo10−/−,

16.24±1.59 µm). Consistent with our observations on spindle

assembly (Fig. 2C,D), bounding box values were not significantly

different between the two conditions. Our results show that MYO10

does not transmit forces from the actin cage to the meiotic spindle by

crosslinking F-actin and spindle microtubules.

Mice lacking MYO10 in their oocytes are fertile

Even though MYO10 was dispensable for spindle positioning, we

nevertheless tested whether it was required for meiotic divisions

(from NEBD to meiosis II) and more broadly for oocyte

developmental potential. We monitored meiotic divisions of

Myo10−/− oocytes with a focus on the timing of polar body

extrusion, as MYO10 disruption has been previously reported to

extend metaphase duration in Xenopus embryos (Woolner et al.,

Fig. 1. MYO10 does not accumulate at the meiosis I spindles. (A) Confocal

spinning disk images of an oocyte fixed at NEBD+6 h stained for α-tubulin

(αTUB) and myosin-X (MYO10). Left, merge of αTUB (green) and MYO10

(magenta) staining. Right, MYO10 staining only. Scale bar: 10 µm. (B) Scatter

plot representing the ratio of spindle and cytoplasmic MYO10 fluorescence

intensities at NEBD+6 h in fixed oocytes labeled withMYO10 and αTUB (pink),

and in live oocytes expressing GFP-MYO10 and incubated with SiR-tubulin

(purple). n is the number of oocytes analyzed. Data are from three (fixed

oocytes) and two (live oocytes) independent experiments. Data are mean and

s.d. with individual data points plotted. (C) Confocal spinning disk images of an

oocyte at NEBD+6 h microinjected with GFP-MYO10 and incubated with SiR-

tubulin (SiR-tub) to label the microtubules. Left, merge of SiR-tub (green) and

GFP-MYO10 (magenta) staining. Right, GFP-MYO10 staining only. Scale bar:

10 µm. (D) Confocal spinning disk images showing cortical/membrane foci of

endogenous (left) and exogenous (right) MYO10. Images corresponding to the

areas outlined with yellow squares in A and C. Scale bar: 2 µm. (E) Cre-loxP-

mediated depletion of MYO10 in oocytes. TheMyo10 gene with exons in black

and introns in gray based on the Ensembl database. loxP sites, shown as

orange triangles, flank exons 23 to 25. Zp3-mediated CRE expression in

oocytes allowsMyo10 excision at the loxP sites. The depletion of exons 23-25

leads to a frame-shift and the appearance of a stop codon at exon 26. (F) Bar

chart representing Myo10 mRNA levels in Myo10−/− oocytes (from

Myo10flox/flox; Cre+ female mice, yellow) relative to Myo10+/+ oocytes (from

Myo10flox/flox; Cre− female mice, gray). Myo10+/+ normalized mean=1.

Myo10−/− normalized mean=0.05±0.005 (normalized s.e.m.). RT-qPCRs were

performed on two biological replicates using 30 oocytes for each condition from

two females; two technical replicates were carried out. The statistical

significance of the differences was assessed with a two-tailed unpaired t-test,

****P<0.0001. Error bar for theMyo10−/− group represents s.e.m. (G) Confocal

spinning disk images of fixed oocytes at mid-growth surrounded by granulosa

cells (granulosa-oocyte complexes, upper images) and fully grown oocytes

fixed at NEBD+6 h (lower images) stained for MYO10. Controls are on the left

andMyo10−/− oocytes on the right. The black dotted lines delimit the oocytes in

the complexes. The images show the equatorial plane of the oocytes. Scale

bars: 10 µm. (H) Scatter plots of the relative integrated intensities of

cytoplasmic MYO10 labeling observed at NEBD+6 h in control (gray) and

Myo10−/− (yellow) oocytes. n is the number of oocytes analyzed. Data are from

three independent experiments. Data aremean±s.d. with individual data points

plotted. The statistical significance of the differences was assessed with a

two-tailed unpaired t-test with Welch’s correction, ****P<0.0001.
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2008; Sandquist et al., 2016, 2018). The kinetics and completion of

meiosis I were comparable with controls in Myo10−/− oocytes

(Fig. 4A-D; Movie 5). Both NEBD timing (Fig. 4A,B; control,

1.19±0.45 h; Myo10−/−, 1.23±0.40 h) and polar body extrusion

timing (Fig. 4A,C; control, 7.88±0.82 h; Myo10−/−, 7.94±1.15 h)

were comparable between control and Myo10−/− oocytes. No

significant difference in the rate of first polar body extrusion was

measured between the two conditions (Fig. 4D; control, 79.71% of

Fig. 2. See next page for legend.
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meiosis II oocytes; Myo10−/−, 81.18% of meiosis II oocytes),

supporting the lack of MYO10 involvement in oocyte division.

We also determined the reproductive potential of mice producing

Myo10−/− oocytes bymatingMyo10flox/flox; Cre+ females with control

males. The number of pups per litter derived fromMyo10flox/flox; Cre+

mice was comparable with the Myo10flox/flox; Cre−-derived litters

(Fig. 4E; Myo10flox/flox; Cre−, 6.75±2.32 pups; Myo10flox/flox; Cre+,

6.43±1.91 pups), arguing that MYO10 is not essential for the

developmental potential of the oocyte and for female fertility.

DISCUSSION

Contrary to what has been described in several models of mitotic

cells and in amphibian oocytes, MYO10 is dispensable for spindle

assembly and positioning in murine oocytes. These discrepancies

could be explained by oocyte specific features that differ from most

mitotic cells. In particular, their huge volume, their lack of

centrioles and their absence of external cues and cell polarity at

NEBD impose alternative mechanisms for spindle morphogenesis

and positioning. Importantly, microtubules are not involved in

spindle off-centering and mouse oocytes lack astral microtubules

present in centriole-containing mitotic cells, potentially explaining

why MYO10 is not essential in this model. Indeed, MYO10

involvement in mitotic spindle positioning is likely achieved via

astral microtubules, through their pulling toward retraction fibers

and the regulation of their dynamics/cortical interaction in somatic

cells (Kwon et al., 2015) and their asymmetric distribution at the

apical cell surface in Xenopus embryos (Woolner and Papalopulu,

2012). Moreover, nuclear anchoring in Xenopus oocytes, regulated

by MYO10, is a microtubule-dependent process (Weber et al.,

2004). Interestingly, unlike mitotic spindles (Woolner et al., 2008;

Fink et al., 2011;Woolner and Papalopulu, 2012; Kwon et al., 2015;

Sandquist et al., 2016, 2018) and Xenopus oocytes (Weber et al.,

2004), the meiosis I spindle in mouse oocytes does not undergo

oscillatory movements or rotation during metaphase. Instead, the

spindle migrates in a straight manner to the closest cortex along its

long axis (Verlhac et al., 2000). Spindle rotation/oscillatory

movements in mitotic cells (Woolner et al., 2008; Kwon et al.,

2015; Sandquist et al., 2016, 2018) and Xenopus oocytes (Weber

et al., 2004) involve MYO10. In essence, a role for MYO10 in

setting up the cell division plane has so far been described mainly

for the microtubule-dependent positioning of chromosome-

containing structures and in spindle rotation/oscillation during

metaphase, two events that do not take place in murine meiosis I

oocytes. Another possibility that could explain the differences

between mouse oocytes and other models is the architecture of the

cytoplasmic actin-cage surrounding the spindle, which is made of

linear F-actin, as opposed to the branched subcortical F-actin likely

cooperating with MYO10 to position the mitotic spindles in somatic

cells (Mitsushima et al., 2010; Fink et al., 2011; Kwon et al., 2015).

We can thus speculate that like myosin II, the activity of which

depends on the architecture of actin networks (Reymann et al.,

2012), MYO10 function could differ depending on the type of

F-actin meshes, preferentially crosslinking branched F-actin to

microtubules in the cytoplasm.

The lack of involvement of MYO10 in spindle migration argues

for another mechanism at work in transmitting forces to the spindle

in murine oocytes. This mechanism could rely on another direct

actin-microtubule crosslinker; MYO7a, MYO7b and MYO15a, the

other mammalian myosins known to have aMyTH4-FERM domain

(which could enable them to bind directly to microtubules), have not

been confirmed to be expressed at the protein level in human ovaries

(Human Protein Atlas database). In addition, no study to our

knowledge has pointed out their prospective function in

crosslinking F-actin to microtubules, nor their involvement in

spindle integrity and positioning, as they are mostly studied for their

functions in actin-rich protrusions (for a review, see Weck et al.,

2017). Alternatively, microtubule-based motors could be good

candidates for linking the actin-cage to the meiotic spindle. Two

spindle and cortex-localized kinesins, NabKin and KIF14, also

colocalize with actin in Xenopus oocytes and human somatic cells,

and are able to bind F-actin in in vitro assays (Samwer et al., 2013).

Besides motor proteins, other direct and indirect F-actin/

microtubule crosslinkers have been identified as being involved in

different cellular functions and could as well be at work in meiotic

spindle migration (for a review, see Dogterom and Koenderink,

2019). In addition, cytoplasmic F-actin function in spindle off-

centering could depend on F-actin direct binding to chromosomes.

This hypothesis is supported by the presence of F-actin aggregates

accumulated in chromosomal regions oriented towards the closest

cortex in nocodazole-treated mouse oocytes (Azoury et al., 2008)

and by the ability of F-actin to off-center the chromosomes in such a

microtubule disrupted context (Verlhac et al., 2000; Leader et al.,

2002; Azoury et al., 2008).

Spindle off-centering in the murine oocyte is thus an atypical

process implemented to conciliate the discard of half of the oocyte

DNA content with the preservation of a rich cytoplasm enabling the

egg to fulfill its developmental purpose. Deciphering how this process

is orchestrated and, more specifically, how forces are transmitted from

the cortex to the spindle is of significant public health interest, as

defects in force transmission could trigger chromosome misalignment

and subsequent egg aneuploidy (Bennabi et al., 2020) – the main

cause of female infertility (Gruhn et al., 2019).

Fig. 2. Meiosis I spindles and F-actin networks are properly formed in

Myo10−/− oocytes. (A) Stills from time-lapse spinning disk movies showing

microtubules labeled with SiR-tub (green) forming a ball that progressively

bipolarizes to form the meiosis I spindle in a control (upper images) and a

Myo10−/− (lower images) oocyte. Scale bar: 10 µm. (B) Scatter plots of the

timings of spindle bipolarization (hours after NEBD) in control (gray) and

Myo10−/− (yellow) oocytes. n is the number of oocytes analyzed. Data are from

three independent experiments (mean±s.d. with individual data points plotted).

The statistical significance of the differences was assessed with a two-tailed

Mann-Whitney test, P=0.2948. (C) Confocal spinning disk images of a control

(left) and a Myo10−/− (right) spindle 30 min before polar body extrusion (PBE)

labeled with SiR-tub (green). Scale bar: 10 µm. (D) Scatter plots of spindle

length (left chart) and width (right chart) 30 min before PBE in control (gray)

andMyo10−/− (yellow) oocytes. n is the number of oocytes analyzed. Data are

from five independent experiments (mean±s.d. with individual data points

plotted). The statistical significance of the differences was assessed with a

two-tailed Mann-Whitney test, P=0.1053 for the length and with a two-tailed

unpaired t-test,P=0.2995 for thewidth. (E) The upper images are oocytes fixed

at NEBD+6 h30 showing cytoplasmic F-actin meshes labeled with phalloidin.

The images correspond to the equatorial plane of the oocytes. Left, control;

right, Myo10−/−. Scale bar: 10 µm. The lower images are confocal spinning

disk images of oocytes at NEBD+9 h30microinjectedwith GFP-UtrCH (UtrCH)

showing actin cages in control (left) and Myo10−/− (right) oocytes. Scale bar:

5 µm. (F) Scatter plots of the relative integrated cytoplasmic intensity from the

labeling with phalloidin at NEBD+6 h30 in control (gray) andMyo10−/− (yellow)

oocytes. n is the number of oocytes analyzed. Data are from four independent

experiments (mean±s.d. with individual data points plotted). The statistical

significance of the differences was assessed with a two-tailed unpaired t-test,

P=0.3315. (G) Confocal spinning disk images focused on the equatorial plane

cortex of a control (left) and aMyo10−/− (right) oocyte microinjected with UtrCH

at NEBD+7 h. Scale bar: 2 µm. (H) Scatter plots of the measure of cortex

thickness at NEBD+7 h in control (gray) and Myo10−/− (yellow) oocytes. n is

the number of oocytes analyzed. Data are from two independent experiments

(mean±s.d. with individual data points plotted). The statistical significance of

the differences was assessed with a two-tailed Mann-Whitney test, P=0.1322.
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MATERIALS AND METHODS

Mouse strains and genotyping

Myo10wt/flox mice were generated by geneOway by inserting two loxP sites

into the C57BL/6Nmice genome in intronic sequences flanking exons 23 to

25 (according to Ensembl database) of the Myo10 endogenous locus

(Fig. 1E). This line was further crossed with FLPo mice [B6.129S4-

Gt(ROSA)26Sortm2(FLP*)Sor/J] to allow excision of the Neo cassettes

flanked by FRT sites (mice obtained from the Jackson Laboratory). The

resulting line was crossed with Zp3-Cre mice available in the lab to create

the final mouse strain conditionally invalidated for myosin-X in oocytes.

loxP-insertion sites were selected to prevent expression of the MYO10

isoform 1 (F8VQB6-1, referred to as full-length MYO10, FL-myo10) and

isoform 2 (F8VQB6-2, referred to as headless MYO10, Hdl-myo10, Sousa

et al., 2006). To detect Flp-mediated excision of the Neo cassettes flanked

by FRT sites, the following PCR primers were used: 5′-ACA GCC CAT

ATC ACT GTC TAG AGA CCC ATT-3′, 5′-ATC GCC TTC TAT CGC

CTT GAC G-3′ and 5′-GAG GAT CCA GAC TTG GAC CCG GTC-3′. To

detect Cre-mediated excision at the Myo10 locus, the following PCR

Fig. 3. Force transmission to the spindle and chromosomes is unaffected by MYO10 depletion. (A) Stills from time-lapse spinning disk movies showing

meiosis I spindles labeled with SiR-tub (green) merged to their corresponding bright-field images. Control oocyte in upper images, Myo10−/− in lower images.

Scale bar: 10 µm. (B) Scatter plots of the distance between the leading spindle pole and the cortex 30 min before polar body extrusion (PBE) in control (gray) and

Myo10−/− (yellow) oocytes. n is the number of oocytes analyzed. Data are from five independent experiment (mean±s.d. with individual data points plotted). The

statistical significance of the differences was assessed with a two-tailed unpaired t-test, P=0.1332. (C) Confocal spinning disk images showing the meiosis II

spindles 7 h after the first polar body extrusion (PBE) labeled with SiR-tub (green) andmerged to their corresponding bright-field images. The control oocyte is on

the left; the Myo10−/− oocyte on the right. The yellow asterisks indicate the first polar bodies. Scale bar: 10 µm. (D) Stacked bars of the cell localization of the

meiosis II (MII) spindles as a percentage of the oocytes. Gray indicates the meiosis II spindles centrally located in the metaphase II-arrested oocytes; black

indicates the meiosis II spindles anchored to the cortex. n is the number of oocytes analyzed. The data are from seven independent experiments. The statistical

significance of the differences was assessed with a two-sided Fisher’s exact test, P>0.9999. (E) Stills from time-lapse spinning disk movies showing meiosis I

chromosome alignment (upper images, 30 min before anaphase) and segregation (lower images, anaphase) in control (left panel) and Myo10−/− (right panel)

oocytes. Oocytes were microinjected with H2B-RFP (H2B, black or red) and incubated with SiR-tub (green). Scale bar: 10 µm. (F) Scatter plots of the height

(upper chart) and the width (lower chart) of the bounding boxes framing the chromosomes 30 min before anaphase in control (gray) and Myo10−/− (yellow)

oocytes. n is the number of oocytes analyzed. Data are from three independent experiments (mean±s.d. with individual data points plotted). The statistical

significance of the differences was assessed with a two-tailed unpaired t-test, P=0.7601 for the height and P=0.6903 for the width.
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primers were used: for the Cre, 5′-GCG GTC TGG CAG TAA AAA CTA

TC-3′ and 5′-GTG AAA CAG CAT TGC TGT CAC TT-3′; and for the

Myo10, 5′-ACC CCA GTACTT GTT CATACATCC TATATC CTACA-

3′, 5′-GAC TAC ACC ATT CTG AAT GTG CCT GAT CTC-3′ and 5′-

GAG TAT CTG CCATCT TGTCCC TAA AGG TGG-3′. Control oocytes

were collected from Myo10wt/flox; Cre+, Myo10wt/flox; Cre−, Myo10flox/flox;

Cre− and Myo10Δ/flox; Cre− mice, and Myo10−/− oocytes from

Myo10flox/flox; Cre+ and Myo10Δ/flox; Cre+ mice.

Oocyte collection, culture and cRNA microinjection

Oocytes were collected from 2- to 5-month-old female mice following

ovaries shredding (Verlhac et al., 1994) in a M2+BSA medium

supplemented with milirinone (1 µM, Reis et al., 2006) to maintain them

in prophase I arrest. For live cell imaging, oocytes were microinjected with

cRNAs using an Eppendorf Femtojet microinjector and were left expressing

protein fusions in prophase I for 30-45 min (H2B-RFP and GFP-UtrCH) or

1 h (GFP-MYO10) before being transferred into a M2+BSA milrinone-free

medium to trigger meiosis resumption. Oocyte culture and live cell imaging

were performed under oil at 37°C.

Plasmids and in vitro transcription of cRNA

The following constructs were used: pCS2+ GFP-Myosin10(MYO10)

(a gift from Nicolas Plachta, University of Pennsylvania, PA, USA), pspe3-

GFP-UtrCH (Azoury et al., 2008) and pRN3-Histone(H2B)-RFP (Tsurumi

et al., 2004). Plasmids were linearized with proper restriction enzymes and

subsequently in vitro transcribed using the T3 or SP6 mMESSAGE

mMACHINE (Ambion, AM1348 and 1340) transcription kits. The resulting

cRNAs were purified using the RNeasy Mini Kit (Qiagen, 74104) and were

centrifuged for 90 min at 4°C before being microinjected into the cytoplasm

of prophase I-arrested oocytes.

RNA extraction and RT-qPCR

Total RNAwas extracted from 30 freshly collected oocytes (Myo10+/+ from

Myo10floxt/flox; Cre− mice and Myo10−/− from Myo10flox/flox; Cre+ mice)

using the RNAqueous Micro Total RNA Isolation Kit (ThermoFisher,

AM1931). Oocytes were washed three times in PBS, resuspended in lysis

buffer, frozen in liquid nitrogen and conserved at −80°C for 1 h. After

unfreezing, RNA extraction was carried out following the manufacturer’s

instructions. RNAwas eluted twice in 10 µl elution buffer and samples were

Fig. 4. MYO10 is dispensable for oocyte developmental potential and female fertility. (A) Stills from time-lapse spinning disk movies of a control (upper

images) and aMyo10−/− oocyte (lower images) starting 30 min after release of the prophase block until polar body extrusion (PBE). Scale bar: 10 µm. (B) Scatter-

plot of NEBD timing (hours after release) of control (gray) andMyo10−/− (yellow) oocytes. n is the number of oocytes analyzed. Data are from three independent

experiments (mean±s.d. with individual data points plotted). The statistical significance of the differences was assessed with a two-tailed Mann-Whitney test,

P=0.2275. (C) Scatter plot of polar body extrusion (PBE) timing (hours after NEBD) of control (gray) and Myo10−/− (yellow) oocytes. n is the number of oocytes

analyzed. Data are from three independent experiments (mean±s.d. with individual data points plotted). The statistical significance of the differences was

assessed with a two-tailed Mann–Whitney test, P=0.6907. (D) Stacked bars of the rate of polar body extrusion (PBE) as a percentage of oocytes. Gray, oocytes

arrested in meiosis I that have not extruded a polar body; black, oocytes that have extruded a polar body and are arrested in meiosis II. n is the number of oocytes

analyzed. Data are from three independent experiments. The statistical significance of the differences was assessed with a two-sided Fisher’s exact test,

P=0.8404. (E) Scatter plots of the number of pups per litter from Myo10flox/flox; Cre− female mice (control, gray) and Myo10flox/flox; Cre+ female mice (carrying

Myo10−/− oocytes, yellow). N is the number of litters analyzed, from four (Myo10flox/flox; Cre−) and five (Myo10flox/flox; Cre+) independent couplings. Data are

mean±s.d. with individual data points plotted. The statistical significance of the differences was assessed with a two-tailed unpaired t-test, P=0.6848.
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treated with DNAse I. For reverse transcription, iScript Reverse

Transcription Supermix (Bio-Rad, Ref. 1708840) was used following the

manufacturer’s instructions. The cDNAwas then used for quantitative PCR

using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, Ref.

1725270) and CFX-96 (Bio-Rad) with the primer pairs listed below. Levels

were calculated using the 2-DDC. Mean and s.e.m. were both normalized

relative to Myo10+/+. Myo10 mRNA quantity was normalized to Gadph.

The following primers were used: Myo10, 5′-GGC ACG AAA GCA ATA

TAG AAA GG-3′ and 5′-CTT CTG GAACAC GAT GGC TG-3′, Gadph,

5′-TGG AGA AAC CTG CCA AGTATG-3′ and 5′-GGT CCT CAG TGT

AGC CCA AG-3′.

Immunostaining

Fully grown oocytes were freed from their zona pellucida in acid Tyrode

before fixation. Granulosa-oocyte complexes (GOCs) and fully grown

oocytes were fixed on gelatin and polylysine-treated coverslips.

For F-actin and α-tubulin staining, fully grown oocytes were fixed for

30 min at 37°C in PBS, EGTA (pH 7, 50 mM), HEPES (pH 7, 100 mM)

and MgSO4 (10 mM) buffer supplemented with 2% formaldehyde

(methanol free) and 0.2% Triton X-100 (Schuh and Ellenberg, 2008).

Oocytes were washed and permeabilized overnight at 4°C in PBS and 0.1%

Triton X-100. Blocking (30 min) and antibody incubation (primary, 1 h 30

min; secondary, 1 h) were carried out the next day at room temperature in

PBS, 0.1% Triton X-100 and 3% BSA. Washes between and after the

primary and secondary antibody incubations were carried out in PBS and

0.1% Tween 20. α-Tubulin staining is not shown in Fig. 2E.

For MYO10 and α-tubulin staining, fully grown oocytes were fixed for

30 min at 37°C in PBS and 4% paraformaldehyde, and washed in PBS

overnight at 4°C. Oocytes were permeabilized the next day in PBS and 0.5%

Triton X-100 for 10 min, and washed subsequently in PBS and in PBS/0.1%

Tween 20. Blocking (30 min) and antibody incubation (primary, 1 h 30min;

secondary, 1 h) were carried out at room temperature in PBS, 0.1% Tween

20 and 3% BSA. Washes between and after the primary and secondary

antibody incubations were carried out in PBS/0.1% Tween 20.

GOCs were fixed for 30 min at 37°C in PBS, EGTA (pH 7, 50 mM),

HEPES (pH 7, 100 mM) andMgSO4 (10 mM) buffer supplemented with

0.3% formaldehyde (methanol free) and 2% Triton X-100, and washed in

PBS overnight at 4°C. GOCs were permeabilized again the next day in

PBS and 0.5% Triton X-100 for 10 min, and washed subsequently in

PBS and PBS/0.1% Tween 20. Blocking (30 min) and antibody

incubation (primary, 1 h 30 min; secondary, 1 h) were carried out at

room temperature in PBS, 0.1% Tween 20 and 3%BSA.Washes between

and after the primary and secondary antibody incubations were carried

out in PBS/0.1% Tween 20.

Fully grown oocytes and GOCs were mounted on 0.25 mm or 0.50 mm

thick slide wells, respectively, filled with Vectashield Antifade Mounting

Medium with DAPI (Vector Laboratories, H-1200). We used rabbit anti-

MYO10 (Sigma-Aldrich, HPA024223; 1:200) and mouse anti-α-tubulin

(αTUB, Sigma-Aldrich, T8203; 1:200) primary antibodies. We used Cy3-

conjugated anti-rabbit (Jackson ImmunoResearch, 11-165-152; 1:150),

Cy3-conjugated anti-mouse (Jackson ImmunoResearch, 715-165-151;

1:150) and Alexa Fluor 488-conjugated anti-mouse (Invitrogen, A21121;

1:150) secondary antibodies. To label F-actin, fully grown oocytes and

GOCs (not shown in Fig. 1G for GOCs) were incubated with Alexa Fluor

488-conjugated phalloidin (Invitrogen, A12379; 10 U/ml) for 1 h

concomitantly with secondary antibody incubation.

Fixed and live imaging

Spinning disk images andmovies were acquired using a Plan-APO 40×/1.25

NA objective on a Leica DMI6000B microscope enclosed in a thermostatic

chamber (Life Imaging Service) equipped with a Retiga 3 CCD camera

(QImaging) coupled to a Sutter filter wheel (Roper Scientific) and a

Yokogawa CSU-X1-M1 spinning disk. Metamorph software (Universal

Imaging) was used to collect data.

Image analysis

MYO10 spindle enrichment was quantified by measuring the ratio of the

spindle and cytoplasmic MYO10 fluorescence intensities in fixed oocytes

labeled with MYO10 and α-tubulin at NEBD+6 h, and in live oocytes

expressing GFP-MYO10 and incubated with SiR-tubulin (from prophase I,

SiR-tub, Spirochrome, SC006; 100 nM) at NEBD+6 h. Background

subtraction and intensity measurements were made using Metamorph

software. Spindle and cytoplasmic integrated fluorescence intensities were

measured randomly four times in each compartment (spindle and cytoplasm)

per oocyte using the same circle ROI of 17 μm2. Measurements were taken on

one focal plane containing the spindle.

MYO10 cytoplasmic intensity wasmeasured on fixed oocytes labeled with

MYO10 at NEBD+6 h. F-actin cytoplasmic intensity was measured on fixed

oocytes labeled with phalloidin at NEBD+6 h 30 min. Background

subtraction and intensity measurements were carried out using Metamorph

software. The integrated intensity was measured on the equatorial plane of the

oocytes in the same ellipsoidal ROI encompassing the oocyte cytoplasm

(MYO10 ellipse=3776.29 µm2, F-actin ellipse=2869.04 µm2). Intensity

values were then normalized to the highest control value.

Spindle inter-polar distance, spindle width and spindle-cortex distance in

meiosis I were measured manually using Metamorph software 30 min

before polar body extrusion on live oocytes incubated with SiR-tub

(100 nM). Only spindles parallel to the observation plane were measured.

Spindle position in meiosis II was assessed visually 7 h after polar body

extrusion on live oocytes incubated with SiR-tub (100 nM).

Cortical thickness (including subcortical F-actin) was measured on live

oocytes expressing GFP-UtrCH at NEBD+7 h. The cortical thickness value

is the mean of four measurements taken manually and randomly per oocyte

on the oocyte equatorial plane (Chaigne et al., 2013; Bennabi et al., 2020)

using Metamorph software.

Chromosome alignment was assessed on live oocytes expressing H2B-

RFP by manually framing the chromosomes in a bounding box (Bennabi

et al., 2020). The height and width of the bounding boxes were measured

30 min before anaphase usingMetamorph software only on spindles parallel

to the observation plane.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism software version

7.0a. For two-group comparison, the normality of each group distribution

was tested with a D’Agostino and Pearson normality test. The group means

were subsequently compared either with a parametric two-tailed unpaired t-

test (with Welch’s correction in the case of not equal variances for MYO10

cytoplasmic integrated intensity) or with a non-parametric two-tailed Mann-

Whitney test. For the rate of polar body extrusion, the repartition of each

condition was tested for statistical significance with a two-sided Fisher’s

exact test. Each test was carried out with a confidence interval of 95%. Error

bars represent either standard deviation or standard error of mean for relative

Myo10 mRNA quantity. n.s., non-significant (P>0.05; ****P<0.0001).
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 This project has a particular value for me because I saw it emerge and gradually 

gathered data to lead to the following manuscript. The launch of this project was totally 

unexpected, but nevertheless went smoothly, thanks to the benevolence of Marie-

Hélène and Marie-Emilie who managed to create a motivating and confident climate 

to embark on the unknown.  

  After realizing that we owned a total Myosin-X knockout, and that our first 

observations of Myo10-/- full oocytes showed a reduction in the density of transzonal 

projections, we were curious to study the importance of these structures for oocyte 

quality. Taking advantage of the above study indicating that oocyte MYO10 does not 

play an essential role in mouse oocyte development and female fertility, we suggest 

that granulosa cells contribute to oocyte quality through MYO10-dependent TZPs. In 

particular, we propose that cumulus cells negatively regulate a subset of oocyte 

transcripts to enhance the completion of meiotic maturation. 

 

Note that in this article, granulosa cells are referred to as follicular cells. They are, 

however, the same cells 
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Abstract 

The oocyte must grow and mature prior to fertilization. The surrounding somatic 

cells support its growth by directing filopodia-like protrusions, termed transzonal 

projections (TZPs), to the oocyte membrane. To further investigate the contribution of 

these somatic protrusions to oocyte quality, we generated a full knockout mouse of the 

TZP structural component Myosin-X (MYO10). By spinning disk and super-resolution 

microscopies, we show that the lack of Myo10 causes a significant decrease in TZP 

density prior to meiosis resumption. Using a machine learning approach to 

characterize oocyte morphology, we evidence that oocytes lacking somatic contacts 

manage to grow to canonical size but display subtle differences in oocyte-matrix 

interplay, arguing for a possible structural role of TZP within the germ-somatic 
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complex. Importantly, we reveal by transcriptomic analysis that TZP-deprived oocytes 

up-regulate a subset of transcripts at the end of growth. This correlates with a tendency 

for oocytes to arrest development in metaphase of first meiotic division. We herein 

propose that cellular protrusions of somatic cells modulate the expression of a subset 

of oocyte transcripts involved in oocyte maturation, thereby enhancing the 

developmental potential of the oocyte.  
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Introduction 

 
 Female mammals are born with a non-renewable reserve of oocytes produced 

during embryogenesis. Postnatal oocytes are initially quiescent in the ovarian reserve 

and become competent for fertilization after undergoing a process of differentiation 

that lasts several months in women and about two to three weeks in mice (for review 

see El-Hayek and Clarke 2016). Oocyte differentiation begins with the exit from 

quiescence and entry into a growth phase characterized by significant morphological 

changes. The oocyte increases drastically in size and remodels its cytoplasm, storing 

a large supply of macromolecules necessary to complete its development and early 

embryogenesis (Fig.1 A). During growth, the oocyte remains arrested in prophase and 

gradually acquires the competence to resume meiosis (Sorensen and Wassarman 

1976). Once fully grown, it further differentiates by undergoing meiotic maturation, a 

process consisting of two successive meiotic divisions (meiosis I and II) at the end of 

which the oocyte is haploid.  

 Fundamental for the production of a good quality embryo, the oocyte 

progressively acquires meiotic and developmental competence with the support of 

surrounding somatic cells, primarily follicular cells (for reviews see Kidder and 

Vanderhyden 2010, El-Hayek and Clarke 2016, Clarke 2018 and Alam and Miyano 

2019). Together with the oocyte, the follicular cells form a germ-somatic complex 

termed ovarian follicle. The follicle also undergoes morphological changes during 

oocyte growth. It is classified as preantral or antral depending on growth progression 

and the appearance of the antrum, a fluid-filled chamber (Fig1. A). In antral follicles, 

the population of follicular cells that closely surround the oocyte forms an interactive 

subcomplex with the oocyte called the cumulus-oocyte complex (Fig1. A).  

 Important in shaping oocyte quality, bidirectional communication between the 

oocyte and follicular cells provides the oocyte with the right balance of inputs for 

optimal development (Kidder and Vanderhyden 2010, Clarke 2018, Alam and Miyano, 

2019). While the oocyte communicates with its surroundings via secreted factors 

(Kidder and Vanderhyden 2010, Clarke 2018, Alam and Miyano 2019), somatic 

communication occurs mostly through cell-cell contacts mediated by cytoplasmic 

protrusions of follicular cells termed transzonal projections (TZPs) (Anderson and 

Albertini 1976, Baena and Terasaki 2019, for reviews see Albertini 2001 and Clarke 
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2018, Fig1. B). TZPs are filopodia-like actin-rich protrusions (El-Hayek 2018) that cross 

the zona pellucida, the extracellular matrix surrounding the oocyte, and make contact 

with the oocyte membrane at their tips. TZPs are characterized by intercellular 

signaling proprieties and their mediated communication allows follicular cells to 

metabolically support the oocyte and prevent early meiotic resumption (El-Hayek and 

Clarke 2016 and Clarke 2018). Notably, gap junctions located at the tips of TZPs 

(Anderson and Albertini 1976, Simon 1997, Fig.1 B) allow the exchange of small 

nutrients and signaling molecules with the oocyte. In addition, TZPs may provide 

structural support in the follicle by maintaining cohesion between the oocyte and 

follicular cells. This may be achieved through adherens junctions located at the 

interface between the TZP and the oocyte membrane (Mora 2012, Baena and Terasaki 

2019, Fig.1 B).  

 While the involvement of TZPs in oocyte development as mediators of 

intercellular dialogue is increasingly well-understood, further studies on the exogenous 

regulation of oocyte quality by cell-cell contact are required for fundamental and 

applied purposes. In particular, this may provide further insight into the acquisition of 

oocyte developmental competence and increase the efficiency of assisted 

reproductive technologies. In this study, we sought to holistically characterize TZP 

contribution to oocyte development by impairing the entire TZP structure. As a 

candidate gene, we selected Myosin-X (MYO10), a structural component of TZPs (El-

Hayek 2018, Fig.1 B) known to promote filopodia formation (Berg 2002, Bohil 2006, 

Heimsath 2017). We generated a complete knockout of Myo10 in all cell types to 

completely deplete it from the ovarian follicle (Myo10-/- full). In addition, we took 

advantage of our previously generated mouse strain that is conditionally deleted for 

Myo10 in oocytes (Crozet 2021, Myo10-/- oo) to distinguish phenotypes caused by loss 

of somatic MYO10 from those caused by loss of oocyte MYO10. We show that loss of 

somatic but not of oocyte MYO10 decreases the density of TZPs in fully grown 

cumulus-oocyte complexes. Surprisingly, oocytes deprived of TZPs develop to normal 

size at the end of growth. However, they display morphological differences compared 

to control oocytes, such as a more circular shape and a zona pellucida more uniformly 

detached from the oocyte. Importantly, they differentially express a subset of 

transcripts and this deregulation of gene expression correlates with a tendency of TZP-

deprived oocytes to stop development in metaphase of the first meiotic division with a 

properly assembled spindle and correctly aligned chromosomes.  
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 By reducing the density of TZPs through deletion of the gene encoding one of 

their structural components, we show that follicular cells, via their cytoplasmic 

protrusions, modulate the oocyte transcriptome at the end of growth. This 

transcriptomic remodeling prior to meiosis resumption may promote the completion of 

the meiotic divisions and consequently enhance oocyte ability to produce a viable 

embryo.  
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Results 

 
Global deletion of Myo10 decreases the density of transzonal projections in fully 

grown cumulus-oocyte complexes  
 To alter the integrity of TZPs, we generated mutant mice lacking the TZP 

component MYO10 in all cell types (Fig.S1 A-D). Complete loss of MYO10 in mice was 

previously characterized as semi-lethal, some animals dying during embryogenesis 

following exencephaly and some able to develop until adulthood (Heimsath 2017). 

Similar to this study, we obtained adult Myo10-/- mice (named Myo10-/- full thereafter) 

and most showed phenotypes characteristic of the earlier described Myo10 full 

knockout, such as a white spot on the abdomen and webbed fingers (Heimsath 2017, 

Fig.S1 B). In addition to this strain, we used our previously generated mouse strain 

conditionally deleted of Myo10 in oocytes (named Myo10-/- oo thereafter)  as a control 

for oocyte-autonomous phenotypes (Crozet 2021, Fig.S1 A, D).  

 In follicles, MYO10 signal is diffuse in the cytoplasm of the oocyte and follicular 

cells (Crozet 2021, Fig.2 A) and accumulates in foci in the zona pellucida where TZPs 

are located (El-Hayek 2018, Fig.2 A, B). These foci were entirely lost in the zona 

pellucida of fully grown cumulus-oocyte complexes of Myo10-/- full mice (Fig.2 A, B, 

upper panels). Conversely, the density of these foci remained comparable to controls 

in Myo10-/- oo complexes lacking MYO10 only in the oocyte (Fig.2 A, B, lower panels). 

This suggests that the vast majority of MYO10 foci in the zona pellucida of control 

complexes originate from follicular cells.  

Importantly, the loss of MYO10 foci in the zona pellucida of Myo10-/- full 

complexes correlated with a significant decrease in the density of phalloidin-labeled 

TZPs (Fig.2 A, B, upper panels). This decrease in cell-cell contacts was most apparent 

when imaging TZPs by super-resolution microscopy in Myo10-/- full oocytes cleared of 

follicular cells (Movie.S1 OMX; Fig.2 C STED). This reduction was not observed in 

Myo10-/- oo complexes (Fig.2 A, B, lower panels), implying that TZP density is related 

to the presence of MYO10 foci in the zona pellucida. Consistent with these 

observations in fixed cumulus-oocyte complexes, we also detected a significant 

decrease in TZP density in live, fully grown Myo10-/- full oocytes stained with SiR-actin 

(SiR-act) to label F-actin (Fig.2 D, E). To assess global TZP density, we measured the 

signal intensity of all SiR-act labeled TZPs in fully grown oocytes. This signal intensity 
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was fivefold lower in Myo10-/- full oocytes than in control oocytes (Fig.2 E, control = 

0.63 ± 0.25 and Myo10-/- full = 0.13 ± 0.06). As a few TZPs are microtubule-rich in the 

ovarian follicle (Albertini 2001, El-Hayek 2018), we confirmed that loss of MYO10 not 

only decreases actin-rich TZPs but total TZP density by staining oocytes with the 

membrane probe FM 1-43 (Fig.S2). Conversely, TZP density remained similar to 

controls in live Myo10-/- oo oocytes labeled with SiR-actin (Fig.2 D, E, control = 0.35 ± 

0.23 and Myo10-/- oo = 0.37 ± 0.23).  

 As previously reported, we confirmed that MYO10 is a structural component of 

TZPs (El-Hayek 2018), and show that it is essential for TZP formation and/or 

maintenance. By removing MYO10 from all cell types, and especially in follicular cells, 

we significantly reduced the density of TZPs in fully grown cumulus-oocyte complexes, 

i.e. the amount of somatic contacts between the oocyte and surrounding follicular cells. 

Importantly, Myo10 deletion only in the oocyte does not alter TZP density, indicating 

that Myo10-/- oo oocytes retain a canonical amount of follicular cell contacts. 

 

Decreased TZP-mediated contacts between the oocyte and follicular cells do not 
alter ovarian follicular organization  
 Impaired intercellular communication between the oocyte and follicular cells in 

mice deficient in the gap junction subunit connexin 37 (Simon 1997) or deficient in the 

oocyte-secreted factor GDF9 (Dong 1996, Carabatsos 1998) led to ovaries with 

abnormal morphology, lacking fully grown follicles. We therefore tested whether 

decreasing TZP density altered the integrity of Myo10-/- full ovaries. To gain access to 

intra-ovarian organization, whole ovaries from adult mice were cleared as described in 

(Belle 2017). Like control ovaries, Myo10-/- full ovaries contained late antral follicles 

(Fig.3 A). However, Myo10-/- full mice showed a variation in the volume of their ovaries, 

which were either smaller or similar than controls (Movie.S2 A, B). Because of this 

variation, we assessed global ovarian integrity by measuring the follicular density of 

the ovary (counts of follicles normalized by ovarian area) rather than the absolute 

number of follicles per ovary. Interestingly, follicular density was not significantly 

different between control and Myo10-/- full ovaries (Fig.3 A, B control = 4.86 ± 0.68 and 

Myo10-/- full = 4.07 ± 2.13), indicating that the complete loss of MYO10 and subsequent 

reduction in TZP density do not alter global follicular organization in the ovary. 
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Oocytes deprived of TZPs reach normal size at the end of growth but show 
morphological differences 

To determine the TZP-mediated contribution of follicular cells to oocyte 

development, we assessed whether Myo10-/- full oocytes deprived of TZPs develop 

properly. As previously stated, we used Myo10-/- oo oocytes as controls for oocyte-

autonomous phenotypes, as they lack MYO10 while retaining a canonical degree of 

somatic contacts. We first characterized the morphology of competent Myo10-/- full 

oocytes arrested in prophase of the first meiotic division (prophase I). Meiotic 

competence, defined as the ability of oocytes to resume meiosis at the end of growth, 

was based on the central position of the nucleus, a zona pellucida with a regular outer 

border and at least one point of detachment between the oocyte and the zona 

pellucida, i.e. a visible perivitelline space. Surprisingly, competent Myo10-/- full oocytes 

grew to normal size with a similar equatorial plane area as control oocytes (Fig.4 A, B 

control = 4254 ± 298.9 and Myo10-/- full = 4217 ± 289.3; Control = 4284 ± 317.2 and 

Myo10-/- oo = 4250 ± 269.4). Hence, reducing TZP density did not prevent oocytes 

from growing to a canonical size. This result contrasts with previous studies where the 

impairment of intercellular communication between the oocyte and follicular cells 

following deletion of connexin 37 or GDF9 (Simon 1997, Dong 1996, Carabatsos 1998) 

led to oocytes respectively smaller or larger than control oocytes. However, we found 

that the zona pellucida of competent Myo10-/- full oocytes was slightly thicker than that 

of controls (Fig.4 A, C control = 9.48 ± 0.41 and Myo10-/- full = 9.76 ± 0.37). This 

difference was not due to a role of oocyte-expressed MYO10 in the integrity of the 

zona pellucida as Myo10-/- oo oocytes displayed a zona pellucida of similar thickness 

to controls (Fig.4 A, C control = 9.43 ± 0.59 and Myo10-/- oo = 9.35 ± 0.49). Finally, we 

observed at a low frequency  some follicular-like cells located ectopically in the 

perivitelline space of Myo10-/- full oocytes, a phenotype not observed in controls 

(Fig.S3 A).  

To extend the morphological characterization of competent Myo10-/- full 

oocytes deprived of TZPs, we used our previously developed machine learning 

algorithm (Letort in preparation, Fig.4 D-G; S3 B-E). This approach allowed us to 

detect in an unbiased manner the morphological features that differed the most 

between control and Myo10-/- full oocytes. One of the most important features used 

by our algorithm to distinguish controls from Myo10-/- full oocytes was the presence 

of vertical TZP-like structures in the zona pellucida (Fig.4 D, E, F; S3 B, E). 

Intriguingly, these structures 
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were detected significantly more frequently in Myo10-/- full oocytes than in controls 

(Fig.4 F control = 1.01 ± 0.52 and Myo10-/- full = 1.60 ± 0.67; control = 1.11 ± 0.65 and 

Myo10-/- oo = 1.12 ± 0.55). As we have shown that total TZP density is decreased in 

Myo10-/- full oocytes, it is likely that this feature reflects an alteration in the structure of 

the remaining TZPs. It may also reveal a difference in the transparency of the Myo10-

/- full zona pellucida which would make the remaining protrusions crossing it more 

apparent. 

The distribution of the perivitelline space around the oocyte was a second 

important feature used by our algorithm and was detected to be more uniform in 

Myo10-/- full oocytes than in controls (Fig.4 D, G; S3 B, E). This was evidenced by a 

lower coefficient of variation of the perivitelline space thickness in Myo10-/- full oocytes 

compared to controls (Fig.4 G control = 0.57 ± 0.17 and Myo10-/- full = 0.41 ± 0.15). 

The coefficient of variation of the perivitelline space thickness was also lower in Myo10-

/- oo oocytes than in controls, but to a lesser extent than in Myo10-/- full oocytes 

compared to their relative controls (Fig.4 G control = 0.58 ± 0.21 and Myo10-/- oo = 

0.50 ± 0.16). Furthermore, our machine learning algorithm identified Myo10-/- 

full oocytes as more circular than control oocytes (Fig.4 D; S3 B, C, E), as indicated 

by a significantly lower aspect ratio in TZP-deprived oocytes (Fig.S3 C control = 1.06 

± 0.06 and Myo10-/- full = 1.04 ± 0.03; control = 1.05 ± 0,05 and Myo10-/- oo = 1.05 ± 

0.05). In accordance with this feature, the perimeter of Myo10-/- full oocytes was 

slightly smaller than control oocytes for a similar area (Fig.S3 D control = 234 ± 8.44 

and Myo10-/- full = 232 ± 7.99; control = 233 ± 8.98 and Myo10-/- oo = 233 ± 9.27).  

Using manual and automatic approaches, we thus show that competent Myo10-

/- full oocytes can reach normal size but display small morphological differences from 

control oocytes, such as a more circular shape and a larger zona pellucida more 

homogenously detached from the oocyte. These differences may reflect a change in 

zona pellucida assembly or integrity following TZP depletion, which may account for 

easier detection of remaining TZPs and the possible looser adhesion between the 

oocyte and zona pellucida in Myo10-/- full oocytes. 

Oocytes deprived of TZPs differentially express a subset of transcripts at the 
end of growth 

We next asked whether differences in the density of communicating structures 

between the oocyte and its follicular cells and in the morphology of the oocyte resulted 
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in an alteration of the developmental potential of the oocyte. During growth, the oocyte 

accumulates a substantial amount of transcripts. It becomes transcriptionally silent 

towards the end of growth (De La Fuente and Eppig 2001) and is  transcriptionally 

inactive throughout the meiotic maturation process. Consequently, protein synthesis 

during the meiotic divisions relies predominantly on the translational regulation of 

transcripts accumulated during growth, making this storage critical for oocyte quality 

(for reviews see Clarke 2012, Conti and Franciosi 2018). Interestingly, follicular cells 

have been shown to modulate the chromatin configuration and thus global 

transcriptional activity of the oocyte during growth (De La Fuente and Eppig 2001, 

Luciano 2011). In addition, it was shown in bovine oocytes at least that some 

transcripts, such as mRNA and long non-coding RNA, are transferred from follicular 

cells to the oocyte via TZPs, potentially through extracellular vesicles (Macaulay 2014, 

Macaulay 2016, Fig.1 B). Since Myo10-/- full oocytes lack follicular cell contacts and 

potentially benefit less from exogenous transcriptional regulation, we tested whether 

their transcriptome differed from that of control oocytes.  

By performing differential transcriptomic analysis by RNA-Seq between 

competent Myo10+/- and Myo10-/- full oocytes arrested in prophase I as done in 

(Almonacid 2019), we found that Myo10-/- full oocytes differentially expressed a subset 

of transcripts at the end of growth (Fig.5 A; S4 A; Table.1). Interestingly, the vast 

majority of these transcripts were up-regulated (605 of 685 or 88.3% of deregulated 

transcripts), implying that the reduction in TZP density led to either a higher 

transcription rate or increased stability of this subset of transcripts. Interestingly, the 

deregulated transcripts in TZP-depleted oocytes were primarily associated with Gene 

Ontology terms related to the metabolism of polyamine, RNA processing and RNA 

translation (Fig.5 B; S4. B, C; Table.1), with a nontrivial amount encoding for ribosomal 

proteins (Fig.5 C; Table.1). RT-qPCR analysis performed on competent Myo10+/- and 

Myo10-/- full oocytes arrested in prophase I validated the differential expression of 

some of the transcripts deregulated in the RNA-Seq analysis (Fig.5 C). Among them, 

Myo10 mRNA was confirmed to be down-regulated in Myo10-/- full oocytes, validating 

both our RNA-Seq analysis and our genetic deletion tool. Other transcripts related to 

RNA translation (Eif4e, Rps4x and Rpl19) were also confirmed as differentially 

expressed by RT-qPCR in Myo10-/- full oocytes (Fig.5 C). 

 Since modulation of oocyte transcriptional activity by follicular cells has been 

associated with remodeling of chromatin configuration (De La Fuente and Eppig 2001, 
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Luciano 2011), we assessed whether deregulation of gene expression in Myo10-/- full 

oocytes correlated with a change in chromatin compaction. Incompetent and 

competent oocytes arrested in prophase I from antral follicles were stained with DAPI 

to label DNA (Fig.5 D). Interestingly, we observed no difference in chromatin 

compaction in incompetent and competent Myo10-/- full oocytes compared to control 

oocytes. Chromatin was correctly predominantly decondensed in the nucleoplasm of 

incompetent Myo10-/- full oocytes (Fig.5 D, left panels) and properly condensed around 

the nucleolus in competent oocytes (Fig.5 D, right panels), as in control oocytes at the 

same stage of development. 

 In addition, given that most of the deregulated transcripts in Myo10-/- full oocytes 

were up-regulated in our RNA-Seq analysis, we next tested whether this deregulation 

reflected a change in the global transcriptional rate of TZP-deprived oocytes. 

Incompetent and competent Myo10-/- full oocytes arrested in prophase I from antral 

follicles were incubated with the uridine analog 5-ethynyl uridine (EU) to label global 

RNA synthesis (Fig.5 D, E). Oocytes were also incubated without EU as a negative 

control. To measure global RNA synthesis, the signal intensity of EU was normalized 

to the DAPI signal intensity. Interestingly, global RNA synthesis was not different in 

incompetent and competent Myo10-/- full oocytes compared to control oocytes (Fig.5 

E, for incompetent oocytes with EU control = 0.39 ± 0.21 and Myo10-/- full = 0.40 ± 

0.20; for competent oocytes with EU control = 0.05 ± 0.03 and Myo10-/- full = 0.05 ± 

0.03). In summary, we demonstrate here that the lack of somatic contacts caused by 

decreased TZP density does not affect oocyte chromatin configuration but leads to a 

non-global deregulation of oocyte gene expression at the end of growth. 

 
TZP-deprived oocytes are prone to stop development in meiosis I 

 We showed above that reduction of somatic contacts does not prevent oocytes 

from properly growing but modulates their transcriptome. Since oocytes depend on 

transcripts synthesized during growth to develop until fertilization (Clarke 2012 and 

Conti and Franciosi 2018), we tested whether TZP-deprived oocytes successfully 

undergo the developmental step following growth, namely the meiotic divisions. After 

nuclear envelope breakdown (NEBD), the oocyte experiences an asymmetric division 

in size and leads to a large cell, the oocyte, and a tiny cell, the polar body. This size 

difference is essential to keep the nutrients stored during growth in the prospective 

fertilized oocyte for embryogenesis (Kyogoku 2017). Importantly, we observed that 
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Myo10-/- full oocytes deprived of TZPs showed an increased frequency of 

developmental arrest at meiosis I, without extruding a polar body (Movie.S3; Fig.6 A, 

B, percentage of polar body extruding oocytes: control = 85.45% and Myo10-/- full = 

61.70%). We previously showed that oocyte-expressed MYO10 is dispensable for 

oocyte meiotic divisions and female fertility (Crozet 2021), indicating that the meiotic 

arrest observed in a subset of Myo10-/- full oocytes is non-cell autonomous, but likely 

a consequence of decreased follicular cell contacts prior to meiosis resumption. By 

monitoring the progression of meiosis I by live spinning disk microscopy, we observed 

that the subpopulation of Myo10-/- full oocytes that extruded a polar body did so with a 

timing similar to controls (Movie.S3; Fig.6 A, C, timing of polar body extrusion after 

NEBD: control = 8.91 ± 0.95 and Myo10-/- full = 9.14 ± 0.97), indicating that  complete 

loss of MYO10 and subsequent TZP depletion did not delay polar body extrusion in 

oocytes who did it. Therefore, oocytes deprived of TZPs have a lower developmental 

potential than oocytes that retain a canonical amount of follicular cell contacts, 

reinforcing the concept that surrounding somatic cells participate in the acquisition of 

oocyte developmental competence. 

 
Oocytes deprived of TZP have well-formed and correctly positioned meiosis I 
spindles 
 To gain insight into the origin of the meiotic arrest observed in some TZP-

deprived oocytes, we first investigated whether the division spindles were correctly 

formed in Myo10-/- full oocytes. After NEBD, microtubules organize into a ball near the 

chromosomes that gradually bipolarizes to form a barrel-shape spindle (for review see 

Bennabi 2016). To assess spindle morphogenesis, oocytes were stained with SiR-

tubulin (SiR-tub) to label microtubules and followed throughout meiotic maturation 

using spinning disk microscopy. We observed that in both Myo10-/- full oocytes that 

extruded a polar body and those that did not, meiosis I spindles bipolarized properly 

and within similar times as in control oocytes (Movie.S4; Fig.7 A-D). We assessed the 

timing of spindle bipolarization by the percentage of oocytes with a bipolarized spindle 

as a function of time after NEBD. For each meiosis I time point, the percentage of 

Myo10-/- full oocytes with a bipolarized spindle was not different from control oocytes 

(Fig.7 C). To further evaluate spindle morphogenesis in Myo10-/- full oocytes, we 

measured spindle interpolar length and central width 7 hours after NEBD once spindle 

morphogenesis is complete. Myo10-/- full spindles were slightly shorter and wider than 
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control spindles, but not significantly different (Fig.7 B, D, interpolar length control = 

34.05 ± 4.48 and Myo10-/- full = 31.86 ± 3.24, central width control = 14.79 ± 0.67 and 

Myo10-/- full = 15.34 ± 1.07). Importantly, by monitoring meiotic maturation using live 

spinning disk microscopy, we observed that Myo10-/- full oocytes that did not extrude 

a polar body arrested development in metaphase I, without experiencing anaphase 

(Movie.S4; Fig.7 A). 

 In addition to assessing spindle formation, we also examined meiosis I spindle 

positioning in Myo10-/- full oocytes. During meiosis I, the spindle first assembles in the 

center of the oocyte and then migrates to the cell cortex by a process involving F-actin, 

resulting in extreme oocyte asymmetric division in size (for review see Chaigne 2017). 

By live spinning disk microcopy, we monitored the positioning of SiR-tub labeled 

spindles throughout meiosis I and specifically examined their cell localization 30 

minutes before anaphase for oocytes that extruded a polar body or up to 12 hours after 

NEBD for those that did not. We chose 12 hours after NEBD as a decisive time point 

to assess spindle positioning as some oocytes extrude a polar body up to this time in 

controls, and to avoid improper scoring of spindles that initially migrated to the cortex 

but relocated to the oocyte center, as can occur after abnormally long meiosis I without 

extrusion.  

The percentage of Myo10-/- full oocytes with an off-centered spindle was not 

different from control oocytes (Movie.S4; Fig.7 A, E, percentage of oocytes with an off-

centered spindle control = 90.00% and Myo10-/- full = 96.67%). In agreement with 

unaltered spindle positioning, we did not observe a defect in the organization of the F-

actin cytoplasmic network mediating spindle migration in fixed Myo10-/- full oocytes 

labeled with phalloidin (Fig.S5 A-C). In mouse oocytes, F-actin is organized in a mesh 

in the cytoplasm, including an actin-cage that encloses the microtubule spindle (Azoury 

2008, Schuh 2008, Bennabi 2020). The cytoplasmic F-actin mesh was correctly 

organized and the actin-cage properly shaped around the spindles in Myo10-/- full 

oocytes 6 hours after NEBD (Fig.S5 A, C). However, the signal intensity of cytoplasmic 

F-actin was slightly higher in Myo10-/- full oocytes compared to control oocytes (Fig.S5 

A, B, control = 0.76 ± 0.08 and Myo10-/- full = 0.82 ± 0.08). This difference did not 

prevent spindles from migrating to the oocyte cortex. These results refine our 

understanding of the meiotic arrest of some Myo10-/- full oocytes by showing that they 

arrest in metaphase I with a normally assembled and positioned spindle. 
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Oocytes deprived of TZP have correctly aligned metaphase I chromosomes 
 Since severe chromosome misalignment could prevent anaphase onset by 

sustaining the spindle assembly checkpoint in mouse oocytes (for review see 

Mihajlović and FitzHarris 2018), we assessed chromosome alignment in Myo10-/- full 

oocytes deprived of TZPs. Oocytes were injected with H2B-GFP to label chromosomes 

and chromosome alignment was monitored during meiosis I by spinning disk 

microscopy (Movie.S5; Fig.7 F, G). Interestingly, metaphase I chromosomes were 

aligned on the metaphase plate similarly to controls in Myo10-/- full oocytes, as 

evidenced by a metaphase plate height not significantly different from controls 30 

minutes before anaphase for oocytes that extruded a polar body or 12 hours after 

NEBD for those that did not (Fig.7 G left, metaphase plate height control = 11.03 ± 

1.61 and Myo10-/- full = 11.41 ± 1.71). The width of the metaphase plate was wider in 

Myo10-/- full oocytes than in controls, in agreement with the fact that spindles are 

slightly wider in TZP-deprived oocytes, as indicated above (Fig.7 G right, metaphase 

plate width control = 16.28 ± 0.79 and Myo10-/- full = 16.87 ± 0.71). Therefore, the 

metaphase I arrest of some Myo10-/- full oocytes is not caused by severe chromosome 

misalignment. Its origin remains to be further investigated.  
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Discussion 
 
 In this study, we aimed to gain more insight into the contribution of cellular 

protrusions established by surrounding somatic cells to postnatal oocyte development. 

By genetically deleting the transzonal projection component MYO10 in all murine cell 

types, including follicular cells, we drastically reduced the density of oocyte-follicular 

cell contacts in the cumulus-oocyte complex and assessed resulting oocyte 

development.  

  Interestingly, although complete loss of MYO10 decreased by fivefold TZP 

density in fully grown oocytes, a small fraction of TZPs remained. This implies that a 

subpopulation of TZPs may be MYO10-independent or that the remaining TZPs found 

alternative means to form or be maintained in a MYO10-free context. The remaining 

TZPs in Myo10-/- full follicles may explain how oocytes surprisingly managed to grow 

to canonical size despite likely reduced intercellular communication, and maintain the 

meiotic arrest in prophase I. It is noteworthy that the lack of gap junctional 

communication between the oocyte and follicular cells in mice deficient in Connexin 

37, the major connexin located at the oocyte-somatic interface (Simon 1997, Veitch 

2004), led to smaller oocytes that did not achieve meiotic competence (Simon 1997). 

We can therefore assume that functional gap junctions are located at the tip of the 

remaining TZPs in Myo10-/- full oocytes, with a sufficient threshold amount to maintain 

the supply of nutrients and signaling molecules required for oocyte growth and 

maintain the oocytes arrested in prophase I.  

It is also possible that the nutrients and other molecules delivered via the 

remaining gap junctions alone are not sufficient for ensuring the growth of the TZP-

deprivred oocyte and that the oocyte initiates increased nutrient uptake from the 

follicular cells by modulating its factor secretion. Indeed, the oocyte influences follicular 

cell differentiation via the secretion of paracrine factors, such as GDF9, for timely and 

optimal exogenous inputs (Kidder and Vanderhyden 2010, Clarke 2018, Alam and 

Miyano 2019). Mice deficient in GDF9 produce larger oocytes than controls despite 

reduced TZP density (Dong 1996, Carabatsos 1998), possibly because GDF9 

negatively regulates expression of the paracrine factor Kit ligand by follicular cells 

which promotes oocyte growth (Elvin 1999). We can therefore speculate that TZP-

deprived oocytes secrete factors at different rates than control oocytes to compensate 

for the reduction in cell-cell contacts, thereby modulating nutrient uptake, secretion of 
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paracrine factors, or potentially extracellular vesicle release from the follicular cells to 

the oocyte (Macaulay 2014, Macaulay 2016).  

In favor of increased nutrient uptake by the oocyte, it is possible that the 

remaining TZPs in Myo10-/- full oocytes display a higher content of organelles than in 

controls, potentially providing increased energy supply for the oocyte. Of note, the 

remaining TZPs in mice deficient in GDF9 were large and organelle-rich (Carabatsos 

1998, Albertini 2001). In our case, this assumption is supported by the fact that our 

machine learning algorithm more readily detected TZPs in Myo10-/- full oocytes than 

in controls, potentially indicating a difference in TZP structure and, speculatively, in 

TZP organelle content. Hence, TZP-deprived oocytes may have developed to normal 

size by the remaining TZPs, with or without increased nutrient uptake by the 

oocyte. It is also possible that paracrine factors or extracellular vesicles not mediated 

by TZPs, but directly released from follicular cell bodies and traversing the zona 

pellucida, ensured proper oocyte growth in a context of reduced oocyte-follicular cell 

contacts.  

Even though TZP-deprived oocytes grew to normal size, we identified small 

morphological differences, mostly related to the integrity of the zona pellucida. The 

zona pellucida, which is the extracellular matrix surrounding the oocyte, is composed 

of proteins secreted by the oocyte throughout growth and assembled in cross-linked 

filaments (for review see Wassarman and Litscher 2018). We found that oocytes 

lacking TZPs had a thicker zona pellucida than oocytes that retained a canonical 

number of somatic contacts. This is reminiscent of the Embryonic poly(A)-

binding protein EPAB-deficient mice that display oocytes with fewer TZPs and a 

thicker zona pellucida than controls (Lowther 2017). Although these 

oocytes had other developmental defects not linked to TZP depletion, it is 

interesting to observe a similar difference in zona pellucida thickness in a context 

of reduced oocyte-follicular cell contacts.  

Using our machine learning algorithm to morphologically characterize Myo10-/- 

full oocytes, we identified additional zona pellucida features that differ from control 

oocytes. Notably, detachment of the zona pellucida from the oocyte was detected as 

more homogeneous in TZP-deprived oocytes than in controls. It is likely that 

reduction in TZP density, and consequently the decrease in adherens junctions 

between the oocyte and follicular cells (Mora 2012, Baena and Terasaki 2019), led 

to this apparent looser oocyte-matrix adhesion. As previously mentionned, 

our machine learning algorithm detected TZP-like structures more readily in 

Myo10-/- full oocytes than in 
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controls, despite their decrease in TZP density. In addition to a difference in the 

remaining TZP structure, this may also indicate a more transparent zona pellucida. All 

these features taken together may reflect impaired assembly or maintenance of the 

zona pellucida in oocytes with reduced cell-cell contacts. In support of this, we 

occasionally observed some follicular-like cells in the periviteline space of TZP-

deprived oocytes. The same ectopic localization was observed in GDF9-deficient mice, 

which also displayed oocytes with reduced TZP density, and such abnormal 

localization of follicular cells was correlated with low oocyte viability (Carabatsos 1998). 

Interestingly, the presence of follicular-like cells in the pervitelline space has been 

observed in mice lacking ZP1 (Rankin 1999), the secreted zona pellucida protein that 

mediates the cross-linking of the matrix filaments (Wassarman and Litscher 2018). It 

is therefore worth considering that TZPs may be involved in zona pellucida integrity by 

modulating matrix filament cross-linking. TZPs may also indirectly affect zona pellucida 

integrity by enhancing oocyte quality through TZP-mediated communication, thereby 

coordinating the secretion of zona pellucida proteins by the oocyte. 

 Importantly, in addition to these discrete morphological differences, TZP-

deprived oocytes have lower developmental competence than control oocytes, as they 

more frequently arrest at metaphase of the first meiotic division. Consistent with our 

results, a decrease in oocyte developmental potential correlated with reduced TZP 

density was also observed in oocytes lacking the focal adhesion kinase Proline-rich 

tyrosine kinase 2 (McGinnis and Kinsey 2015). In that case, reduced oocyte-follicular 

cell contacts were associated with impaired early embryogenesis and lower female 

fertility. In Myo10-/- full oocytes, the basis of the meiotic arrest observed in a 

subpopulation of oocytes remains to be deciphered. This developmental arrest may be 

the readout of the altered oocyte transcriptome since we revealed by RNA-Seq 

analysis that TZP-depleted oocytes differentially express a subset of transcripts prior 

to meiosis resumption. As oocytes undergo meiotic divisions relying on transcripts 

synthetized and stored during growth (Clarke 2012, Conti and Franciosi 2018), an 

impairment in this storage could lead to an altered proteome and compromise oocyte 

quality.  

In addition to this unbalanced representation of a transcript subset, the 

proteome of Myo10-/- full oocytes could have been further altered as some of the 

deregulated transcripts in TZP-deprived oocytes encode proteins associated with RNA 

translation, such as ribosomal proteins and proteins involved in polyamine metabolism. 
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Polyamines are small polycationic molecules involved in protein synthesis (for review 

see Dever and Ivanov 2018). Deregulated expression of proteins critical for polyamine 

metabolism could in principle lead to variation in RNA translation. Additionally, in favor 

of an altered proteome driving the meiotic arrest observed in some TZP-deprived 

oocyte, follicular cells have been shown to regulate the translation of a subset of oocyte 

mRNAs important for developmental competence through activation of the PI(3)K-

AKT-mTOR pathway in the oocyte (Chen 2013). It is therefore possible that reduction 

in TZP density prior to meiosis resumption led to an alteration in both synthesis/stability 

and translation of mRNAs coding for key proteins involved in the progression of meiotic 

divisions. Cyclin B1 is is a candidate protein worthy of consideration, because we 

confirmed its mRNA to be up-regulated by RNA-Seq and RT-qPCR analysis in oocytes 

deprived of TZPs. It is possible that this transcriptomic deregulation led to a higher 

level of Cyclin B1 protein throughout meiosis I, which potentially sustained the activity 

of the maturation-promoting factor and inhibited the onset of anaphase in some TZP-

deprived oocytes (Ledan 2001, Herbert 2003, for review see Li 2019).  

In addition to an altered proteome, an aberrant level of reactive oxygen species 

(ROS) in the oocyte could have led to the meiotic arrest observed in some TZP-

deprived oocytes. Indeed, among the deregulated transcripts, some encode proteins 

involved in the cellular response to ROS, in particular in response to hydrogen 

peroxide. Notably, aldo-keto reductase family 1, member B3 (Akr1b3) and oxidative 

stress responsive serine rich 1 (Oser1) are the most deregulated transcripts in our 

RNA-Seq analysis based on P adj. The deregulation of these transcripts may reflect 

an abnormal ROS amount in TZP-deprived oocytes, which could impair oocyte quality 

(for review see Lin and Wang 2020). As follicular cells are known to modulate the 

oocyte content of ROS, notably through the supply of antioxidants (Lin and Wang 

2020), it is possible that decreased TZP density led to oxidative stress in the oocyte, 

impairing oocyte development. 

 In conclusion, we have shown that cytoplasmic protrusions of surrounding 

somatic cells enhance the developmental potential of the oocyte. Consistent with 

others studies, we suggest that TZP contribute to oocyte-matrix adhesion, playing a 

structural role in the ovarian follicle. In addition, we propose a novel role for TZPs as 

modulators, mostly repressors, of the synthesis/stability of specific transcripts at the 

end of growth that are required for successful meiotic divisions. Interestingly, as the 

density of TZPs decreases with maternal age (El-Hayek 2018), investigating their 
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contribution to oocyte quality could be of great benefit to further unraveling female 

fertility, which decreases with maternal age. This may be of particular interest to 

increase the efficiency of assisted reproductive technologies. More broadly, our results 

may be valuable for the comprehension of other cellular models relying on cell-cell 

contact communication to function (for review see Yamashita 2018). It may notably 

provide clues as to how cellular development is modulated by exogenous regulation of 

gene expression through direct intercellular dialogue.  
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Material and methods 
 
Mouse strain generation and genotyping 
To generate Myo10wt/flox mice, two loxP sites flanking Myo10 exons 23-25 and an FRT-

flanked neomycin selection cassette located between Myo10 exons 22 and 23 were 

inserted in the genome of C57BL/6 mice by genOway. Mice were then mated with Zp3-

Cre mice already housed in the laboratory.  

To obtain Myo10 full knockout mice (Myo10-/- full), the neomycin selection cassette was 

retained to allow its promoter to interfere with Myo10 expression independently of Cre 

expression (Pham 1996, Fig.S1 A). We used the following primers to detect the 

presence of the neomycin selection cassette at the Myo10 locus: 5′-ACA GCC CAT 

ATC ACT GTC TAG AGA CCC ATT-3′, 5′-ATC GCC TTC TAT CGC CTT GAC G-3′ 

and 5′-GAG GAT CCA GAC TTG GAC CCG GTC-3′.  

Mice conditionally deleted for Myo10 in oocytes (Myo10-/- oo mice) were previously 

generated from the above strain by removing the neomycin selection cassette after 

mating with FLPo mice (Crozet 2021, Fig.S1A). To detect Cre-mediated excision at the 

Myo10 locus after removing of the neomycin selection cassette, the following PCR 

primers were used: for the Cre, 5′-GCG GTC TGG CAG TAA AAA CTA TC-3′ and 5′-

GTG AAA CAG CAT TGC TGT CAC TT-3′; and for the Myo10, 5′-ACC CCA GTA CTT 

GTT CAT ACA TCC TAT ATC CTA CA-3′, 5′-GAC TAC ACC ATT CTG AAT GTG CCT 

GAT CTC-3′ and 5′-GAG TAT CTG CCA TCT TGT CCC TAA AGG TGG-3′.  

For the Myo10 full knockout strain, we used Myo10wt/wt; Cre+, Myo10wt/flox; Cre+, 

Myo10wt/D; Cre+, Myo10wt/flox; Cre- as control mice and Myo10flox/flox; Cre+, Myo10flox/D; 

Cre+, Myo10flox/flox; Cre- as Myo10-/- full mice. For the Myo10 oocyte knockout strain, 

we used Myo10wt/flox; Cre+, Myo10wt/flox; Cre-, Myo10flox/flox; Cre- as control mice and 

Myo10flox/flox; Cre+ as Myo10-/- oo mice. 

 
Immunoblotting  
Immunoblotting was performed as in Heimsath 2017 on extracts from Myo10wt/flox; 

Cre+, Myo10flox/flox; Cre+ and Myo10flox/flox; Cre- mice from the Myo10 full knockout 

strain. Whole liver, whole spleen and one kidney per mouse were extracted, weighed 

and immediately added to 1X Laemmli sample buffer (50 mM Tris, pH 7.4, 2% SDS, 

6% glycerol, 0.1 M DTT and 0.25% bromophenol blue) at 1 mL/20 mg wet tissue weight 
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and boiled for 15 min. Samples were crushed with a glass potter to dissociate the 

tissue and the lysates were centrifuged at 20,000 rpm for 30 min at room temperature. 

The pellets were discarded and the supernatants were stored at -80°C. Final loading 

volumes were adjusted for immunoblot based on quantification of the actin band from 

preliminary tests, so that the same protein amount is deposited in all the wells. Samples 

were boiled 1 min and subjected to SDS-PAGE using a 4-15% Mini-PROTEAN TGX 

Stain-Free Protein Gel (Bio-Rad Ref. 4568085). After SDS-PAGE, lysates were 

transferred to Immobilon-P PVDF Membrane (Sigma-Aldrich Ref. IPVH00010) at room 

temperature in transfer buffer (25 mM Tris, 192 mM Glycine, 0.3% SDS and 20% 

methanol) using a Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad) set at 100 mA 

constant power with a volt limit of 25 V for 45 min. Prior to transfer, the PVDF 

membrane was wetted in methanol, rinsed in distillated water and equilibrated 10 min 

in transfer buffer. After the transfer, the membrane was washed in 50 mM Tris, 150 

mM NaCl, 0.05% Tween 20 (TBST thereafter) and blocked for 1h in TBST containing 

5% dried milk powder. The membrane was washed in TBST and incubated for 1h in 

TBST containing 4% dried milk and rabbit anti-MYO10 (1:300, Sigma-Aldrich Ref. 

HPA024223) as primary antibodies. The membrane was washed in TBST, blocked for 

1h in TBST containing 5% dried milk powder, rinsed in TBST and incubated for 45 min 

in TBST containing 4% dried milk and donkey anti-rabbit IgG HRP-linked (1:10000, 

Amersham Ref. NA934) as secondary antibodies. The membrane was washed in 

TBST and incubated 5 min in SuperSignal West Femto Maximum Sensitivity Substrate 

(Thermo Fisher Scientific Ref. 34095). Protein expression was revealed using a 

chemiluminescence Image Analyzer (FUSION FX; Vilber, 20 sec illumination). 

The membrane was then rinsed in TBST and stripped 10 min in Restore Western Blot 

Stripping Buffer (Life Technology Ref. 21059). The membrane was washed in TBST 

and incubated for 45 min in TBST containing 4% dried milk and HRP mouse anti-beta 

Actin AC-15 (1:25000, abcam Ref. ab49900). The membrane was washed in TBST 

and incubated 1 min in ECL Western Blotting Substrate (Thermo Fisher Scientific Ref. 

32109). Protein expression was revealed using a chemiluminescence Image Analyzer 

(FUSION FX; Vilber, 20 sec illumination).  

 

Whole ovary immunostaining and clearing 
Ovaries collected from two control mice (Myo10wt/flox; Cre+, 9 and 12 weeks old) and 

two Myo10-/- full mice (Myo10flox/flox; Cre+, 9 and 12 weeks old) were fixed in 1X PBS, 
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4% paraformaldehyde for 4h with agitation at room temperature and subsequently 

washed in 1X PBS where they were stored at 4°C. Bleaching, immunostaining and 

clearing were performed as in Belle 2017. Ovaries were first dehydrated in increasing 

concentrations of methanol (1X PBS, methanol 50%, 80% and 100% methanol twice) 

for 1h each time with agitation at room temperature. Ovaries were then bleached in 

100% methanol + 6% hydrogen peroxide overnight at 4°C and rehydrated in 

decreasing concentrations of methanol (100% twice, 1X PBS, methanol 80% and 50%) 

for 1h each time with agitation at room temperature. Ovaries were blocked and 

permeabilized in 1X PBS, 0.2% gelatin, 0.5% Triton X-100 (PBSGT thereafter) for 4 

days with rotation at room temperature. Antibody incubations were performed in 

PBSGT + 10X saponin (10 mg/mL) at 37°C with rotation at 70 rpm for one week for 

primary antibodies and overnight for secondary antibodies. Washes between antibody 

incubations and after secondary antibody incubation were done in PBSGT for 1day 

with rotation at room temperature. We used rabbit anti-MYO10 (1:1000, Sigma-Aldrich 

Ref. HPA024223) and rat anti-MECA-32 (1:500, BD Pharmingen Ref. 550563, data 

not shown) as primary antibodies and Cy3-conjugated donkey anti-rabbit IgG (1:500, 

Jackson Immuno research Ref. 711-165-152) and Alexa Fluor 790-conjugated donkey 

anti-rat IgG (1:250,  Jackson Immuno research Ref. 712-655-153) as secondary 

antibodies (data not shown). Incubation with TO-PRO-3 (1: 100, ThermoFisher 

Scientific Ref. T3605) was performed along with secondary antibody incubation to stain 

nucleic acid. Ovaries were embedded in 1X TAE, 1.5 % agarose and cleared using an 

adapted 3DISCO clearing protocol with rotation at 12 rpm and protected from light at 

room temperature. Ovaries were dehydrated in H20, 50% tetrahydrofuran (THF 

anhydrous with 250 ppm butylated hydroxytoluene inhibitor, Sigma-Aldrich 

Ref.186562) overnight and in H20, 80% THF and 100% THF twice for 1 h 30 each 

time. Ovaries were then incubated in dichloromethane (DCM - Sigma-Aldrich 

Ref.270997) for 30 min for delipidation and cleared overnight in benzyl ether (DBE - 

Sigma-Aldrich Ref.108014).  

 

Follicle/oocyte collection and culture  
Preantral follicles, cumulus-oocyte complexes and oocytes isolated from antral follicles 

were collected from 2- to 5-month-old mice in M2 + BSA medium supplemented with 

1µM milrinone (Reis 2006) to maintain oocytes arrested in prophase I. Oocytes from 

late antral follicles were manually released from follicular cells by repeated pipette 
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aspirations. Meiosis resumption was induced by transferring oocytes to M2 + BSA 

medium free of milrinone. Culture and live imaging were performed at 37°C under oil. 

To assess the rate of polar body extrusion, oocytes were cultured overnight in M2 + 

BSA medium in a Heracell 150i CO2 Incubator (Thermo Fisher Scientific) and analyzed 

the next day for polar body extrusion. 

 

Fluorescent probes for live imaging 
Oocytes were incubated for 1 h in M2 + BSA, milrinone medium supplemented with 

100 nM SiR-actin (Spirochrome Ref. SC006) to label F-actin, 5 µg/mL FM 1-43 

(Thermo Fisher Scientific Ref. T35356) to label membranes or 100 nM SiR-DNA 

(Spirochrome Ref. SC007) to label DNA. Oocytes were incubated in M2 + BSA medium 

supplemented with 100 nM SiR-tubulin (Spirochrome Ref. SC006) at least 1 h before 

the start of spinning disk movies and throughout movie acquisitions to label 

microtubules. 

 
In vitro cRNA synthesis and oocyte microinjection 

The pRN3-Histone(H2B)-GFP plasmid (Manil-Ségalen 2018) was linearized with SfiI 

restriction enzyme and in vitro transcribed using the mMESSAGE mMACHINE T3 

Transcription Kit (Ambion Ref. AM1348). cRNAs were purified using the RNeasy Mini 

Kit (QIAGEN Ref. 74104), centrifuged at 4°C and microinjected into prophase I 

arrested oocytes with a FemtoJet microinjector (Eppendorf). Oocytes were maintained 

in prophase I for 2 h to express cRNAs before meiosis resumption. 

 

Immunostaining and global transcription detection 
Preantral follicles, cumulus-oocyte complexes and oocytes isolated from antral follicles 

were immunostained as in Crozet 2021. Incorporation and detection of 5-ethynyl 

uridine (EU) into nascent oocyte RNAs were performed similarly to Almonacid 2019. 

For all protocols, follicles, complexes and oocytes were washed in M2 + PVP medium 

and adhered to gelatin and polylysine-coated coverslips before fixation.  

- Phalloidin labeling of transzonal projections 

Preantral follicles and cumulus-oocyte complexes were fixed and permeabilized in 1X 

PBS, HEPES (100 mM, pH 7), EGTA (50 mM, pH 7), MgSO4 (10 mM) buffer with 2% 

Triton X-100 and 0.3% formaldehyde for 30 min at 37°C. Follicles and complexes were 

then washed in 1X PBS where they were stored overnight or 2 days at 4°C. Follicles 
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and complexes were further permeabilized in 1X PBS, 0.5% Triton X-100 for 10 min 

and washed in 1X PBS and 1X PBS, 0.1% TWEEN 20 (PBSTw thereafter). Blocking 

and antibody incubations were performed in PBSTw, 3% BSA at room temperature for 

30 min for blocking, 1 h 30 for primary antibody incubation and 1h for secondary 

antibody incubation. Washes between antibody incubations and after secondary 

antibody incubation were done in PBSTw at room temperature and an additional wash 

in 1X PBS was performed before mounting. For spinning disk and OMX microscopies, 

follicles and complexes were mounted on slide wells filled with VECTASHIELD 

Antifade Mounting Medium with DAPI (for Myo10 oocyte knockout strain, data not 

shown) or without DAPI (for Myo10 full knockout mice) (Vector Laboratories Ref. H-

1200 and H-1000). We used rabbit anti-MYO10 (1:200, Sigma-Aldrich Ref. 

HPA024223) as primary antibodies and Cy3-conjugated donkey anti-rabbit IgG (1:150, 

Jackson ImmunoResearch Ref. 711-165-152) as secondary antibodies. Incubation 

with Alexa Fluor 488-conjugated Phalloidin (10 U/mL, Thermo Fisher Scientific Ref. 

A12379) was performed concurrently with secondary antibody incubation to stain F-

actin. For STED microscopy, follicles and complexes were mounted on slide wells filled 

with Abberior liquid antifade mounting medium (Ref. MM-2009). We used rabbit anti-

MYO10 (1:200, Sigma-Aldrich Ref. HPA024223) as primary antibodies and Abberior 

STAR 580-conjugated anti-rabbit (1:200, Ref. ST580-1002) as secondary antibodies. 

Incubation of Abberior STAR RED-conjugated Phalloidin (1:200, Ref. STRED-0100) 

was performed with secondary antibody incubation to stain F-actin. 

- Phalloidin labeling of oocyte cytoplasmic F-actin 

Oocytes isolated from antral follicles were cleared of the zona pellucida in acid Tyrode 

1 h – 1 h 30 before fixation. Immunostaining was performed using a modified protocol 

from Schuh 2008. Oocytes were fixed and permeabilized 6 h after NEBD in 1X PBS, 

HEPES (100 mM, pH 7), EGTA (50 mM, pH 7), MgSO4 (10 mM) buffer with 0.2% Triton 

X-100 and 2% formaldehyde for 30 min at 37°C. Oocytes were then washed in 1X 

PBS, 0.1% Triton X-100 (PBSTr thereafter) where they were stored overnight at 4°C. 

The remaining immunostaining protocol is similar to that for phalloidin TZP labeling for 

spinning disk and OMX microscopies, except that oocytes were directly blocked the 

day after fixation and blocking and antibody incubations were performed in PBSTr, 3% 

BSA. Oocytes were mounted on slide wells filled with VECTASHIELD Antifade 

Mounting Medium with DAPI (Vector Laboratories Ref. H-1200, data not shown). We 

used mouse anti-a-Tubulin (1:200, Sigma-Aldrich Ref. T8203) as primary antibodies 
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and Cy3-conjugated donkey anti-mouse IgG (1:150, Jackson ImmunoResearch Ref. 

715-165-151) as secondary antibodies. Incubation with Alexa Fluor 488-conjugated

Phalloidin (10 U/mL, Thermo Fisher Scientific Ref. A12379) was performed along with

secondary antibody incubation.

- EU labeling of nascent oocyte RNAs

As in Almonacid 2019, oocytes arrested in prophase I isolated from antral follicles 

were cleared of the zona pellucida in M2 + BSA, milrinone medium with 0.4% pronase. 

EU incorporation and detection were performed using the Click-iT RNA Alexa Fluor 

488 Imaging Kit (Thermo Fisher Scientific Ref. C10329). Oocytes were incubated in 

M2 + BSA, milrinone medium with or without 0.5 mM EU for 3 h at 37°C and fixed in 

1X PBS, 4% paraformaldehyde for 30 min at 37°C. Oocytes were subsequently 

washed in 1X PBS where they were stored overnight at 4°C. Oocyte permeabilization 

and washes were done at room temperature in 1X PBS, 0.5% Triton X-100 for 10 min 

and in 1X PBS, respectively. EU detection was performed as indicated by the 

manufacturer and oocytes were then washed twice in Click-iT reaction rinse buffer and 

mounted on slide wells filled with VECTASHIELD Antifade Mounting Medium with 

DAPI (Vector Laboratories Ref. H-1200). 

Imaging 
- Spinning disk microscopy: Images were acquired with a Plan-APO 40x/1.25 NA

objective on a Leica DMI6000B microscope enclosed in a thermostatic chamber (Life

Imaging Service) equipped with a Retiga 3 CCD camera (QImaging) coupled to a

Sutter filter wheel (Roper Scientific) and a Yokogawa CSU-X1-M1 spinning disk. Data

were collected with Metamorph software (Universal Imaging).

- STED microscopy: STED imaging was performed with a STEDYCON add-on module

mounted on a Zeiss AxioObserver 7 inverted-Videomicroscope coupled to a sCMOS

camera (Hamamatsu Flash 4) and a PlanAPO 100x oil-immersion objective (NA =

1.46) for an effective pixel size of 50 nm (Zeiss).

- OMX microscopy: For super resolution imaging, structured illumination (3D-SIM) was 

performed using a DeltaVision OMX Blaze microscope (GE Healthcare) coupled to a 

Photometrics Evolve 512 EMMCD camera (Photometrics, Tucson, AZ) and a PlanAPO 

60x oil-immersion objective (NA = 1.4) for an effective pixel size of 80 nm and 40 nm 

after reconstruction (Olympus, Melville, NY).  
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- Light-sheet fluorescence microscopy: The cleared samples are acquired with the 

ultramicroscope I (LaVision BioTec-Miltenyi) assisted by the ImspectorPro software 

(LaVision BioTec-Miltenyi). The light sheet is created by two cylindrical lenses using 

laser with 3 specific wavelengths: 561nm, 640nm and 785nm (Coherent Sapphire 

Laser, LaVision BioTec-Miltenyi). For all the acquisitions we used a binocular 

stereomicroscope (MXV10, Olympus) with a 2x objective (MVPLAPO, Olympus) 

adding a protective dipping cap with corrective lens.  For detection we used a Zyla 

SCMOS camera (2,048 × 2,048 pixel) from Andor Oxford Instrument. The images were 

in 16-bit.  We used for zoom magnification 3.2X (pixel sizes x,y=1.02um). Samples 

were dived in a quartz tank (LaVision BioTec-Miltenyi) filled with DBE to maintain the 

clearing. The z step size between each image was 1μm with 150ms time exposure. 

 

Oocyte RNA extraction 
Total RNA extraction was performed as in Crozet 2021 from competent oocytes with 

zona pellucida. For the RNA-Seq analysis, three biological replicates were performed 

each containing 10 oocytes from two Myo10flox/flox; Cre+ mice (Myo10-/- full oocytes) 

and two Myo10wt/flox; Cre+ (Myo10+/- oocytes). For the RT-qPCR analysis, two biological 

replicates were made containing 30 and 24 oocytes from two Myo10flox/flox; Cre- mice 

(Myo10-/- full oocytes) and two Myo10wt/flox; Cre+ (Myo10+/- oocytes). Total RNA 

extraction was performed using the RNAqueous-Micro Total RNA Isolation Kit (Thermo 

Fisher Scientific Ref. AM1931). Briefly, oocytes were washed three times in 1X PBS, 

transferred to lysis buffer (supplemented with 1 µL b-mercaptoethanol for the RNA-

Seq analysis) and freezed in liquid nitrogen where they were stored at -80°C for 1 h. 

After thawing, RNA extraction was performed as described by the manufacturer. RNAs 

were eluted twice in 10 µL elution buffer and treated with DNaseI.  

 

RNA-Seq and data analysis 
- cDNA libraries and RNA-Seq: Library preparation and Illumina sequencing were 

performed at the Ecole normale superieure genomic core facility (Paris, France). 5 ng 

of total RNA was amplified and converted to cDNA using the SMART-Seq v4 Ultra Low 

Input RNA kit (Clontech Ref. 634889). Afterwards, an average of 500 pg of amplified 

cDNA was used to prepare the libraries following Nextera XT DNA kit (Illumina Ref. 

FC-131-1096). Libraries were multiplexed by 6 on a high-output flow cells. A 75 bp 
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read sequencing was performed on a NextSeq 500 device (Illumina). A mean of 26 ± 

4 million passing Illumina quality filter reads was obtained for each of the 6 samples.  

- Bioinformatics analysis: The analysis was performed using the Galaxy server of 

ARTbio bioinformatics platform. All galaxy workflows are available at 

https://github.com/ARTbio/tools-artbio/tree/master/scripts/Crozet_et_al_2021/galaxy-

workflows. Sequencing quality control was carried out with FastQC (Babraham 

Bioinformatics) (Galaxy Version v0.72+galaxy1) and MultiQC tools (v1.6). Alignment 

of reads to the genome of Mus musculus mm10 reference genome was done with 

Bowtie 2 (v2.3.4.2) (Langmead 2012) with fast local option for soft clipping of the 

Nextera transposase adapter sequence. We used mm10 GTF file (Ensembl GTF 

Mus_musculus.GRCm38.94.chr) as annotation files. Counting of reads per gene and 

differential gene expression analysis were performed with featureCounts 

(v1.6.3+galaxy2) and DESeq2 (v2.11.40.4), respectively. Transcripts were determined 

as differentially expressed based on a P adj (adjusted P value with false discovery rate 

correction) of less than 0.05. Of note, 222 deregulated transcripts were annotated as 

predicted (32.4% of the deregulated transcripts, Table.1) and were predominantly 

pseudogenes (84.2% of deregulated predicted transcripts).

- Gene Ontology (GO) enrichment analysis: The analysis was performed with the 

PANTHER Classification System using a Fisher’s exact test with a P value with false 

discovery rate correction (FDR) threshold of 0.05. For each annotation set (GO 

biological process complete, cellular component complete and molecular function 

complete), the deregulated transcripts list from the RNA-Seq analysis was used as the 

input list and the Mus musculus genome as the reference list.

RT-qPCR 
Reverse transcription of the extracted RNAs was performed using iScript Reverse 

Transcription Supermix (Bio-Rad Ref. 1708840). We used SsoAdvanced Universal 

SYBR Green Supermix (Bio-Rad Ref. 1725270) and CFX-96 (Bio-Rad) for quantitative 

PCR of cDNAs using the primers shown below. Two technical replicates were made 

for each condition. mRNA quantity was normalized to Gapdh and relative levels of 

mRNA expression were calculated with the 2-DDC. The mean and standard error of 

mean were normalized to Myo10+/-.  

Forward primer Reverse primer 
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Machine learning approach for oocyte morphological characterization 
We used our machine learning approach presented in Letort in preparation to 

automatically compare the morphology of Myo10-/- and control oocytes from brightfield 

images. Oocyte and zona pellucida contours were automatically determined with 2 

neural networks trained specifically for these tasks. This segmentation allowed us to 

extract the value of 89 features for each oocyte-zona pellucida complex. These 

features characterize the size, shape, global intensity repartition, local texture and 

spatial organization of the oocyte, perivitelline space and zona pellucida. The complete 

list and description of the defined features are given in Letort in preparation. Note that 

we did not use features based on oocyte dynamics as images were acquired with a 

low temporal resolution. As the features are not independent between themselves, we 

then automatically selected a subset of uncorrelated features (with a threshold of 0.75) 

as described in Letort in preparation. We next trained a Random Forest classifier 

(Breiman 2001) with these features to distinguish between competent Myo10-/- and 

control oocytes arrested in prophase I and cleared of follicular cells. Oocytes were 

considered competent if they showed a visible perivitelline space, a centrally located 

nucleus and a regular outer border of the zona pellucida. We evaluated the 

performance of the trained algorithm by 15-fold cross validation on our dataset. We 

obtained a classification accuracy of 82% (with a precision of 80.9% and a recall of 

83%). More importantly for our study, the Random Forest algorithm scored each 

feature according to its importance for classification, based on the Gini index. 

The most important features for classification concerned the presence of vertical 

linear structures 

Gapdh TGGAGAAACCTGCCAAGTATG GGTCCTCAGTGTAGCCCAAG 

Akr1b3 AGAGCATGGTGAAAGGAGCC CCATAGCCGTCCAAGTGTCC 

Ccnb1 GAGAGGTTGACGTCGAGCAG GAGTTGGTGTCCATTCACCG 

Eif4e GAGGTTGCTAACCCAGAGCA CATAGGCTCAATCCCGTCCTT 

Hsp90aa1 CGTCTCGTGCGTGTTCATTC CCAGAGCGTCCGATGAATTG 

Myo10 GGCACGAAAGCAATATAGAAAGG CTTCTGGAACACGATGGCTG 

Oaz1 CAGCAGCGAGAGTTCTAGGG CTCGTCGGAGTACAGGATGC 

Oser1 CCAGCTGCGAGGAGTATTAAC GGGCCTTCTCCAACAGACAG 

Paox GGTCCAGCCTTCTTTTGAGTCT GTAGGAACCTCGGGTGTACG 

Psma5 CAGGTGCTATGTCTCGTCCC ATGAGCGAGGACTTGATGGC 

Rpl19 CGCTGCGGGAAAAAGAAGGT CCTCTTCCCTATGCCCATATGC 

Rps4x GGCGAGTCTCTTTCCGTTCC GGATGGACGAGGAGCAAACAC 

Stxbp5l GATTTGCAAGACAGTTCGGC TGGCAGTAACAGTCAACAC 
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in the zona pellucida (TZP-like structure), the texture of the cytoplasm, the 

heterogeneity in the thickness of the perivitelline space and the circularity of both the 

oocyte and the internal limit of the zona pellucida. Manual inspection of these features 

suggested that the difference in the texture of the cytoplasm was mainly due to 

differences in nucleolus focus rather than actual morphological differences, and this 

feature was not statistically different between Myo10-/- full and control oocytes during 

meiotic maturation. We therefore decided not to explore this characteristic further.  

 Description of the features showed in this study: 

- Vertical linear structure in the zona pellucida: To quantify the presence of vertical

linear structures resembling TZPs, the area in the segmented zona pellucida was first

flattened with the « Flatten » option in Fiji (NIH) to obtain a horizontal rectangle. Linear

structures were then detected by measuring and thresholding the « tubeness » of each

pixel in the image (with « Tubeness » plugin in Fiji which is based on the eigenvalues

of the Hessian matrix of the image). Finally, only fairly vertical structures were kept by

applying Sobel filters on the thresholded images.

- Perivitelline space thickness: Thickness was calculated as the distance between the

oocyte shape and the internal limit of the zona pellucida at each angle around the

oocyte center. The mean, minimum, maximum, standard deviation (data not shown)

and coefficient of variation were then calculated from the distribution of distances.

- Oocyte aspect ratio: Ratio between the maximum Feret diameter (longest distance)

of the oocyte shape and the minimum Feret diameter (distance in the perpendicular

direction to the maximum Feret diameter). A circle has an aspect ratio of 1, while an

elongated shape has a higher aspect ratio.

Image analysis 

For all signal intensity measurements, the image background was subtracted using 

Metamorph software. 

- Signal intensity of SiR-actin labeled TZPs: Measurements were performed on 

competent oocytes arrested in prophase I, cleared of follicular cells and labeled with 

SiR-actin. For each oocyte, the 5th image among 8 Z acquisitions spaced 4 µm apart 

was selected for measurement, which broadly corresponded to the oocyte equatorial 

plane. After background subtraction, we manually drew an ellipsoidal ROI band 

along the zona pellucida pericenter of 3 pixels (0.34 µm) width using Fiji. The mean 

gray value of SiR-actin signal in the ROI was measured as a readout of TZP density.
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For each oocyte, the mean gray value was normalized to that of the control oocyte with 

the highest mean gray value.  

- Signal intensity of EU labeled RNAs: Measurements were performed using 

Metamorph similarly to Almonacid 2019 on incompetent and competent oocytes 

arrested in prophase I from antral follicles. After background subtraction and Sum Z 

projection of the DAPI and EU signal images (images were spaced 1 µm apart and 

selected for Z projection based on DAPI signal), the integrated intensity of the DAPI 

and EU signals was measured in a ROI of 77,577 pixels (999 µm2). The same ROI 

was used for all measurements and was drawn to encompass the DAPI signal of each 

oocyte. The integrated intensity of the EU signal was then normalized to that of the 

DAPI signal. For each oocyte, the relative EU intensity value was normalized to that of 

the control oocyte with the highest relative EU intensity value. 

- Signal intensity of phalloidin labeled cytoplasmic F-actin: Measurements were done 

on oocytes fixed 6 hours after NEBD using Metamorph as in Crozet 2021. After 

background subtraction, the integrated intensity of the phalloidin signal was measured 

in a ROI containing the cytoplasm of the oocyte equatorial plane. For each oocyte, we 

used the same ROI of 216,290 pixels (2,786 µm2) and the integrated intensity of the 

phalloidin signal was normalized to that of the control oocyte with the highest value of 

phalloidin signal intensity. 

- Ovarian follicular density: Cleared ovaries were imaged by light-sheet fluorescence 

microscopy and ovarian slices, one every 50 slices, were selected for measurement 

(slices were spaced 1 µm apart). For each image, the area of the ovarian slice was 

measured by thresholding the TO-PRO-3 signal using Fiji. Briefly, images were 

preprocessed with a gamma and a median filter and thresholded with the Otsu dark 

method. When image thresholding led to more than one ovarian area due to 

discontinuous signal, only the largest thresholded area was selected. For each image, 

we manually counted the number of follicles in the thresholded ovarian slice. Follicles 

were empirically determined as such based on a defined outline, with an apparent 

oocyte surrounded by visible follicular cell layers (this includes preantral and antral 

follicles). We opted for a stringent follicle count to avoid counting follicle-like ovarian 

holes. Note that this may have led to several uncounted follicles. The number of 

follicles in the thresholded ovarian slice was then normalized to the slice area. The 
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follicular density of the ovary corresponds to the mean of the follicular density of the 

slices analyzed. 

- Oocyte size and zona pellucida width: Measurements were made manually on 

brightfield images of competent oocytes arrested in prophase I. Oocyte size was 

assessed by measuring the area of the oocyte equatorial plane using Fiji. The width of 

the zona pellucida was measured 6 times where the zona pellucida was in focus and 

with a regular outer border using Metamorph. The zona pellucida width used for 

statistical analysis is the mean of these 6 measurements. 

- Timing of polar body extrusion: The timing of the first polar body extrusion was 

empirically determined in oocytes monitored by live spinning disk microscopy (this 

includes oocytes incubated with SiR-tubulin or injected with H2B-GFP). Only movies 

with control oocytes extruding a polar body before 12 hours after NEBD were selected. 

- Spindle bipolarization and positioning: Spindle morphogenesis and positioning were 

assessed in SiR-tubulin labeled oocytes monitored during meiotic maturation by live 

spinning disk microscopy. The timing of spindle bipolarization was empirically 

assessed by scoring the percentage of oocytes with a bipolarized spindle every hour 

from 1 to 6 h after NEBD. Spindle interpolar length and central width were measured 

manually 7 h after NEBD using Metamorph. Only spindles parallel to the acquisition 

plane were measured. Spindle cell localization was assessed by empirically scoring 

the percentage of oocytes with a central or off-centered spindle 30 min before 

anaphase for oocytes that extruded a polar body or up to 12 h after NEBD for those 

that did not.  

- Chromosome alignment: Metaphase plate height and width were measured manually 

as in Crozet 2021 using Metamorph in H2B-GFP expressing oocytes monitored during 

meiotic maturation by live spinning disk microscopy. We measured the height and 

width of a ROI rectangle enclosing chromosomes 30 min before anaphase for oocytes 

that extruded a polar body or 12 h after NEBD for those that did not. Only metaphase 

plates oriented parallel to the acquisition plane were measured. 

 
Statistical analysis   

We used GraphPad Prism 7.0a software for statistical analysis of RT-qPCR, oocyte 

polar body extrusion rate and image data. The Gaussian distribution of values was 

tested using a D’Agostino & Pearson normality test. Comparison of means was 

performed by a two-tailed unpaired t test (with Welch’s correction for unequal 
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variances) or by a two-tailed Mann Whitney test (for a non-Gaussian distribution of 

values). We used a two-sided Fisher’s exact test for contingency table analysis. All 

tests were performed with a confidence interval of 95%. n.s (not significant) P value ≥ 

0.05, * P value < 0.05, ** P value < 0.01, *** P value < 0.001 and **** P value < 0.0001. 

For each graph, the error bars indicate the standard deviation or standard error of 

mean. 
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FIGURE LEGENDS 

 
Figure 1: Surrounding somatic cells support oocyte growth 
A) Summary scheme of oocyte growth. Growth begins with the exit from quiescence 

and consists of an increase in oocyte size and storage of macromolecules. The oocyte 

develops surrounded by somatic cells, forming a complex termed the ovarian follicle. 

The emergence of the antrum, the fluid-filled chamber of the follicle, marks the 

transition from preantral to antral follicle. In antral follicles, a subpopulation of follicular 

cells tightly surrounds the oocyte and constitutes the cumulus-oocyte complex (COC) 

with the oocyte. Fully grown oocytes are competent to resume meiosis and undergo 

meiotic maturation. 

B) Scheme of intercellular contacts between the oocyte and the follicular cells. 

Transzonal projections (TZPs), follicular cell protrusions, contact the oocyte by 

crossing the zona pellucida extracellular matrix. TZPs are mainly actin-rich and contain 

Myosin-X (MYO10). TZPs mediate junctional communication (GAP j) between the 

oocyte and follicular cells, providing metabolites and signaling molecules. Transcripts 

(RNA) are transferred from follicular cells to the oocyte potentially through extracellular 

vesicles. Adherens junctions at the interface between the TZP and the oocyte 

membrane are thought to maintain follicular cell-oocyte adhesion. 

 
Figure 2: Global deletion of Myo10 decreases the density of transzonal 

projections in fully grown cumulus-oocyte complexes. 
A) Fully grown cumulus-oocyte complexes stained for Myosin-X (MYO10, left images) 

and stained with phalloidin to label F-actin (right images). The upper panel shows 

complexes from the Myo10 full knockout strain (full) and the lower panel complexes 

from the Myo10 oocyte knockout strain (oo). For each panel, control complexes are at 

the top and Myo10-/- complexes are at the bottom. For MYO1O staining, contrast 

adjustment is similar between complexes of the same strain. Scale bar 10 µm. 

B) Cropped images of the red dotted rectangles shown in A) focusing on the zona 

pellucida. MYO10 staining is on the left and phalloidin staining is on the right. Scale 

bar 5 µm. 
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C) STED microscopy images of phalloidin labeled oocytes arrested in prophase I freed 

of follicular cells, focusing on the zona pellucida of a control oocyte (left) and a Myo10-

/- full oocyte (right). Scale bar 2 µm. 

D) Live fully grown oocytes arrested in prophase I stained with SiR-actin (SiR-act) to 

label F-actin. The upper images are oocytes from the MYO10 full invalidation strain 

and the lower images are oocytes from the MYO10 oocyte invalidation strain. Controls 

are on the left and Myo10-/- oocytes are on the right. Scale bar 10 µm. 

E) Scatter plot of the intensity of all SiR-act labeled TZPs of fully grown oocytes 

arrested in prophase I. Control and Myo10-/- full oocytes are in dark gray and green, 

respectively. Control and Myo10-/- oo oocytes are in light gray and blue, respectively. 

(n) is the number of oocytes analyzed. Data are mean±s.d. with individual data points 

plotted. Data are from five independent experiments for control and Myo10-/- full 

oocytes and from three independent experiments for control and Myo10-/- oo oocytes. 

Statistical significance of differences was assessed by a two-tailed unpaired t test with 

Welch's correction, P value < 0.0001 (Myo10-/- full oocytes compared to control 

oocytes) and by a two-tailed unpaired t test, P value = 0.7271 (Myo10-/- oo oocytes 

compared to control oocytes). n.s not significant.  

 

Figure 3: Follicular density is not impaired in Myo10-/- full ovaries  
A) Light-sheet fluorescence microscopy images of cleared ovaries stained with TO-

PRO-3 (blue) to label nucleic acid. The control ovary is on the left and the Myo10-/- full 

ovary is on the right. Scale bar 0.25 mm. The images inserted at the top right show 

antral follicles from the magnification of the yellow dotted rectangles. Scale bar 0.1 

mm.  

B) Scatter plot of the relative number of follicles per ovary. Control ovaries are in dark 

gray and Myo10-/- full ovaries are in green. For each condition, data are from two 

different mice. (N) is the number of ovaries analyzed. Data are mean±s.d. with 

individual data points plotted. Statistical significance of differences was assessed by a 

two-tailed Mann Whitney test, P value = 0.4857. n.s not significant.  

 

Figure 4: Morphological characterization of competent Myo10-/- full oocytes 
arrested in prophase I  
A) Brightfield images of competent oocytes arrested in prophase I from the Myo10 full 

knockout strain (left panel) and from the Myo10 oocyte knockout strain (right panel). 
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For each panel, controls are on the left and Myo10-/- oocytes are on the right. Scale 

bar 10 µm. 

B) Scatter plot of the equatorial plane area of competent oocytes arrested in prophase 

I. Control and Myo10-/- full oocytes are in dark gray and green, respectively. Control 

and Myo10-/- oo oocytes are in light gray and blue, respectively. (n) is the number of 

oocytes analyzed. Data are mean±s.d. with individual data points plotted. Data are 

from ten independent experiments for control and Myo10-/- full oocytes and from three 

independent experiments for control and Myo10-/- oo oocytes. Statistical significance 

of differences was assessed by a two-tailed unpaired t test, P value = 0.4672 (Myo10-

/- full oocytes compared to control oocytes) and by a two-tailed Mann Whitney test, P 

value = 0.4304 (Myo10-/- oo oocytes compared to control oocytes). n.s not significant.  

C) Scatter plot of the zona pellucida (ZP) width of competent oocytes arrested in 

prophase I. Control and Myo10-/- full oocytes are in dark gray and green, respectively. 

Control and Myo10-/- oo oocytes are in light gray and blue, respectively. (n) is the 

number of oocytes analyzed. Data are mean±s.d. with individual data points plotted. 

Data are from three independent experiments for both control and Myo10-/- full oocytes 

and control and Myo10-/- oo oocytes. Statistical significance of differences was 

assessed by two-tailed unpaired t tests, P value = 0.0342 (Myo10-/- full oocytes 

compared to control oocytes) and P value = 0.5342 (Myo10-/- oo oocytes compared to 

control oocytes). n.s not significant. 

D) Brightfield images of a competent control oocyte (left panel) and a competent 

Myo10-/- full oocyte (right panel) arrested in prophase I. For each panel, the bottom 

image displays the automatic segmentation of the oocyte perivitelline space (Aut. 

perivitelline space, green). Scale bar = 10 µm. 

E) Images of flattened zona pellucida obtained from segmentation of the oocytes 

shown in D). The top panel shows a control zona pellucida and the lower panel a 

Myo10-/- full zona pellucida. For each panel, the brightfield image of the zona pellucida 

is at the top and the representation of automatic detection of vertical linear “TZP-like” 

structures at the bottom (black). Scale bar 10 µm. 

F) Scatter plot of the presence of vertical TZP-like structures in the zona pellucida (ZP) 

of competent oocytes arrested in prophase I, as represented by the schemes on the 

left. The detection of these structures was performed automatically and represents one 

of the most important features used by our machine learning algorithm to discriminate 
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controls from Myo10-/- full oocytes. Control and Myo10-/- full oocytes are in dark gray 

and green, respectively. Control and Myo10-/- oo oocytes are in light gray and blue, 

respectively. (n) is the number of oocytes analyzed. Data are mean±s.d. with individual 

data points plotted. Data are from thirteen independent experiments for control and 

Myo10-/- full oocytes and from four independent experiments for control and Myo10-/- 

oo oocytes. Statistical significance of differences was assessed by a two-tailed 

unpaired t test with Welch's correction, P value < 0.0001 (Myo10-/- full oocytes 

compared to control oocytes) and by a two-tailed unpaired t test, P value = 0.9474 

(Myo10-/- oo oocytes compared to control oocytes). n.s not significant. 

G) Scatter plot of the coefficient of variation of the perivitelline space thickness of 

competent oocytes arrested in prophase I, as represented by the schemes on the left. 

The heterogeneity of the perivitelline space thickness was measured automatically and 

represents one of the most important features used by our machine learning algorithm 

to discriminate controls from Myo10-/- full oocytes. Control and Myo10-/- full oocytes are 

in dark gray and green, respectively. Control and Myo10-/- oo oocytes are in light gray 

and blue, respectively. (n) is the number of oocytes analyzed. Data are mean±s.d. with 

individual data points plotted. Data are from thirteen independent experiments for 

control and Myo10-/- full oocytes and from four independent experiments for control 

and Myo10-/- oo oocytes. Statistical significance of differences was assessed by a two-

tailed Mann Whitney test, P value < 0.0001 (Myo10-/- full oocytes compared to control 

oocytes) and by a two-tailed unpaired t test, P value = 0.0308 (Myo10-/- oo oocytes 

compared to control oocytes). 

 

Figure 5: Non-global differential gene expression between competent Myo10+/- 

and Myo10-/- full oocytes arrested in prophase I 

A) Volcano plot of differential gene expression between competent Myo10+/- and 

Myo10-/- full oocytes arrested in prophase I. Differential transcriptomic analysis was 

performed by RNA-Seq. Up-regulated transcripts are shown in red (up, 605 

transcripts), down-regulated transcripts are shown in blue (down, 80 transcripts, 

including Myo 10), and non-deregulated transcripts are shown in gray (not significant, 

15,702 transcripts). Significance was set at P adj < 0.05. Myo10-/- full oocytes were 

collected from two Myo10flox/flox; Cre+ mice and Myo10+/- oocytes from two Myo10wt/flox; 

Cre+ mice. For each condition, three biological replicates (each containing 10 oocytes) 

and three technical replicates were performed.  
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B) Bar graph of significantly over-represented GO biological process terms in the 

deregulated gene list from the RNA-Seq analysis shown in A). Statistical significance 

of differences was assessed by a Fisher’s exact test with false discovery rate 

correction. Note that the list of terms is not exhaustive.  

C) Bar graph of the relative mRNA quantity in competent prophase I arrested Myo10-/- 

full oocytes (colored bars) normalized to competent prophase I arrested Myo10+/- 

oocytes (gray bars) performed by RT-qPCR. The selected mRNAs were chosen based 

on their biological relevance and their deregulatory strength (log2(FC) and P adj) in the 

RNA-Seq analysis described in A). mRNAs indicated as up- or down-regulated by 

RNA-Seq analysis are shown in red and blue, respectively. Myo10-/- full oocytes were 

collected from Myo10flox/flox; Cre- mice and Myo10+/- oocytes from Myo10wt/flox; Cre+ 

mice. For each condition, two biological replicates were performed (one containing 30 

oocytes and the other 24 oocytes) from two different mice each time and two technical 

replicates were performed. Standard error of mean (SEM) is shown. For each mRNA, 

the mean of Myo10+/- oocytes was normalized to Myo10+/- oocytes. The mean and 

SEM for Myo10-/- full oocytes = 0.08 ± 0.004 (Myo10); 0.59 ± 0.171 (Stxbp5l); 0.99 ± 

0.079 (Akr1b3); 1.19 ± 0.059 (Oser1); 1.48 ± 0.222 (Hsp90aa1); 1.48 ± 0.034 (Oaz1); 

1.49 ± 0.333 (Eif4e); 1.27 ± 0,037 (Ccnb1); 1.44 ± 0.034 (Rps4x); 1.53 ± 0.179 (Rpl19). 

Statistical significance of differences was assessed by two-tailed unpaired t tests. P 

value < 0.0001 (Myo10); P value = 0.1394 (Stxbp5l); 0.9001 (Akr1b3); 0.0864 (Oser1); 

0.1612 (Hsp90aa1); 0.0050 (Oaz1); 0.2765 (Eif4e); 0.0180 (Ccnb1); 0.0060 (Rps4x); 

0.0987 (Rpl19).  

D) Sum of Z Projection images of oocytes stained with DAPI to label DNA (blue, top 

images of each panel) and incubated or not with 5-ethynyl uridine to label global RNA 

transcription (EU, bottom images of each panel). For each panel, control oocytes are 

on the left and Myo10-/- full oocytes are on the right. Incompetent and competent 

oocytes arrested in prophase I are on the left and right panels, respectively. Oocytes 

incubated with or without EU are in the upper and lower panels, respectively. For EU 

staining, contrast adjustment is similar between all conditions except for incompetent 

oocytes incubated with EU for which the signal intensity is too high to be shown with 

the same adjustment as the others. Scale bar 10 µm. 

E) Scatter plot of the relative EU signal intensity normalized to the DAPI signal intensity 

in control (dark gray) and Myo10-/- full (green) incompetent or competent prophase I 

arrested oocytes incubated or not with EU. (n) is the number of oocytes analyzed. Data 
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are mean±s.d. with individual data points plotted. Data are from three independent 

experiments (for incompetent control oocytes with EU, competent control oocytes with 

EU and incompetent control oocytes without EU), four independent experiments (for 

competent control oocytes without EU, incompetent Myo10-/- full oocytes with EU, 

competent Myo10-/- full oocytes with EU and competent Myo10-/- full oocytes without 

EU), and five independent experiments (for incompetent Myo10-/- full oocytes without 

EU). Statistical significance of differences was assessed by two-tailed Mann Whitney 

tests, P value = 0.7688 (incompetent Myo10-/- full oocytes with EU compared to 

incompetent control oocytes with EU), P value = 0.7564 (competent Myo10-/- full 

oocytes with EU compared to competent control oocytes with EU), P value = 0.0326 

(incompetent Myo10-/- full oocytes without EU to incompetent control oocytes without 

EU), P value < 0.0001 (incompetent control oocytes with EU compared to incompetent 

control oocytes without EU), P value < 0.0001 (incompetent Myo10-/- full oocytes with 

EU compared to incompetent Myo10-/- full oocytes without EU), P value < 0.0001 

(competent control oocytes with EU compared to competent control oocytes without 

EU) and P value < 0.0001 (competent Myo10-/- full oocytes with EU compared to 

competent Myo10-/- full oocytes without EU). Statistical significance of differences was 

assessed by a two-tailed unpaired t test to compare competent Myo10-/- full oocytes 

without EU to competent control oocytes without EU, P value = 0.2647. n.s not 

significant. 

 

Figure 6: Myo10-/- full oocytes tend to arrest development in meiosis I  

A) Brightfield images from spinning disk movies from 3 h to 18 h after NEBD. The top 

images show a control oocyte, the middle images a Myo10-/- full oocyte that extruded 

a polar body (PB) and the bottom images show a Myo10-/- full oocyte that did not 

extrude a polar body (no PB). The blue asterisk indicates a lysed polar body. Scale bar 

10 µm.   

B) Stacked bars of first polar body extrusion rate as a percentage of control and Myo10-

/- full oocytes. The gray bars represent the percentage of oocytes that extruded a polar 

body (PB) and the white bars the percentage of oocytes that did not extrude a polar 

body (no PB). (n) is the number of oocytes analyzed. Data are from three independent 

experiments. Statistical significance of differences was assessed by a two-sided 

Fisher's exact test, P value = 0.0113.  
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C) Scatter plot of the timing after NEBD of first polar body extrusion of control (dark 

gray) and Myo10-/- (green) full oocytes. (n) is the number of oocytes analyzed. Data 

are mean±s.d. with individual data points plotted. Data are from six independent 

experiments. Statistical significance of differences was assessed by a two-tailed Mann 

Whitney test, P value = 0.3194. n.s not significant. 

 
Figure 7: Myo10-/- full oocytes have correctly formed and positioned spindles 
and normally aligned chromosomes  
A) Max Intensity Z Projection images of oocytes stained with SiR-tubulin to label 

microtubules (SiR-tub, yellow) merged with corresponding brightfield images. Images 

are extracted from spinning disk movies from 30 min to 14 h 30 after NEBD. The top 

images show a control oocyte, the middle images a Myo10-/- full oocyte that extruded 

a polar body (PB) and the bottom images a Myo10-/- full oocyte that did not extrude a 

polar body (no PB). Scale bar 10 µm.  

B) Max Intensity Z Projection images of oocytes stained with SiR-tub (yellow) 7h after 

NEBD. The top image shows the spindle of a control oocyte, the middle image the 

spindle of a Myo10-/- full oocyte that extruded a polar body (PB) and the bottom image 

shows the spindle of a Myo10-/- full oocyte that did not extrude a polar body (no PB). 

Scale bar 5 µm. 

C) Graph of the percentage of control (dark gray) and Myo10-/- (green) full oocytes with 

a bipolarized spindle as a function of time after NEBD. Data are from four independent 

experiments. For each time point, statistical significance of differences was assessed 

by a two-sided Fisher's exact test. P value > 0.9999 for 1 h after NEBD; P value = 

0.3433 for 2 h after NEBD; P value = 0.7765 for 3 h after NEBD; P value > 0.9999 for 

4 h after NEBD; P value = 0.6937 for 5h after NEBD; P value > 0.9999 for 6h after 

NEBD. 

D) Scatter plots of spindle interpolar length (left) and central width (right) 7 h after 

NEBD in control (dark gray) and Myo10-/- (green) full oocytes. (n) is the number of 

oocytes analyzed. Data are mean±s.d. with individual data points plotted. Data are 

from four independent experiments. Statistical significance of differences was 

assessed by a two-tailed unpaired t test, P value = 0.0989 for the length and by a two-

tailed unpaired t test with Welch's correction, P value = 0.0753 for the width. n.s not 

significant. 
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E) Stacked bars of spindle cell localization 30 min before anaphase for oocytes that 

extruded a polar body or 12 h after NEBD for those that did not, as a percentage of 

control and Myo10-/- full oocytes. Gray bars represent the percentage of oocytes with 

an off-centered spindle and orange bars the percentage of oocytes with a central 

spindle. (n) is the number of oocytes analyzed.  Data are from four independent 

experiments. Statistical significance of differences was assessed by a two-sided 

Fisher's exact test, P value = 0.3832. n.s not significant. 

F) Max Intensity Z Projection images from spinning disk movies of oocytes injected 

with H2B-GFP to label chromosomes (H2B, cyan) in a control oocyte (top images), in 

a Myo10-/- full oocyte that extruded a polar body (PB, middle images) and in a Myo10-

/- full oocyte that did not extrude a polar body (no PB, bottom image). Left images show 

chromosomes 30 min before anaphase for polar body extruding oocytes or 12h after 

NEBD for the Myo10-/- full oocyte that did not extrude a polar body. Right images show 

chromosomes after anaphase. Scale bar 5 µm.  

G) Scatter plots of metaphase plate height (left) and width (right), as shown in the lower 

schemes, 30 min before anaphase for oocytes that extruded a polar body or 12 h after 

NEBD for those that did not. Control and Myo10-/- full oocytes are in dark gray and 

green, respectively. (n) is the number of oocytes analyzed. Data are mean±s.d. with 

individual data points plotted. Data are from three independent experiments. Statistical 

significance of differences was assessed by two-tailed unpaired t tests. P value = 

0.5331 for the height and P value = 0.0395 for the width. n.s not significant. 

 

Figure S1: Myo10 full knockout, generation and validation  
A) Scheme of the Myo10 gene with introns in light blue rectangles and exons in black 

vertical lines according to Ensembl database. The red dotted rectangle indicates the 

region targeted to invalidate MYO10. 1) For Myo10 full knockout: the neomycin 

selection cassette (neo, green rectangle) inserted between exons 22 and 23 was 

retained, allowing its promoter to interfere with MYO10 expression in all cell types. 2) 

For Myo10 conditional knockout in oocytes: the neo cassette was removed following 

Flp-mediated excision at the FRT sites (dark blue rectangles). ZP3 Cre-mediated 

excision at the loxP sites (yellow rectangles and triangles) flanking exons 23-25 results 

in a premature stop codon and absence of MYO10 in oocytes. 

B) Control (left panel) and Myo10-/- full (right panel) mice of the Myo10 full knockout 

strain. Scale bar 10 mm. For each panel, the image on the right shows the mouse front 
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paw. Some phenotypes characteristic of previously described Myo10 full knockout 

were observed in our Myo10-/- full mice, such as a white belly spot and webbed digits. 

Scale bar 5 mm. 

C) Immunoblotting performed on liver, kidney and spleen extracts from mice from the 

Myo10 full knockout strain. Control (Ctrl) extracts are from a Myo10wt/flox; Cre+ 

genotyped mouse, Cre+ extracts are from a Myo10flox/flox; Cre+ genotyped mouse and 

Cre- extracts are from a Myo10flox/flox; Cre- genotyped mouse. The membrane was 

stained for MYO10 (upper image) and for Actin (lower image) as a loading control. 

Indicated ladders: 37, 50 and 250 kDa. 

D) Preantral follicles from the Myo10 full knockout strain (upper images) and the Myo10 

oocyte knockout strain (lower images). Follicles were stained for MYO10 (left panel) 

and stained with phalloidin (right panel). For each panel, control follicles are on the left 

and Myo10-/- follicles are on the right. For MYO10 staining, contrast adjustment is 

similar between follicles of the same strain. Scale bar 10 µm. 

 

Figure S2: Reduction of total TZP density in fully grown Myo10-/- full oocytes 

Images of a fully grown control oocyte (upper panel) and a fully grown Myo10-/- full 

oocyte (lower panel) stained with FM 1-43 (green, middle images) to label membranes 

and with SiR-actin (SiR-act, orange, right images) to label F-actin. The left images 

show oocyte brightfield images. Scale bar 10 µm. 

 
Figure S3: Morphological characterization of competent Myo10-/- full oocytes 
arrested in prophase I  
A) Competent control (left panel) and Myo10-/- full (right panel) oocytes arrested in 

prophase I stained with SiR-DNA (blue). For each panel, the brightfield image of the 

oocyte is at the top and the corresponding SiR-DNA labeling at the bottom. Some 

follicular-like cells are ectopically located in the perivitelline space of the Myo10-/- full 

oocyte. Scale bar 10 µm. 

B) Bar graph of morphological features of competent prophase I arrested oocytes used 

by our machine learning algorithm to discriminate control oocytes from Myo10-/- full 

oocytes. Features are ranked according to their importance for oocyte classification.  

C) Scatter plot of the aspect ratio (circularity) of competent oocytes arrested in 

prophase I, as represented by the schemes on the left. The oocyte aspect ratio was 

measured automatically and represents a relevant feature used by our machine 



 47 

learning algorithm to discriminate control oocytes from Myo10-/- full oocytes. Control 

and Myo10-/- full oocytes are in dark gray and green, respectively. Control and Myo10-

/- oo oocytes are in light gray and blue, respectively. (n) is the number of oocytes 

analyzed. Data are mean±s.d. with individual data points plotted. Data are from thirteen 

independent experiments for control and Myo10-/- full oocytes and from four 

independent experiments for control and Myo10-/- oo oocytes. Statistical significance 

of differences was assessed by two-tailed Mann Whitney tests, P value = 0.0004 

(Myo10-/- full oocytes compared to control oocytes) and P value = 0.8235 (Myo10-/- oo 

oocytes compared to control oocytes). n.s not significant. 

D) Scatter plot of the perimeter of competent oocytes arrested in prophase I. Control 

and Myo10-/- full oocytes are in dark gray and green, respectively. Control and Myo10-

/- oo oocytes are in light gray and blue, respectively. (n) is the number of oocytes 

analyzed. Data are mean±s.d. with individual data points plotted. Data are from thirteen 

independent experiments for control and Myo10-/- full oocytes and from four 

independent experiments for control and Myo10-/- oo oocytes. Statistical significance 

of differences between Myo10-/- full oocytes and control oocytes was assessed by a 

two-tailed unpaired t test, P value = 0.0409. Statistical significance of differences 

between Myo10-/- oo oocytes and control oocytes was assessed by a two-tailed Mann 

Whitney test, P value = 0.7405. n.s not significant. 

E) Schemes summarizing the most important morphological features used by our 

machine learning algorithm to discriminate a control oocyte (left image) from a Myo10-

/- full oocyte (right image). Features include detection of vertical TZP-like structures in 

the zona pellucida (Fig.4 D-F), heterogeneity in perivitelline space thickness (Fig.4 D, 

G) and oocyte circularity C).  

 

Figure S4: Biotype of deregulated transcripts and enriched GO terms from 

Myo10+/- and Myo10-/- full oocytes RNA-Seq analysis  
A) Pie chart of deregulated transcript biotypes from the RNAseq analysis described in 

Fig.3A. lincRNA: long intergenic non-coding RNAs, miRNA: microRNA precursors, Mt-

tRNA: transfer RNA located in the mitochondrial genome and TEC: To be 

Experimentally Confirmed.  

B) Bar graph of significantly over-represented GO cellular component terms in the 

RNA-Seq deregulated gene list. Statistical significance of differences was assessed 
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by a Fisher’s exact test with false discovery rate correction. Note that the list of terms 

is not exhaustive.  

C) Bar graph of significantly over-represented GO molecular function terms in the 

RNA-Seq deregulated gene list. Statistical significance of differences was assessed 

by a Fisher’s exact test with false discovery rate correction. Note that the list of terms 

is not exhaustive.  

 
Figure S5: The cytoplasmic F-actin network is normally organized in Myo10-/- full 
oocytes 
A) Equatorial planes of control (left) and Myo10-/- full (right) oocytes stained with 

phalloidin 6h after NEBD. Scale bar 10 µm. 

B) Scatter plot of cytoplasmic F-actin intensity 6h after NEBD in control (dark gray) and 

Myo10-/- (green) full oocytes. (n) is the number of oocytes analyzed. Data are 

mean±s.d. with individual data points plotted. Data are from three independent 

experiments. Statistical significance of differences was assessed by a two-tailed Mann 

Whitney test, P value = 0.0111.  

C) Images of spindles and F-actin cages from control (left panel) and Myo10-/- full (right 

panel) oocytes 6h after NEBD. Oocytes are stained for Tubulin (TUB, yellow, left panel 

images) and stained with phalloidin (black, right panel images). Scale bar 10 µm. 

 

Table 1: Differential gene expression between competent Myo10+/- and Myo10-/- 

full oocytes arrested in prophase I performed by RNA-Seq 
Sheet 1) Raw data from the RNA-Seq analysis shown in Fig.3A. Sheet 2) The 685 

deregulated transcripts selected with a P adj < 0.05. The transcripts highlighted in 

green are those selected to be validated by the RT-qPCR analysis presented in Fig.3B. 

Sheet 3) The exhaustive list of significantly over-represented GO biological process 

terms in the list of deregulated transcripts. Significance was set at FDR P < 0.05. Terms 

highlighted in green are those shown in the bar graph in Fig.3C. Sheet 4) The 

exhaustive list of significantly over-represented GO cellular component terms in the list 

of deregulated genes. Significance was set at FDR P < 0.05. Terms highlighted in 

green are those shown in the bar graph in Fig.S3B. Sheet 5) The exhaustive list of 

significantly over-represented GO molecular function terms in the list of deregulated 

genes. Significance was set at FDR P < 0.05. Terms highlighted in green are those 

shown in the bar graph in Fig.S3C. 
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Movie S1: Decreased TZP density in Myo10-/- full oocytes highlighted by OMX 

super-resolution microscopy  
OMX microscopy movies showing TZPs of oocytes arrested in prophase I, freed of 

follicular cells and stained with phalloidin. The control oocyte is on the left and the 

Myo10-/- full oocyte is on the right. Movies are 3D projection images reconstructed from 

the 125 nm spaced Z acquisition from the outer layer of the zona pellucida (ZP) to the 

oocyte cortex. Movies start with the top view of the ZP outer layer, rotate to a ZP cross-

sectional view and come back to the ZP outer layer. Scale bar 5 µm. 

 

Movie S2: Intra-ovarian organization of Myo10-/- full mice 

Light-sheet fluorescence microscopy movies of cleared ovaries stained with TO-PRO-

3 to label nucleic acid. Movies are cross-sectional images of the ovaries spaced 1 µm 

apart. A) Movies of four ovaries from two adult control mice. B) Movies of four ovaries 

from two adult Myo10-/- full mice. Scale bars 200 µm. 

 

Movie S3: A subpopulation of Myo10-/- full oocyte arrest development in meiosis 
I 
Spinning disk movies showing brightfield images of a control oocyte (top movie), a 

Myo10-/- full oocyte that extruded a polar body (middle movie) and a Myo10-/- full oocyte 

that did not extrude a polar body (bottom movie). The oocytes are those shown in Fig.6 

A. Movies start 2 h 30 after NEBD and end 18 h after NEBD. Images are acquired 

every 30 min. Scale bar 10 µm. 

 

Movie S4: Myo10-/- full oocytes correctly form and position meiosis I spindles 

Spinning disk movies of oocytes stained with SiR-tubulin (SiR-tub) to label 

microtubules (yellow) from 30 min to 14 h 30 after NEBD. The top movies show a 

control oocyte, the middle movies a Myo10-/- full oocyte that extruded a polar body and 

the bottom movies a Myo10-/- full oocyte that did not extrude a polar body. For each 

oocyte, the left movie shows Max intensity Z Projection of SiR-tub labeling and the 

right movie the same SiR-tub labeling merged with the corresponding brightfield 

images. The oocytes are those shown in Fig.7 A. Images are acquired every 30 min. 

Scale bar 10 µm.  
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Movie S5: Myo10-/- full oocytes properly align meiosis I chromosomes 
Spinning disk movies of oocytes injected with H2B-GFP to label chromosomes from 2 

h 30 to 18 h after NEBD. Images are Max Intensity Z Projection of H2B labeling. The 

top movie shows chromosomes of a control oocyte, the middle movie chromosomes 

of a Myo10-/- full oocyte that extruded a polar body, and the bottom movie 

chromosomes of a Myo10-/- full oocyte that did not extrude a polar body. The oocytes 

are those shown in Fig.7 F. Images are acquired every 30 min. Scale bar 10 µm.  
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 This section expands on the discussion initiated in the main article of this study, 

i.e. the involvement of transzonal projections in oocyte developmental competence.  In 

this regard, I develop here the three axes discussed earlier in the article: the 

unexpected canonical size attained by TZP-deprived oocytes at the end of growth, the 

likely impact of TZPs on zona pellucida integrity, and the possible origins of the meiosis 

I arrest observed in some TZP-deprived oocytes.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 51 

 By generating mice totally depleted of Myosin-X, the molecular motor identified 

as a likely component of transzonal projections, we severely reduced the density of 

somatic contacts received by the oocyte before the resumption of meiosis. We studied 

the impact of this reduction on oocyte quality, focusing on the morphology of competent 

oocytes at the end of growth and their ability to complete meiotic maturation. Taken 

together, our results support the consensus that TZPs are required for oocyte quality. 

Interestingly, they also tend to revise downward the extent of TZP support for oocyte 

development, as pointed out by our collaborator Hugh Clarke early in this study. Here, 

I will discuss the possible origins of oocyte phenotypes caused by reduced TZP 

density. I will also provide my interpretation of how some aspects of oocyte 

development, particularly oocyte growth, were not affected to the extent expected by 

decreased TZP density.  

 

I) TZP-deprived oocytes reach canonical size 

 

1) TZP density reduction and oocyte size in the literature 

  

 Several studies in mice have reported TZP disruption or decreased TZP density 

following targeted gene deletion (Carabatsos 1998, McGinnis and Kinsey 2015, 

Lowther 2017, Zhang 2021) or in aged females (El-Hayek 2018). In these situations, 

oocyte size has been measured. Although the role of decreased TZP density on oocyte 

size in these studies should be taken with caution, as additional follicular defects 

caused by the various gene deletions may have affected oocyte growth, it is interesting 

to note the correlation between decreased TZP density and oocyte size.  

 Among these studies, the following reported a decrease in oocyte size or delay 

in oocyte growth when TZP density was reduced (Lowther and Mehlmann 2015, 

Lowther 2017, McGinnis and Kinsey 2015, Zhang 2021). In Lowther 2017, TZP 

disruption was observed as early as the late preantral stage in mice deficient in EPAB, 

an oocyte poly(A)-binding protein. The decrease in size of these oocytes compared to 

controls was reported as discrete in Lowther and Mehlmann 2015. However, it should 

be considered that EPAB depletion may have impacted the expression of oocyte 

transcripts accumulated during growth, thereby potentially affecting oocyte size 

independently of TZP number. McGinnis and Kinsey reported a reduction in TZP 
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number following depletion in the oocyte of Proline-rich tyrosine kinase 2, a focal 

adhesion kinase involved in the formation and maintenance of adhesion junctions. In 

their study, oocyte diameter was measured at metaphase II, after extrusion of the first 

polar body. A measurement of oocyte size in prophase I would have been of interest 

to exclude a possible defect in spindle migration in these oocytes that could have led 

to a change in division geometry and contributed to the decrease in oocyte size 

compared to controls. The reduction in TZP density in Zhang 2021 was observed 

following deletion in the oocyte of radixin, a gene involved in microvilli formation, which 

led to a loss of oocyte microvilli. The authors proposed that the reduction in TZP density 

may have been caused by altered release of oocyte factors, such as GDF-9, following 

the loss of oocyte microvilli. In this study, although interesting to consider, the role of 

TZPs in oocyte growth cannot be separated from that of oocyte microvilli. 

 Reversely, in El-Hayek 2018 and Carabatsos 1998, an increase in oocyte 

diameter was reported to correlate with decreased TZP numbers. El-Hayek and 

colleagues observed this correlation in aged mice. In this context, other oocyte defects 

triggered by aging could also have contributed to the increase in oocyte size. 

Carabatsos and colleagues noted the reduction in TZP density in mice deficient in 

GDF-9. As discussed earlier in the Results section, the increase in the diameter of 

these oocytes could have resulted from the lack of GDF-9 regulation of Kit ligand 

expression in granulosa cells (Elvin 1999), which may have impacted oocyte growth. 

  In mice lacking MYO10, we did not measure a difference in size between 

competent TZP-deprived oocytes and controls. In our case, we did not measure TZP 

density during the growth of Myo10-/- follicles, as we only assessed TZP density at the 

antral stage. Indeed, we lack robust data on TZP density at the preantral stage, as our 

fixation protocols used for immunostaining did not preserve the integrity of preantral 

follicles from control and Myo10-/- mice. In addition, it is possible that the preantral 

follicles collected were undergoing atresia. Therefore, we cannot exclude that oocytes 

from Myo10-/- full follicles received a canonical number of somatic contacts (or a 

sufficient TZP density to grow properly) during the preantral stage. This could have led 

to oocytes having a similar size to controls at the end of growth despite the reduction 

in TZP density later in the antral stage.  

 Therefore, there are two possibilities to explain the lack of growth defects in 

Myo10-/- full oocytes. First, it is possible that MYO10 depletion led to a reduction in 

TZP density too late in follicular growth to affect oocyte size. Second, it is possible that 
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the decrease in TZP density occurred early in growth, but that TZPs play a minor role 

in shaping oocyte size, or do not need to be in large numbers for the latter, or that 

compensatory factors have been implemented to compensate the decrease in TZP 

density. The same hypotheses of sufficient remaining intercellular communication, or 

compensatory mechanism, were proposed by Lowther 2017 to explain how follicles 

from EPAB-deficient mice could develop beyond the preantral stage despite TZP 

disruption.  

 To determine the latter, it would be worthwhile to measure the density of live-

labeled-TZPs (as done in the article) of all the antral stage oocytes we have already 

collected. This would encompass both incompetent oocytes (including those that have 

not completed growth) and competent oocytes (fully grown). We will then plot the 

density of TZPs as a function of oocyte size. This will allow us to determine, first, 

whether TZP density is different between control and Myo10-/- full oocytes of similar 

size, especially the smaller ones. Second, this will allow us to compare TZP density 

between Myo10-/- full oocytes of different sizes, and therefore determine the extent of 

TZP density decrease throughout the completion of the growth phase. If we do not 

measure a decrease in TZP density between small control and Myo10-/- full oocytes, 

this will indicate that MYO10 is involved in the maintenance of TZPs, rather than their 

formation. However, if we measure a significant decrease in TZP density between the 

two conditions in small antral stage oocytes, then we will need to determine TZP 

density further upstream in oocyte growth, in preantral stage oocytes, to conclude on 

the latter. 

 To access TZP density at the preantral stage, it would be important to follow 

TZPs dynamics in live during oocyte growth. Crossing mice of the Myo10-/- full 

knockout strain with mice expressing a membrane-targeted fluorescent protein (as 

used in El-Hayek 2018 and Zhang 2021) would allow live labeling and monitoring of 

TZPs throughout growth in in vitro follicular assays (with a microscope enabling live 

acquisition of whole follicles) and measure the correlation between TZP density and 

the growth rate of Myo10-/- full and control oocytes.  
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2) Oocyte-directed compensation for increased nutrient uptake? 

  

 Although we do not know if Myo10-/- full oocytes were provided with fewer 

somatic contacts than controls early in their growth, I will assume for the rest of the 

discussion that they received a reduced density of TZPs for a substantial period of 

growth. This will allow me to discuss whether the remaining TZPs were in sufficient 

numbers to allow the growth of Myo10-/- full oocytes, or whether compensatory 

mechanisms occurred to offset the reduction in somatic contacts.  

 As discussed earlier in the article, the presence of functional gap junctions 

located at the interface between the remaining TZPs and the oocyte is a reasonable 

assumption to explain how the competent Myo10-/- full oocytes achieved a canonical 

size. In this way, the junctional coupling between the granulosa cells and the oocyte, 

required for proper oocyte development (Simon 1997), would have been preserved to 

allow oocyte growth. In this regard, it is possible that the number of TZP-oocyte gap 

junctions was sufficient to permit the growth of Myo10-/- full oocytes without oocyte-

ordered compensation. However, we can also assume that Myo10-/- full oocytes 

requested the granulosa cells to enhance metabolic coupling to compensate for the 

decrease in TZP density.  

 In this respect, it is possible that Myo10-/- full oocytes modulated the expression 

level of connexins (or proteins promoting gap junction formation and function) in 

granulosa cells to increase oocyte-somatic cells coupling. This hypothesis is supported 

by the fact that Bone morphogenetic protein 15, a factor secreted by the oocyte, down-

regulated the expression of Connexin 43 in immortalized human granulosa cells, a 

connexin that composes gap junctions at the interface between granulosa cells (Chang 

2014). The latter was correlated with a decrease in the activity of gap junction 

communication between granulosa cells. Similarly, but in reverse, it is possible that 

Myo10-/- full oocytes increase the expression in granulosa cells of connexins located 

at the TZP-oocyte interface, or of genes involved in promoting gap junction formation 

or function, to enhance oocyte-somatic cell coupling. 

 In addition, the Myo10-/- full oocyte may also have instructed the granulosa cells 

to increase their accumulation of metabolites for subsequent uptake by the oocyte. 

Interestingly, it has been shown in mice that the oocyte regulates the expression in 

granulosa cells of genes encoding glycolytic enzymes (Sugiura 2005) and the amino 

acid transporter Solute carrier family 38, member 3 (Eppig 2005). These modulations 
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would notably allow an adequate level of metabolites in the granulosa cells for 

subsequent transfer to the oocyte. Therefore, Myo10-/- full oocytes could increase the 

metabolic activity of the granulosa cells to obtain sufficient metabolite content. This 

would account for the correct growth of Myo10-/- full oocytes despite the decrease in 

somatic contacts. 

II) Possible effects of TZPs on zona pellucida integrity

1) Impaired zona pellucida due to altered expression/secretion of its

component proteins?

We described several phenotypes in Myo10-/- full oocytes that suggest that they 

display an altered zona pellucida. Notably, their matrix is discreetly thicker than that of 

controls and occasionally allows granulosa-like cells to be present in an ectopic 

manner in the perivitelline space.  

Given that the proteins composing the zona pellucida are exclusively expressed 

by the oocyte in mice (Wassarman and Litscher 2018), TZPs may participate indirectly 

in this process by modulating their expression or secretion by the oocyte through the 

mediation of intercellular communication. In this regard, decreased TZP density in 

Myo10-/- full follicles may have led to impaired communication between granulosa cells 

and the oocyte. This potential impairment, while not preventing the oocyte from 

reaching canonical size (see paragraph above), may have affected the ability of the 

oocyte to properly mediate zona pellucida assembly. It should be noted that 

transcripts encoding ZP1, 2 and 3, the three proteins that compose the zona 

pellucida in mice, are not significantly deregulated in Myo10-/- full oocytes compared 

to control oocytes, as revealed by our RNA-Seq analysis. However, it is possible that 

the protein level of ZP1, 2 or 3 is altered, or that Myo10-/- full oocytes secreted these 

proteins in an impaired or unregulated manner, leading to the phenotypes described 

above.  

2) Impaired zona pellucida due to lack of matrix degradation by TZPs?

In addition to a possible indirect role of TZPs in regulating expression/secretion 

of zona pellucida proteins by the oocyte, it is possible that TZPs modulate the 
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extracellular matrix by secreting proteases locally. In fact, it remains to be understood 

how TZPs penetrate and develop in the matrix. One possibility is that TZPs degrade 

the zona pellucida to create a path through which they can grow.  

 This latter process would be reminiscent of that used by invadopodia, cellular 

protrusions established by cancer cells that are suggested to promote cell invasion into 

the stroma by degrading basement membranes (Schoumacher 2010, Paterson and 

Courtneidge 2018). Interestingly, MYO10 is involved in the formation of invadopodia 

(Schoumacher 2010). MYO10 depletion in cancer cell lines by siRNA not only resulted 

in a decrease in the proportion of long invadopodia in the cells, but also reduced the 

number of cells capable of matrix degradation and the extent of that degradation. 

Schoumacher and colleagues notably hypothesized that MYO10 would transport 

matrix metalloproteinases, proteases involved in basement membrane degradation, 

along the invadopodia. It is interesting to consider that TZPs, also MYO10-rich 

protrusions, could make their way into the zona pellucida in a similar manner. In this 

regard, the decrease in TZP density in Myo10-/- full follicles would lead to a decrease 

in extracellular matrix digestion. This could account for the discreet increase in zona 

pellucida thickness measured in Myo10-/- full oocytes compared to controls. 

 Since the zona pellucida is involved in fertilization and early embryo 

development, alteration of its integrity could lead to fertility defects. It would be 

interesting to in vitro fertilize Myo10-/- full oocytes with control spermatozoa to assess 

whether oocytes can be fertilized and sustain early embryonic development with a 

presumed altered zona pellucida.  

 

III) Origins of metaphase I arrest in some TZP-deprived oocytes 

 

 As discussed in the first part of this section, functional gap junctions between 

the oocyte and granulosa cells are the most likely hypothesis to explain the fact that 

competent Myo10-/- full oocytes were able to reach a canonical size. Nevertheless, we 

cannot exclude that gap junctions were not sufficient in number or efficient enough to 

mediate other biological processes in the follicle than oocyte size increase. In addition, 

other intercellular communications (e.g., potential exchange of extracellular vesicles) 

may have been impaired as a result of the decrease in TZP density. Such an alteration 

in oocyte-somatic cell interaction may have lowered the quality of Myo10-/- full oocytes 
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prior to meiosis resumption. This may explain the slightly reduced ability of these 

oocytes to complete meiosis I. However, it should be considered that oocyte defects 

caused by possible impaired communication with granulosa cells are probably 

moderate, as more than half of the Myo10-/- full oocytes successfully reached meiosis 

II. However, we still do not know if these meiosis II oocytes give rise to good quality 

embryos after fertilization, since these experiments are still ongoing.  

 

1) Alteration of oocyte lipid content? 

 

 Interestingly, it has been shown in cows that Fatty acid-binding protein 3 

(FABP3), a protein involved in fatty acid transport, is contained in TZPs (Del Collado 

2017). The authors proposed that TZPs may mediate the transport of FABP3, and by 

extension fatty acids, from cumulus cells to the oocyte during in vitro maturation, and 

thereby be involved in lipid accumulation in the oocyte. This hypothesis is supported 

by the fact that oocyte lipid content decreased when TZPs were disrupted by 

cytochalasin B during in vitro maturation, compared to untreated controls. Therefore, 

granulosa cells may act as modulators of oocyte lipid content through potential TZP-

mediated transport of protein-associated fatty acids. 

 In our case, Myo10-/- full oocytes underwent meiotic maturation devoid of 

cumulus cells. Hence, assuming that TZPs regulate oocyte lipid content, this regulation 

could only have occurred earlier during oocyte growth. It is conceivable that the 

decrease in TZP density led to a decline in intercellular fatty acid transport, causing a 

decrease in oocyte lipid content before and during meiotic maturation. 

  Importantly, while a relative increase in oocyte lipid content has been associated 

with impaired meiotic maturation in mice (Yang 2012, as cited in Del Collado 2017), 

the effect of decreased oocyte lipid content on maturation has not been addressed to 

my knowledge. Indeed, mouse oocytes from COCs undergoing in vitro maturation in 

human follicular fluid considered lipid-rich had higher lipid content and decreased 

ability to reach metaphase II than oocytes from COCs cultured in follicular fluid 

considered lipid-poor (Yang 2012). It should be noted that in this study, the lipid content 

of oocytes from COCs matured in lipid-poor follicular fluid was not different from that 

of oocytes matured in vivo. Therefore, although outside the scope of this article, Yang’s 

2012 study cannot provide information on the effect of low oocyte lipid content on 
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meiotic maturation. However, considering that fatty acids are involved in different 

biological processes, including regulating the physical properties of cellular 

membranes and supplying cells with energy (de Carvalho and Caramujo 2018), it is 

conceivable that a possible decrease in oocyte lipid content prior to meiosis resumption 

could have participated in the metaphase I arrest occurring in some Myo10-/- full 

oocytes. An easy experiment to determine this, which we have begun to perform, 

would be to incubate oocytes with a lipid dye (e.g., Nile red) in prophase I and compare 

the total cell intensity signal of the dye in Myo10-/- full oocytes with that in control 

oocytes. At present, we have not observed any alteration in the cellular localization 

and organization of Nile red in Myo10-/- full oocytes compared to controls, but the signal 

intensity of the dye remains to be quantified. If a decrease in lipid content is confirmed 

in TZP-deprived oocytes, then it would be interesting to test whether there is a 

correlation between the intensity or pattern of the Nile red signal and whether or not 

the Myo10-/- full oocyte has succeeded in extruding a polar body.  

 

2) Unregulated oocyte pHi during growth? 

 

 Oocytes have a poor ability to regulate their intracellular pH (pHi) during growth. 

They rely on granulosa cells to perform this process until they become progressively 

autonomous to do so as they increase in size. It is proposed that through oocyte-

somatic cell gap junctions, oocytes benefit from the pH-regulatory mechanisms of the 

granulosa cells (e.g., HCO3
-/Cl- or Na+/H+ exchangers) to regulate oocyte pHi 

(FitzHarris and Baltz 2006 and 2009).  
 During follicular growth, as discussed above, the number or efficiency of gap 

junctions between granulosa cells and the oocyte may have been altered following 

total depletion of MYO10. Therefore, it is possible that the granulosa cells had a 

decreased ability to regulate pHi of Myo10-/- full oocytes before or during the period 

when oocytes begin to achieve this ability. Interestingly, growing oocytes devoid of 

granulosa cells display reduced pHi compared to same size follicle-enclosed oocytes 

(FitzHarris and Baltz 2006). In this regard, the quality of Myo10-/- full oocytes may have 

been impaired prior to meiosis resumption due to uncorrected low pHi during growth. 

This may have reduced their ability to successfully complete meiotic maturation. To 

assess this, a pHi measurement of preantral stage oocytes, as performed by FitzHarris 

and Baltz, would be of interest to determine whether Myo10-/- full oocytes had 
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uncorrected low pHi during their growth. However, this latter experiment first requires 

that we improve our collection of preantral follicles and confirm that TZP density is 

decreased at a stage when oocytes are still dependent on granulosa cells for pHi 

regulation. 

3) Indirect cause of an altered transcriptome?

By performing RNA-Seq analysis on competent oocytes arrested in prophase I, 

we were able to reveal that several transcripts are deregulated (mostly up-regulated) 

in Myo10-/- full oocytes compared to controls. These deregulations may have occurred 

in response to abnormalities in the oocyte (e.g., excessive amount of reactive oxygen 

species, as proposed in the Results section). It is also possible that these 

deregulations reflect the fact that the synthesis or stability of certain oocyte transcripts 

is under the control of granulosa cells. The lack of a statistically significant change in 

the global transcriptional activity between Myo10-/- full oocytes and control oocytes 

suggests that the modulation of the oocyte transcriptome by granulosa cells would 

involve only a subset of transcripts. Therefore, it is attractive to consider that granulosa 

cells, via TZPs, may selectively regulate the expression or stability of oocyte target 

genes that may be involved in the achievement of meiotic maturation, and possibly 

early embryogenesis.  

3.1- Somatic regulation of the oocyte transcriptome through TZP-

mediated transfer of RNA?  

To explain the high proportion of up-regulated transcripts in Myo10-/- full oocytes 

compared to controls, granulosa cells may act as repressors of expression of a subset 

of oocyte genes. First, it is possible that somatic paracrine factors that are released by 

TZPs down-regulate the expression of specific genes in the oocyte. Second, it is 

conceivable that granulosa cells use their own transcripts to selectively modulate the 

oocyte transcriptome. This hypothesis is supported by the fact that TZPs have been 

shown to enable the transfer of mRNAs and long noncoding RNAs from cumulus cells 

to the oocyte in cows (Macaulay 2014, Macaulay 2016).  
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Interestingly, tunneling nanotubes, although a different type of cellular 

protrusion than TZPs, have also been proposed to mediate the transfer of RNA (such 

as mRNA, microRNA or viral RNA) from one cell to another (Haimovich 2021). As 

pointed out by the authors of this review, the biological relevance of the TNT-mediated 

transfer of RNA remains to be better deciphered. It may coordinate a myriad of 

biological processes in the acceptor cell, which could serve as inspiration for future 

studies aimed at elucidating the role of the TZP-mediated transfer of RNA in the oocyte, 

if it occurs.  

Similar to what has been suggested for TNTs connecting donor and acceptor 

cells (Haimovich 2021), TZPs could mediate the transfer of microRNAs from granulosa 

cells to the oocyte, which could be critical for degradation or prevention of translation 

of specific mRNAs in the oocyte. As a second possibility, again similar to what has 

been proposed for TNTs connecting donor and acceptor cells (Haimovich 2021), TZP-

mediated transfer of mRNAs encoding transcription factors may regulate the 

expression of target genes in the oocyte. In Myo10-/- full follicles, the decrease in TZP 

density may have reduced the transfer to the oocyte of somatic microRNAs or mRNAs 

encoding transcriptional repressors. This could explain the high proportion of up-

regulated transcripts in Myo10-/- full oocytes compared to controls, as revealed by our 

RNA-Seq analysis. Therefore, it is interesting to consider that a subset of oocyte 

genes, if not down-regulated by granulosa cells to some extent, may interfere directly 

or indirectly with the process of meiotic maturation and potentially further embryo 

development. 

3.2- Impaired MPF regulation in Myo10-/- full oocytes? 

As discussed in the Results section, cyclin B1 is a possible gene down-

regulated by granulosa cells for optimal completion of meiotic maturation. We 

confirmed that its mRNA is up-regulated in Myo10-/- full oocytes arrested in prophase 

I by RNA-Seq and RT-qPCR analysis. It remains to be determined (by immunostaining 

or immunoblotting) whether this up-regulation led to an increase in Cyclin B1 protein 

synthesis in prophase I and throughout meiotic maturation in Myo10-/- full oocytes. If 

the latter hypothesis is confirmed, it is conceivable that this resulted in sustained MPF 

activity that possibly may have prevented anaphase onset in some TZP-deprived 
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oocytes. Indeed, overexpression of cyclin B1 has been associated with metaphase I 

block in mouse oocytes (Ledan 2001). To determine whether impaired regulation of 

MPF activity plays a role in meiotic arrest of Myo10-/- full oocytes, we began incubating 

oocytes with Roscovitine, a drug inhibiting cyclin-dependent kinases. If drug treatment 

rescues the onset of anaphase I in Myo10-/- full oocytes, this would be consistent with 

a role for impaired MPF regulation in metaphase I arrest in these oocytes. It should be 

noted that Myo10-/- full oocytes do not seem to spontaneously resume meiosis when 

cultured in vitro in a medium maintaining a high level of oocyte cAMP. This indicates 

that the possible overexpression of Cyclin B1 is modest in these oocytes, at least in 

prophase I.  

 
Concluding remarks 

  

 By generating mice fully depleted of MYO10, we have shown that a decrease in 

TZP density does not prevent the oocyte from growing, plausibly alters the integrity of 

the zona pellucida, and slightly reduces the ability of oocytes to complete meiosis I. To 

further determine the role of TZPs in oocyte developmental potential, it would be 

worthwhile to test whether Myo10-/- full oocytes that have extruded a polar body are 

capable of undertaking early embryogenesis to the same extent as control oocytes. To 

this end, monitoring of the first embryonic divisions after in vitro fertilization with control 

spermatozoa or mating with a control male is required, as well as fertility tests, all of 

which are ongoing.   

 Taken together, our results confirm that TZPs enhance the developmental 

potential of the oocyte. We suggest an interesting role for granulosa cells as repressors 

of specific genes in the oocyte involved directly or indirectly in the completion of meiotic 

maturation and potentially early embryo development. Our results also tend to 

moderate the extent of TZP contribution to oocyte development. To confirm this, it is 

crucial that we determine at what stage of follicular growth the decrease in TZP density 

is initiated in mice totally lacking MYO10.  
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 Attached is the manuscript published in Nature Communications in April 2020 

with Isma Bennabi, a former PhD student in the lab, as first author. The article further 

investigates the molecular and cellular repercussions in the mouse oocyte of excessive 

decrease in oocyte cortical tension following exogenous nucleation of subcortical 

branched F-actin. Importantly, the article demonstrates that an aberrantly soft cortex 

enhances chromosome misalignment before anaphase of the first meiotic division. 

This reinforces the concept that a defined range of oocyte cortical tension is not only 

critical for spindle off-centering, but also for oocyte quality, as chromosome 

misalignment before anaphase is at the possible origin of aneuploidy. I participated in 

this project by helping to confirm that an excessively low cortical tension mediated by 

another means than exogenous nucleation of subcortical F-actin, i.e., following an 

exogenous nucleation of straight F-actin at the cortex, would also impair spindle off-

centering and chromosome alignment in the mouse oocyte. 
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Auguste Genovesio 6, Marie-Hélène Verlhac 1✉ & Marie-Emilie Terret 1✉

Human and mouse oocytes’ developmental potential can be predicted by their mechanical

properties. Their development into blastocysts requires a specific stiffness window. In this

study, we combine live-cell and computational imaging, laser ablation, and biophysical

measurements to investigate how deregulation of cortex tension in the oocyte contributes to

early developmental failure. We focus on extra-soft cells, the most common defect in a

natural population. Using two independent tools to artificially decrease cortical tension, we

show that chromosome alignment is impaired in extra-soft mouse oocytes, despite normal

spindle morphogenesis and dynamics, inducing aneuploidy. The main cause is a cytoplasmic

increase in myosin-II activity that could sterically hinder chromosome capture. We describe

here an original mode of generation of aneuploidies that could be very common in oocytes

and could contribute to the high aneuploidy rate observed during female meiosis, a leading

cause of infertility and congenital disorders.
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M
eiosis in human females is error prone, resulting in
aneuploidy, and as such is the leading cause of mis-
carriage and developmental disabilities such as triso-

mies1. It was recently shown that human and mouse oocytes
developmental potential is accurately predicted by mechanical
properties within hours after fertilization2,3. In previous studies,
we have deciphered how cortex tension is regulated in mouse
oocytes and embryos4–6. Using multidisciplinary approaches, we
showed that the nucleation of a cortical F-actin thickening by the
Arp2/3 complex in meiosis I excludes myosin-II from the cortex,
decreasing cortical tension4,5. This change in cortex mechanics
amplifies an initial imbalance of potential pulling forces exerted
by myosin-II at the actin cage surrounding the microtubule (MT)
spindle5,7–9, the forces being probably stronger at the pole closest
to the cortex because of the initial slight asymmetry of spindle
position10. Spindle motion is slow8,10 but is amplified by the
progressive deformation of the cortex, made possible by lowering
of cortical tension. This reduced cortex tension allows the
recruitment of filaments between the cortex and the spindle, and
therefore potential amplification of initial forces. The change in
cortex mechanics is required for spindle migration from the
oocyte center to its cortex, generating an asymmetric division in
size after anaphase. The asymmetry in size of the meiotic division
allows the preservation of maternal stores accumulated during
oocyte growth and required for embryo development. Although
the drop in cortex tension is required for spindle migration in
oocytes4, spindle migration is also prevented by a too low ten-
sion5. Thus, the geometry of the division depends on a narrow
window of cortical tension, regulated by myosin-II cortical
localization, itself fine-tuned by actin nucleation. Defects in cor-
tical tension affect the geometry of oocyte divisions, potentially
impacting on their developmental potential11. In this study, we
address the origin of early developmental failure due to cortical
tension defects in the oocyte other than perturbation in the
geometry of the division. We focused on extra-soft oocytes, which
represent the most common case in a natural population of
human and mouse oocytes2. To specifically enrich in this sub-
population to be able to analyze a large number of cells, we
generated extra-soft oocytes by using two constructs promoting a
decrease in cortical tension when expressed in mouse oocytes.
First, we used the cortical verprolin-homology coflilin-homology
acidic (cVCA) construct5 that forces Arp2/3-dependent actin
nucleation at the cortex of oocytes, chasing myosin-II from the
cortex, leading to cortical tension decrease and apparent
softening4,5. Second, we designed a construct that induces ectopic
actin assembly by the FH1FH2 nucleating domain of formin 2 at
the cortex of oocytes. We show that expression of this construct
also induces myosin-II cortical displacement and reduces cortical
tension.
Using these two approaches, we observe impaired chromosome

alignment and aneuploidy in extra-soft oocytes, despite normal
spindle assembly and dynamics as assessed by MT density and
growth measurements. By performing laser ablation experiments,
we show the presence of forces applied by F-actin on the spindle
and transmitted to the chromosomes. Even though the intensity
of these forces appears reduced in extra-soft oocytes, they do not
seem to contribute to chromosome misalignment. Rather, a
cytoplasmic increase in myosin-II activity appears as the main
cause of chromosome misalignment, potentially sterically hin-
dering chromosome capture, as decreasing myosin-II activity in
extra-soft oocytes rescues alignment. In this work, we describe a
possible mode of generation of aneuploidies that could be very
common in female gametes. Indeed, 36% of oocytes are measured
as too soft in a natural population2. A fraction of these naturally
soft oocytes might present chromosome alignment defects
impeding on their future development after fertilization,

contributing to the high aneuploidy rate measured in female
meiosis, a leading cause of infertility1.

Results
Too soft oocytes are aneuploid. Extra-soft oocytes are the most
represented case in a natural population of mouse and human
oocytes2. To specifically enrich in this subpopulation and be able
to analyze a large number of cells, we developed tools able to
decrease cortical tension.
The first one is the cVCA (Fig. 1a), a construct that forces

branched Arp2/3-dependent nucleation of F-actin at the cortex,
chasing cortical myosin-II and leading to a decrease in cortical
tension5. As a consequence, cVCA-expressing oocytes (named
cVCA oocytes hereafter) are extra soft. We followed chromosome
alignment and segregation by live spinning-disk microscopy
during meiosis I in cVCA oocytes. Whereas chromosomes are
aligned on the metaphase I plate in controls, cVCA oocytes
display chromosome alignment defects before anaphase I
(Fig. 1b). We defined oocytes with misaligned chromosomes
before anaphase I as having one or several chromosomes away
from the metaphase plate. Using this criterion, 48% of cVCA
oocytes present chromosomes that are not aligned before
anaphase I (Fig. 1c right gray bar) compared with 15 % in
controls (Fig. 1c left gray bar). cVCA oocytes still undergo
anaphase on time, despite having misaligned chromosomes5. This
leads to aberrant chromosome segregation at anaphase I (Fig. 1b
red asterisk) and aneuploidy (Supplementary Fig. 1 80% of
oocytes are euploid in controls vs. 37.5% in cVCA oocytes and
Supplementary Movie 1), as measured on intact oocytes using
Monastrol spreads12 (see Methods). To further characterize the
phenotype of cVCA oocytes, we developed an automated and
blind approach to discriminate statistically significant features
different between control and extra-soft oocytes. This was
achieved using an unbiased computational imaging approach to
automatically threshold the stacks of images (control and cVCA
oocytes 30 min before anaphase I) and extract the features
differing the most between controls and extra-soft oocytes (as in
ref. 13). The aspect ratio was the most significantly different
feature between the two conditions (Fig. 1d). This feature is
defined by the ratio of the minor axis length to the major axis
length. When this ratio is 1, both axes are equal and the shape is
close to a circle (Fig. 1d red circle on the right). On the opposite,
when the ratio is close to 0, the minor axis is much smaller than
the major axis and the shape is flat (Fig. 1d red ellipse on the left).
For controls, the aspect ratio was close to 0 (Fig. 1d black curve
bars), showing that the chromosomes were aligned. In cVCA
oocytes, aspect ratios formed a bimodal distribution between 0
and 1, arguing that some of the oocytes displayed chromosomes
that were aligned as in the controls but others displayed
chromosomes that were misaligned (Fig. 1d blue curve bars).
This computational approach allowed us to quantify and validate
the chromosome alignment defect we observed in cVCA oocytes,
and allowed us to find an easy criterion to measure it in an
unbiased manner (Fig. 1d). This criterion was then applied
manually in the rest of the study by drawing the bounding boxes
around the chromosomes and measuring their width as a readout
for chromosome alignment (Fig. 1h).
To exclude the possibility that impaired chromosome align-

ment was specific to cVCA-expressing oocytes, we designed
another tool able to decrease cortical tension, the cFH1FH2. This
construct was obtained by fusing the FH1FH2 domain of formin
2 to ezrin (Fig. 1e), forcing linear actin nucleation at the cortex of
mouse oocytes. Similar to the cVCA, the cFH1FH2 localizes
specifically to the oocyte cortex (Supplementary Fig. 2A bottom
left panel). Unlike the cVCA and probably due to the difference
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in the nature of the network nucleated (branched for cVCA vs.
linear for cFH1FH2), oocytes expressing the cFH1FH2 (named
cFH1FH2 oocytes hereafter) do not nucleate a cortical actin
thickening (Supplementary Fig. 2A bottom right panel and
quantification in 2B). Surprisingly, expression of the cFH1FH2
construct is associated with a reduction in cortical myosin-II

levels (Supplementary Fig. 2C and quantification in 2D). These
data show that overnucleation of linear actin by FH1FH2 at the
cortex of oocytes is sufficient to chase myosin-II. It suggests that
myosin-II can be chased by steric hindrance and not by
preferential binding to one type of actin network (linear vs.
branched) at the cortex of mouse oocytes. Finally, cFH1FH2
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expression induces an eight-fold decrease in cortical tension
measured by micropipette aspiration (Supplementary Fig. 2E,
3.58 ± 1.1 nN per μm for controls and 0.41 ± 0.2 nN per μm for
cFH1FH2 oocytes). Thus, cortical myosin-II removal in
cFH1FH2 oocytes leads to cortex softening as for cVCA oocytes.
Similar to what was observed with the cVCA construct, meiosis I
spindle length is comparable to controls in cFH1FH2 oocytes
(Supplementary Fig. 2F), but its migration is impaired (Supple-
mentary Fig. 2G and quantification in 2H), consistent with the
fact that cortical tension impacts meiosis I spindle migration in
mouse oocytes4,5. Very interestingly, cFH1FH2-expressing
oocytes also display chromosome alignment defects (Fig. 1f). In
controls, chromosomes are aligned on the metaphase plate at the
end of meiosis I (Fig. 1f upper panels), whereas chromosomes in
cFH1FH2 oocytes do not form a proper plate (Fig. 1f bottom
panels). In particular, 61% of cFH1FH2 oocytes have misaligned
chromosome before anaphase against 21% of controls (Fig. 1g).
To further quantify chromosome alignment, we measured the
width of the bounding box encompassing the metaphase I plate
(Fig. 1h yellow square and yellow dash line). If chromosomes are
misaligned, the bounding box width should be larger than when
chromosomes are tightly aligned. Indeed, the bounding box width
is increased before anaphase in cFH1FH2 oocytes (13.37 ± 3.1
µm; Fig. 1h magenta dots) compared with controls (11.23 ± 1.4
µm; Fig. 1h black dots). cFH1FH2 oocytes still undergo anaphase
and first polar body extrusion (Fig. 1f and Supplementary Fig. 2I),
despite having misaligned chromosomes, leading to aberrant
chromosome segregation at anaphase I (Fig. 1f red asterisk).

In conclusion, actin accumulation at the oocyte cortex,
regardless of its organization, sterically excludes myosin-II,
decreasing cortical tension. Remarkably, chromosome alignment
errors could be a hallmark of oocytes with a too low cortical
tension.

Too soft oocytes, smaller, have normal cytoplasmic activity. As
observed before5, cVCA oocytes display strong shape deforma-
tions inherent to their decrease in cortical tension (Supplemen-
tary Fig. 3A). The same is true for cFH1FH2 oocytes
(Supplementary Fig. 2A, C). These deformations are stable at long
time scales (Supplementary Fig. 3B spanning 1 h 30 min) and at
short time scales, as observed by high-frequency video micro-
scopy (Supplementary Movie 2). The presence of deformations in
cVCA oocytes prompted us to precisely measure their volume.
For this, we took advantage of the fluorescence exclusion mea-
surement (FXm) method initially described in ref. 14, to measure
the volume of control and cVCA oocytes (Supplementary
Fig. 3C). The mean volume of cVCA oocytes is reduced by 9.45%
compared with controls (Supplementary Fig. 3D).
We then wondered what could be the consequences of this

volume reduction of about 10%, and in particular if it could
impact cytoplasmic activity. Cytoplasmic activity represents the
movement of the cytoplasm within a cell. The cytoplasmic
motion translates into the movement of all intracellular
organelles, as has been observed in Prophase I mouse oocytes15.
One could imagine that extra-soft oocytes with a reduced volume
would have a more viscous cytoplasm, reflected by a lower
cytoplasmic activity, impairing chromosome movement and
resulting in chromosome misalignment. To test this hypothesis,
we assessed oocyte cytoplasmic activity by tracking the movement
of vesicles using high-frequency spinning-disk microscopy
(Supplementary Movie 3), as previously described in ref. 15. We
measured the mean square displacement (MSD) of the vesicles,
representing the space they explore, obtained by averaging the
square of the distance traveled per unit of time. The MSD plots
describing vesicle movement in the cytoplasm are similar,

suggesting that the cytoplasmic activity is not impaired in cVCA
oocytes (Supplementary Fig. 3E). In conclusion, chromosome
misalignment in cVCA oocytes is not due to a difference in
cytoplasmic activity.

Too soft oocytes transmit weaker forces to chromosomes.
Defects in chromosome alignment could be due to altered forces
transmitted from the cortex to the chromosomes. We first directly
tested whether forces are mechanically transmitted to chromo-
somes in control oocytes and then whether a decrease in cortical
tension results in aberrant forces, potentially impairing chromo-
some alignment in extra-soft oocytes.
In control oocytes, chromosomes migrate from the oocyte

center to its cortex. This migration depends only on F-
actin7,8,10,16,17 and not on the presence of astral MTs as in
mitotic cells18–20, as oocytes are devoid of centrioles and astral
MTs21,22. Actin is organized in a cytoplasmic network including
an actin cage around the MT spindle, which is connected to the
subcortical actin network5,7–9 (Supplementary Fig. 4A). The force
generator element for spindle migration is likely myosin-II, which
seems to exert pulling forces on the actin cage surrounding the
MT spindle as shown using inhibitors5,8. However, there is no
direct evidence that forces are applied on the spindle by
actomyosin networks in oocytes. We assessed qualitatively these
forces by performing laser ablation. The F-actin cytoplasmic
network was cut between the spindle pole and the closest cortex
at the end of meiosis I, 6 h 30 min after nuclear envelope
breakdown (BD+ 6 h 30 min) on several Z stacks spanning the
entire thickness of the metaphase plate (Supplementary Fig. 4A
yellow dotted line, Supplementary Fig. 4B, C, and Supplementary
Movies 4 and 5). Laser ablation did not damage oocytes, as they
all extruded a polar body and arrested in metaphase II normally
following ablation. After laser ablation, the response of Histone
(H2B)-GFP labeled chromosomes was monitored by live micro-
scopy during 1 min. MTs were visualized using very low doses of
EB3-GFP to follow the spindle and make sure that the ablation
was not performed within the spindle but away from spindle
poles (Supplementary Fig. 4B, C and Supplementary Movies 4
and 5). Before laser ablation, the chromosomes are clustered and
aligned on the metaphase plate in control oocytes at BD+ 6 h
30 min (Supplementary Fig. 4B upper left panel t= 0 min). One
minute after laser cutting, the metaphase plate shrinks (Supple-
mentary Fig. 4B upper middle panel). To quantify this effect, we
measured the width of the bounding box encompassing the
metaphase plate before and after laser ablation (Supplementary
Fig. 4B in plain and dotted yellow lines, respectively). The width
of the bounding box decreases progressively after ablation
(Supplementary Fig. 4B upper panels and Supplementary Fig. 4D
black curve) arguing that the actomyosin networks exerts forces
on the chromosomes. In contrast, when we performed laser
ablation at BD+ 3 h before spindle-cortex attachment7,23, we did
not see an impact on chromosome behavior (Supplementary
Fig. 4E and Supplementary Movie 6). In addition, we never
observed progressive decrease in the width of the bounding box
without laser ablation in oocytes at BD+ 6 h 30 min (Supple-
mentary Fig. 4F and Supplementary Movie 7). Our results
demonstrate that the actomyosin network exerts forces on the
chromosomes, which are indeed responsible for the motion of the
spindle to the cortex in mouse oocyte.
Previous work showed that spindle migration is impaired in

extra-soft oocytes, suggesting that the forces applied on the
spindle are altered5. This was also predicted by a theoretical
model, but never directly tested experimentally5. In cVCA
oocytes, chromosomes are scattered on the metaphase plate
before ablation at BD+ 6 h 30 min (Supplementary Fig. 4B
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bottom left panel t= 0 min). After cutting of the spindle-cortex
connection, the chromosomes remain scattered on the metaphase
plate, which stays stable in width (Supplementary Fig. 4B bottom
panels, Supplementary Fig. 4D blue curve, and Supplementary
Movie 4). This suggests that, at that stage, the intensity of the
forces applied on the chromosomes is reduced in cVCA oocytes
compared with controls. Our results validate the mathematical
modeling of spindle migration predicting that the intensity of
forces transmitted to the spindle are diminished in extra-soft
oocytes5. We then wondered whether the decrease in forces
applied to the meiotic spindle could have consequences on
chromosome alignment.
To test this, we turned to another type of oocytes, the Fmn2−/−

oocytes, which have reduced forces applied on their spindle.
Indeed, Fmn2−/− oocytes are invalidated for the cytoplasmic
actin nucleator formin 2 and lack the cytoplasmic network and
the actin cage7,8. As a consequence, the spindle is not attached to
the cortex and does not migrate16,24. Thus, in Fmn2−/− oocytes,
the actomyosin networks do not apply forces on the spindle or
chromosomes. However, Fmn2−/− oocytes do not have chromo-
some alignment defects in metaphase I9 (Supplementary Fig. 4G).
In conclusion, it is unlikely that the reduction in the intensity of
the forces applied to chromosomes in cVCA oocytes is the
main mechanism involved in the generation of misaligned
chromosomes.

Spindle morphogenesis is normal in extra-soft oocytes. To gain
insight into the origin of the chromosome alignment defects, we
observed how spindle morphogenesis proceeded in extra-soft
oocytes. Indeed, in mitotic cells, aberrant cortical tension impairs
spindle formation, leading to chromosome segregation errors25.
We monitored spindle morphogenesis by live spinning-disk
microscopy during meiosis I in mouse oocytes incubated with
SiR-Tubulin to label MTs (Fig. 2a and Supplementary Movie 8).
Although they have misaligned chromosomes (Fig. 2a bottom
panels), the spindle appears to form properly in cVCA oocytes as
in controls (Fig. 2a top panels).

We then measured relative MT densities and MT growth early
on during spindle morphogenesis, since defects at this stage are
known to induce chromosome misalignment later on26–28.
Control and cVCA oocytes expressing EB3-GFP, a MT plus-
end tracker, were imaged at BD+ 2 h after Monastrol treatment
to inhibit spindle bipolarization (as in ref. 29, Supplementary
Movie 9). MT densities and monoaster sizes are comparable in
control (gray dots) and extra-soft (blue dots) oocytes (Fig. 2b dot
plots and yellow dashed circles). Tracking of individual MT plus
ends (Fig. 2c red tracks) shows that MT growth rates are also
comparable in control (gray dots) and extra-soft oocytes (blue
dots in Fig. 2c). Consistent with these observations, the spindle
length of cVCA oocytes is comparable to controls at BD+ 7 h
(29.93 ± 1.64 µm in cVCA oocytes compared with 29.27 ± 1.80
µm in controls; Fig. 2d).
All these data indicate that spindle morphogenesis and

dynamics are comparable to controls in extra-soft cVCA oocytes.
Moreover, it was shown previously that cVCA expression does
not alter the architecture nor the dynamics of the cytoplasmic
actin network5, two features that could potentially affect spindle
formation when they are modified23.

Chromosome capture is less efficient in extra-soft oocytes. As
we did not observe gross spindle defects, to further explore the
reason for chromosome alignment defects in extra-soft oocytes,
we performed a more thorough analysis of chromosome move-
ments. For this, we tracked individual chromosomes on the
metaphase I plate during 20 min at BD+ 6 h 30 min. Individual

chromosome tracks suggest that chromosomes explore more
space in metaphase I cVCA oocytes than in controls (Fig. 3a for
representative examples and Supplementary Movie 10), which is
confirmed by their MSD analysis (Fig. 3b). Fitting of the MSD
slopes to a simple linear model and statistical comparison of the
slopes revealed different diffusion coefficient in control vs. cVCA
oocytes (Fig. 3b) demonstrating that chromosomes in cVCA
oocytes explore more space than in controls. This could reflect a
problem in chromosome capture.
To test this hypothesis, we analyzed chromosome distribution

throughout meiosis I in control and cVCA oocytes from NEBD to
BD+ 7 h 30min. To do so, we fitted an ellipse around the
chromosomes (Supplementary Movie 11), measured the length of
its major axis and compared its variation over a window of 2 h
(Fig. 3c). This variation is a measure of chromosome alignment
efficiency: if it is negative, it means that the ellipse shortens
reflecting chromosome gathering. In control and cVCA oocytes,
the variation is positive between NEBD and BD+ 2 h, indicating
that the ellipse elongates, corresponding to chromosome
condensation and individualization (as described in ref. 30).
Starting between BD+ 2 h and 2 h 30 min, the variation becomes
negative in the controls (black curve), showing that the
ellipse shortens, suggesting that chromosomes are converging/
aligning. In cVCA oocytes, the variation is close to 0 and
significantly different from the controls at BD+ 3 h and BD+ 3 h
30 min (blue curve), showing that the ellipse does not vary,
suggesting that chromosome alignment is less efficient or slower.
The phase between BD+ 2 h 30 min and 4 h corresponds to
chromosome capture and the first chromosome biorientation
attempts30, suggesting that chromosomes are less efficiently
captured in cVCA oocytes despite normal MT density and
growth (Fig. 2b, c).
If it is the case, chromosomes should experience less tension

across opposite kinetochores of bivalents in cVCA oocytes. To
test that, we measured the distance between major satellite repeats
in each bivalent at BD+ 6 h 30 min (Fig. 3d and Supplementary
Movie 12), an indirect measure of tension across bivalents31. We
represent a distribution graph showing the percentage of bivalents
falling in a certain range of major satellite repeats distances
(Fig. 3e). For cVCA oocytes, the curve (Fig. 3e blue) is shifted
towards smaller distances, showing that cVCA bivalents experi-
ence less tension, consistent with the fact that chromosomes are
less efficiently captured in cVCA oocytes.

Accumulation of myosin-II generates chromosome misalign-
ment. It was shown recently in starfish oocytes that actin struc-
tures can sterically hinder kinetochore-MT attachments, a
physiological process important to coordinate chromosome cap-
ture by MTs32. We thus wondered whether such a mechanism
could be at play in extra-soft oocytes, leading to less efficient
chromosome capture. It was shown previously that the expression
of the cVCA does not alter the architecture nor the dynamics of
the cytoplasmic actin network5. However, we analyzed in more
detail actin organization in extra-soft oocytes at later stages and
tested whether depolymerizing actin could rescue chromosome
alignment. We visualized F-actin at BD+ 6 h 30 min by staining
oocytes with fluorescent phalloidin (Fig. 4a gray). F-actin forms a
cytoplasmic network and an actin cage in controls, as previously
described7,8 (Fig. 4a left panels). The same organization can be
observed in cVCA oocytes (Fig. 4a right panels). We quantified F-
actin fluorescent intensity levels on the spindle and in the cyto-
plasm in control and cVCA oocytes (Fig. 4b, c). We could not
detect any significant difference between control and cVCA
oocytes, suggesting that chromosome capture in cVCA oocytes is
not hindered by an accumulation of F-actin. Accordingly,
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depolymerizing F-actin in extra-soft oocytes does not rescue
chromosome alignment defects (Fig. 4d, e), suggesting also that F-
actin is not the cause of chromosome misalignment in extra-soft
oocytes.

We thus wondered what could hinder chromosome capture in
extra-soft oocytes and hypothesized that it could be an excess of
myosin-II in the cytoplasm. Indeed, oocytes expressing the cVCA
or the cFH1FH2 constructs share chromosome alignment defects
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(Fig. 1b, f) and chase precociously myosin-II from the cortex
(Supplementary Figs. 2C, D and 5) leading to a softened cortex5

(Supplementary Figure 2E). First, we quantified myosin-II
accumulation over time in the cytoplasm in control and extra-
soft oocytes (Supplementary Fig. 5). We followed endogenous
myosin-II using a specific GFP-coupled intrabody directed
against myosin-II4,33 (Supplementary Fig. 5A) and measured
the fluorescence signal intensity in the cytoplasm 2 h and 9 h after
cRNA injection in control and extra-soft oocytes (Supplementary
Fig. 5B). Levels of cytoplasmic myosin-II are comparable 2 h after
cRNA injection in all conditions (control, cVCA, cFH1FH2,
Supplementary Fig. 5B). Nine hours after cRNA injection, extra-
soft oocytes have 1.9 (for cFH1FH2) and 2.5 (for cVCA oocytes)
times more myosin-II in their cytoplasm compared with control
oocytes at the same stage (Supplementary Fig. 5B). In addition,
extra-soft oocytes accumulate more myosin-II in their cytoplasm
over time compared with controls (1.5 times accumulation of
myosin-II for controls, 2.1 for cFH1FH2, and 2.7 for cVCA

oocytes; Supplementary Fig. 5B). We hypothesized that this could
lead to higher levels of cytoplasmic myosin-II during meiosis I,
sterically affecting chromosome capture. We thus visualized
active myosin-II at BD+ 6 h 30 min, by staining against its
phosphorylated light chain pMLC2 (Fig. 5a). Active myosin-II
localizes in the cytoplasm and is enriched on the spindle and at
the cortex facing the spindle at BD+ 6 h 30 min in control
oocytes4,8,16 (Fig. 5a left panels). This staining is specific, as it
disappears in oocytes treated with the ML-7 inhibitor, a drug that
inhibits myosin-II activation by MLCK phosphorylation4,8

(Fig. 5a right panels). Active myosin-II is also localized in the
cytoplasm and enriched on the spindle at BD+ 6 h 30 min in
cVCA oocytes (Fig. 5a middle panels). By quantifying active
myosin-II fluorescent intensity, we show that the levels of active
myosin-II in the cytoplasm and spindle are higher in cVCA
oocytes compared with controls (Fig. 5b, c, 1.6 times more active
myosin-II in the cytoplasm and 1.4 more in the spindle in cVCA
oocytes), reinforcing our hypothesis. Next, we inhibited the
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activation of myosin-II in extra-soft cVCA oocytes and tested
whether it was sufficient to rescue chromosome alignment. cVCA
oocytes present chromosome misalignment in metaphase I
(Fig. 1b bottom panels, Fig. 2a bottom panels, and Fig. 5d top

panels). However, these chromosome defects are no longer
observed when they are treated with ML-7: chromosomes are
well-aligned on the metaphase I plate until anaphase (Fig. 5d
bottom panels). We quantified it by measuring the bounding box
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surrounding the metaphase I plate width. The bounding box
width is larger in cVCA oocytes (Figs. 5e, 14.61 ± 3.25 µm for
cVCA oocytes compared with 10.67 ± 1.90 µm for controls).
Remarkably, the bounding box width is significantly rescued in
ML-7-treated cVCA oocytes and is comparable to controls
(Fig. 5e, 11.81 ± 2.04 µm for cVCA oocytes treated with ML-7).
These results argue that an excess of active myosin-II in the
cytoplasm impairs chromosome alignment in extra-soft oocytes.
In addition, we tested whether reducing myosin-II activity in

control oocytes could improve chromosome alignment, as basal
rates of chromosome misalignment (Fig. 1c, g) and aneuploidy
(Supplementary Fig. 1) are observed in control populations of
mouse oocytes1. The bounding box width is reduced in control
oocytes treated with ML-7 (Fig. 5f, 11.41 ± 1.58 µm for controls
compared with 10.48 ± 1.37 µm for controls treated with ML-7).
This trend reinforces the hypothesis that too much active myosin-
II in the cytoplasm/spindle hampers chromosome alignment in
oocytes.
At last, we quantified chromosome alignment in stiff oocytes.

For that, we treated control oocytes with U0126, an inhibitor of
the MEK1/2 kinases that mimics a mos−/− phenotype by
inhibiting the nucleation of the Arp2/3-dependent subcortex,
leading to retention of myosin-II at the cortex and high cortical
tension, as we show in a previous study4. The bounding box
width in U0126-treated oocytes is comparable to controls (Fig. 5g,
11.58 ± 0.92 µm for controls compared with 11.79 ± 1.09 µm for
controls treated with U0126), showing that cortical tension per se
does not impact chromosome alignment.

Discussion
In this study, we show that chromosome alignment is impaired by
artificial reduction of cortex tension in mouse oocytes (Fig. 1),
leading to errors in chromosome segregation and aneuploidy
(Supplementary Fig. 1). It is usually thought that changes in
cortical tension are transmitted mechanically to the MT spindle.
In particular, F-actin is known to impact MT architecture and
dynamics, potentially acting on chromosome behavior in oocytes
and other systems9,34–38. There is also evidence showing that
myosin-II is involved in MT functions and thus potentially in
chromosome behavior. Myosin-II localizes to the spindle and is
implicated in kinetochore-MT flux in metaphase I carne fly
spermatocytes39,40. It is also localized to chromosome arms and
to the spindle in PtK1 cells41. In addition, myosin-II is required
for proper spindle assembly and positioning in mitotic cells42 and
mouse cardiac myocytes43. Another interesting example is the
mechanosensitive role of cortical myosin-II on MT growth in
endothelial cells, where inhibition of myosin-II activity prevents
mitotic centromere-associated kinesin (MCAK)-mediated MT
growth44. Finally, myosin-II was shown to interact directly with
kinesins in astrocytes, which is essential for their migration45.
Here we show using laser ablation experiments that changes in
cortical tension are transmitted mechanically to the MT spindle,
but that they do not impact chromosome alignment (Supple-
mentary Fig. 4). We propose that the signal transduction between
a strong decrease in cortical tension and chromosome alignment
may rather be biochemical. With decreased cortical tension,
myosin-II dissociates precociously from the cortex and thus its
global concentration increases in the cytoplasm (Fig. 5). This
could sterically hinder chromosome capture (Fig. 3), leading to
chromosome misalignment and segregation defects. This is
reminiscent of starfish oocytes where an actin structure can
sterically block kinetochore-MT attachments32. Other examples
of biochemical signaling between the cortex and the chromo-
somes are emerging, such as the coordination by Cdk1 of cortical
tension maintenance and SAC inactivation at anaphase onset in

mitotic cells46. We lack proper tools to investigate precisely how
excess of myosin-II presence and/or activity in the cytoplasm
could sterically hinder chromosome capture in our model.
However, phosphorylation of the regulatory light chain of
myosin-II not only increases its ATPase activity but also pro-
motes assembly of myosin-II bipolar thick filaments (for review,
see ref. 47), which could sterically perturb the local capture of
kinetochores by MTs. In the future, it would be interesting to
address it by computational modeling or using in-vitro models as
described in refs. 48,49.
Our results potentially describe an original mode of generation

of aneuploidies that could be very common in female gametes.
Indeed, 36% of mouse and human oocytes are measured as too
soft in a natural population2 and lower levels of cortical active
myosin-II and lower cortical tension are associated with post-
ovulatory aging50. Thus, some of these naturally soft oocytes
could also present chromosome misalignment impeding their
future development after fertilization, contributing to the high
aneuploidy rate measured in female meiosis1,51,52. Measures of
cortical mechanical properties could serve as a minimally invasive
technique to assess oocyte developmental potential for assisted
reproductive technology, as already explored for tumors (for
reviews, see refs. 53,54).

Finally, aberrant cortical tension, and especially cortex soft-
ening, are found in a variety of cancer cells55–58. Deregulation of
myosin-II activity levels has also been described in several human
disorders impacting neurons and vessels59. Interestingly, over-
expression of myosin-II is implicated in cancer progression and
metastasis, and myosin-II regulatory pathway genes are increas-
ingly found in disease-associated copy-number variants, parti-
cularly in neuronal disorders such as autism and schizophrenia59,
stressing the importance of its regulation. A recent study identi-
fied genes involved in mitotic cell rounding, most of which affect
cortical myosin-II60. The mechanisms described in our study
could therefore be relevant for somatic cells in normal and
pathological contexts.

Methods
Oocyte collection, culture, and microinjection. Ovaries were collected from 11-
week-old OF1 (wt) or Fmn2+/− or Fmn2−/−24 female mice. Fully grown oocytes
were extracted by shredding the ovaries61 in M2+ bovine serum albumin (BSA)
medium supplemented with 1 μM milrinone to block and synchronize them in
Prophase I62. Transferring oocytes into milrinone-free M2+ BSA medium
triggers meiosis resumption. All live culture and imaging were carried out under
oil at 37 °C.

Constructs. We used the following constructs: pRN3-Histone(H2B)-GFP63,
pRN3-hEB3-GFP29, pspe3-GFP-UtrCH7, pRN3-SF9-GFP4,33, pRN3-EzTD-
mCherry-VCA5, pRN3-EzTD-mCherry5,64, and pTALYM3-TALE- mClover-
MajSat31 (gift from Keith T. Jones, University of Adelaide, Australia).

The pRN3-EzTD-mCherry-FH1FH2 was constructed by cloning a linker
GGSGGGSG connected to the FH1FH2 domain of formin 2 (amino acids
734–1578) amplified from a pCS2-FH1FH2-eGFP13 into pRN3-EzTD-
mCherry5,64.

In-vitro transcription of cRNAs and microinjection. Plasmids were linearized
using appropriate restriction enzymes. cRNAs were synthesized with the mMessage
mMachine kit (Ambion) and subsequently purified using the RNAeasy kit (Qia-
gen). Their concentration was measured using NanoDrop 2000 from Thermo-
Scientific. cRNAs were centrifuged at 4 °C during 45 min prior to microinjection
into the cytoplasm of oocytes blocked in Prophase I in M2+ BSA medium sup-
plemented with 1 μM milrinone at 37 °C. cRNAs were microinjected using an
Eppendorf Femtojet microinjector10. After microinjection, cRNA translation was
allowed for 1 or 2 h and oocytes were then transferred into milrinone-free M2+
BSA medium to allow meiosis resumption and meiotic divisions.

Drug treatments. ML-7 (Calbiochem, Ref 475880) was diluted at 30 mM in
dimethyl sulfoxide (DMSO) and stored at 4 °C. After dilution in M2 medium, it
was used on oocytes at 60 μM and added 5 h after NEBD, because at that stage the
spindle is bipolar but did not yet migrate to the closest cortex10. Control
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experiments were conducted in M2+ BSA medium with equivalent concentrations
of DMSO.

Nile red stain (Sigma, Ref. N3013) was used to label the total pool of vesicles. It
was diluted at 5 mg/ml in DMSO and stored at room temperature. It was used on
oocytes at 10 µg/ml.

Cytochalasin D (Life Technologies, Ref. PHZ1063) was diluted at 10 mg/ml in
DMSO and stored at −20 °C. It was used on oocytes at 1 µg/ml and added 5 h
after NEBD.

Monastrol (Sigma, Ref. M8515) was diluted at 30 mM in DMSO and stored at
−20 °C. It was used at 100 μM on oocytes in meiosis I for half an hour starting 1 h
30 min after NEBD and at 200 μM for 2 h on oocytes arrested in meiosis II.

U0126 (Sigma, Ref. 662005) was diluted at 10 mM in DMSO and stored at
−20 °C. It was used at 40 μM on oocytes in meiosis I starting 3 h after NEBD4.

Immunofluorescence. After in-vitro culture of oocytes, their zona pellucida was
removed by incubation in acid Tyrode’s medium (pH 2.3). Oocytes were fixed for
30 min at 37 °C in 4% Formaldehyde (Methanol free) on coverslips treated with
gelatin and polylysine. After 20 min of blocking in 0.5% Triton X-100, 3% BSA,
antibody staining was performed in phosphate-buffered saline, 0.5% Triton X-100,
3% BSA. As primary antibody, we used rabbit anti-Phospho-MLC2 (Ser19) (Cell
Signaling; 1 : 200), at 4 °C overnight. As a secondary antibody, we used Alexa-594-
labeled anti-rabbit antibody (Invitrogen; 1 : 400) for 1 h at room temperature.
Oocytes were incubated 1 h at room temperature with phalloidin 488 (Invitrogen;
10 U/ml). DNA was stained with Prolong-DAPI (10 μg/ml final 4′,6-diamidino-2-
phenylindole (DAPI)).

Live imaging. Spinning Disk movies were acquired using (1) a Plan-APO ×40/1.25
NA objective on a Leica DMI6000B microscope enclosed in a thermostatic
chamber (Life Imaging Service) equipped with a CoolSnap HQ2/CCD camera
coupled to a Sutter filter wheel (Roper Scientific) and a Yokogawa CSU-X1-M1
spinning disk or 2) a Plan-APO ×60/1.4 NA objective on a Ti Nikon microscope
enclosed in a thermostatic chamber (Life Imaging Service) equipped with a cMOS
camera coupled to a Yokogawa CSU-X1 spinning disk. Metamorph Software
(Universal Imaging) was used to collect data.

Chromosome movement analysis at high temporal resolution. Oocytes were
microinjected in Prophase I with cRNAs encoding Histone(H2B)-GFP with or
without cRNAs encoding EzTD-mCherry-VCA to label the chromosomes and
decrease or not cortical tension. After microinjection, cRNAs translation was
allowed for 1 h. Oocytes were then imaged under a spinning disk at BD+ 6 h 30
min. Oocytes were positioned so that their spindle was parallel to the plane of
observation and illuminated with an excitation wavelength of 561 nm during 300
ms (first timepoint only) and 491 nm during 300 ms (all timepoints). Acquisitions
were taken every 20 s for 20 min, on 3 planes (z-step of 2 μm) focused on the
chromosomes. The manual tracking plugin on Fiji (NIH) was used to track
chromosome movement and velocity. Only the chromosomes individualized and
visible on the three planes for the whole duration of the movie were tracked. For
each tracked cluster representing either a chromosome or a group of chromosomes
in a given spindle, the squared distances for all possible time steps (dt) were
computed and averaged per time step producing an individual MSD value per dt,
thus an MSD curve per cluster. All curves corresponding to all clusters of chro-
mosomes were averaged to obtain one MSD curve per spindle. Following this, all
curves corresponding to a spindle were averaged per condition to produce one
MSD curve per condition.

Chromosome alignment analysis throughout meiosis I. Oocytes were micro-
injected in Prophase I with cRNAs encoding Histone(H2B)-GFP with or without
cRNAs encoding EzTD-mCherry-VCA to label the chromosomes and decrease or
not cortical tension. After microinjection, cRNAs translation was allowed for 1 h.
Oocytes were imaged under the spinning between NEBD and BD+ 7 h 30 min.
Acquisitions were taken every 30 min on ten z-planes (z-step of 4 µm). Chromo-
some distribution throughout meiosis I was analyzed in controls and cVCA
oocytes. To quantify the repartition of chromosomes, we thresholded the chro-
mosome signal and fitted an ellipse around the binarized images based on image
moments within ImageJ. The length of the major axis was given by the eigenvalues
of the image moments. We compared the variation of the ellipse lengths during
time. For this, we measured the slope of the linear regression of the length over
time for a window of 2 h around each timepoint (thus, the slope given at a
timepoint t is taken from the values of the ellipsoid length between t− 1 h and t+
1 h). For each timepoint, we tested for differences of the slope between control and
cVCA oocytes spindles with a Wilcoxon’s rank test in R.

Inter major satellites repeats distance. Oocytes were microinjected in prophase I
with cRNAs encoding Histone(H2B)-GFP and MajSat-mClover65,66 to label the
chromosomes and the Major satellite repeats, with or without cRNAs encoding
EzTD-mCherry-VCA to decrease or not cortical tension. After microinjection,
cRNAs translation was allowed for 1 h. Oocytes were imaged under the spinning
disk at BD+ 6 h 30 min. Acquisitions were taken on 100 z-planes (z-step of 0.5
μm). For accurate measurements, oocytes were positioned so that their spindle was

parallel to the plane of observation. The distance between major satellites on each
bivalent was measured using Metamorph software and used as a proxy to quali-
tatively assess tension across homologous chromosomes31.

Chromosome counting in intact oocytes: monastrol spreads. Oocytes were
microinjected in Prophase I with cRNAs encoding Histone(H2B)-RFP and MajSat-
mClover65,66 to label the chromosomes and the major satellite repeats, with or
without cRNAs encoding EzTD-mCherry-VCA to decrease or not cortical tension.
Oocytes underwent meiotic maturation in the incubator and arrested in metaphase
of meiosis II. At that stage, oocytes were incubated 2 h in 200 μM monastrol, a
kinesin-5 inhibitor that causes the bipolar meiosis II spindle to collapse into a
monopolar spindle and results in chromosome dispersion12. Oocytes were imaged
under the spinning disk, with acquisitions spanning the region covering all the
chromosomes (z-step of 0.5 μm). The number of chromosomes (MajSat-Clover
spots) was counted using the TrackMate plugin in Fiji (http://fiji.sc/TrackMate).

Oocyte volume measurement using FXm. The FXm method was initially
described in ref. 14 and a detailed protocol is available in ref. 67. Measurements
were made in PDMS chambers that consisted in a simple straight 113 μm high
channel. A 2 mm diameter inlet and a 0.5 mm diameter outlet were punched on
either side of the channel. The chambers were irreversibly bound to glass-bottomed
Petri dishes (Fluorodishes) by plasma treatment. To prevent cell adhesion of the
cell and allow reusing the chamber for successive measurements on different cells,
chambers were coated with PLL-g-PEG (1%). Before starting the experiment, the
chamber was rinsed with M2+ BSA medium containing 0.5 mg/ml of 70 kDa
FITC-Dextran (Sigma, Ref FD70S). Oocytes were measured one by one. Each time,
the cell was deposited with a mouth-pipette in the inlet. To aspirate the oocyte into
the middle of the chamber in a controlled manner, a 250 μl glass syringe was
plugged to the outlet via an ~30 cm-long polytetrafluoroethylene (PTFE) tube
previously filled with 100 μl of the M2+ BSA dextran solution. The oocyte was
then positioned in the center of the chamber and far from the borders of the
channel. The chamber was then transferred to a Leica DMIRBE inverted micro-
scope. Bright-field and fluorescence images (excitation wavelength of 491 nm) were
acquired using a ×10 NA0.3 objective. For the image analysis, a home-made Matlab
software described in ref. 67 was used. Briefly, fluorescent signal was calibrated for
every image using the fluorescence intensity (Imin) under the borders of the
chamber (hmin= 0) and the intensity (Imax) of the background around the cell
(hmax ¼ chamber height ¼ 113 μm). The calibration factor α was then calculated as
follows: α ¼ Imax � Iminð Þ=hmax. The volume of the cell (Vcell) was obtained by
integrating the fluorescence intensity collected under the cell.

Vcell ¼

Z Z

x;y

Imaxðx; yÞ � Iðx; yÞ

α
dxdy

Cytoplasmic activity measurements. The total vesicles stained with Nile red
contained in oocytes at BD+ 6 h 30 min were imaged every 500 ms with the stream
acquisition mode of Metamorph on excitation at 491 nm. Nile Red-labeled vesicle
tracking and MSD quantification was performed as described in ref. 15 as follows.
After subtracting the background, time-lapse videos were realigned using the
rigidbody algorithm of the stackreg plugin in Fiji and then denoised on Metamorph
using the Safir denoising program (Roper Scientific). Stacks were then corrected for
bleaching using the Histogram Matching algorithm in Fiji and thresholded on
Metamorph to generate a binary stack of vesicles. Tracking was then performed on
these binary vesicle videos with the TrackMate plugin in Fiji (http://fiji.sc/
TrackMate) using DoG detector with a detected object diameter adjusted according
to the pattern of vesicles, a thresholding of 1 and sub-pixel localization, and the
following settings for gap closing in the simple LAP tracker: linking maximum
distance of 1 µm, gap closing maximum distance of 1 µm, and a maximum gap of
two frames allowed. Tracks were filtered according to their duration, considering
only tracks lasting for more than 25 s. The results of the tracking, including the
diameter and the velocities of the vesicles, were provided as Excel and xml files. The
velocities values correspond to the mean velocity of a vesicle within a track. For
MSD analysis of vesicles trajectories, we used the @msdanalyzer MATLAB class
described in: http://bradleymonk.com/matlab/msd/MSDTuto.html. Trajectories
were provided in the xml files from Fiji TrackMate analysis.

Cortical tension measurements. Cortical tension was measured by micropipette
aspiration as described in ref. 4. Briefly, the zona pellucida of prophase I arrested
oocytes was removed by incubating oocytes into M2+ BSA medium supplemented
with 0.4% pronase. Oocytes were loaded onto a chamber equilibrated with M2+
BSA medium. A glass micropipette of a diameter five times smaller than the oocyte
diameter was connected to a water reservoir of adjustable height to apply a defined
aspiration pressure. Zero aspiration pressure was set before each experiment by
checking the absence of visible flow inside the pipette. Observations were made
through an inverted microscope (Axiovert 200, Zeiss) equipped with a ×40
immersion oil objective (Neofluar 1.3 NA) and connected to a CCD camera (XC-
ST70CE, Sony). For every applied pressure, we monitored the length L of the
oocyte portion aspirated in the pipette after 30 s and measure at which pressure
L/R= 1, R being the internal radius of the micropipette. This critical aspiration
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pressure ΔPc allows calculating the cortical tension Tc of the aspired cell using a
viscous drop model68,

Tc ¼
RΔPc

2 1� R
Rc

� �

where Rc is the cell radius.

Microtubule growth speed and density. Oocytes were microinjected with cRNAs
encoding EB3-GFP, with or without cRNAs encoding EzTD-mCherry-VCA.
Oocytes were allowed to proceed into prometaphase. At BD+ 1 h 30 min, oocytes
were incubated in M2 medium supplemented with 100 μM Monastrol for 30 min.
MT growth speed was assessed through imaging a single Z plane for 5 s every 250
ms. EB3-GFP comets were tracked with Mosaic plugin for ImageJ69. Only the
unidirectional tracks with comets visible for ten frames or more were selected and
the oocytes included in the analysis had five or more of such tracks.

The monoaster size and brightness were assessed on a maximum brightness
projection image from stacks covering the whole volume of the monoaster. The
monoaster size was measured by manually fitting an oval around the brightest part
of the aster. The fluorescence intensity of EB3-GFP was measured within the
central part of the monoaster and normalized by the background fluorescence in
the oocyte cytoplasm.

Laser ablation. Laser ablation was performed as described in70. We used a 355
laser and i-LAS2 module (Roper Scientific) coupled to a Leica DMI6000B micro-
scope enclosed in a thermostatic chamber (Life Imaging Service) equipped with a
Retiga 3 CCD camera (QImaging) coupled to a Sutter filter wheel (Roper Scientific)
and a Yokogawa CSU-X1-M1 spinning disc using a Plan-APO ×40/1.25 NA
objective. Metamorph (Universal Imaging) was used to process the data. After
calibrating the system, the ablation zone (region of interest, ROI) was determined.
It consisted of a line of 15 ±1 μm in length positioned after the spindle pole in the
cytoplasm of the oocyte. To perform the laser ablation, the spindle must be
oriented with its long axis parallel to the observation plane. The laser ablation
parameters used were as follows: 350 nm laser Z thickness 10 μm, dZ 1 μm. Oocytes
were then images after ablation with the following parameters: 491 nm laser power
during 500 ms, acquisitions every 20 s for 2 min, on one plane. Metaphase plate
width was measured by performing bounding boxes containing all the chromo-
somes with the Fiji (NIH) software. The Microsoft Excel software was used to
normalize the data.

Quantitative image analysis. Computation of chromosome shapes 30 min before
anaphase I: detections were obtained from manually cropped region of interest
around the chromosomes using the Phansalkar thresholding method with radius
130 available in Fiji. All pixels of the detection were subsequently used to compute
a covariance matrix. Eigenvalues Lmin and Lmax were obtained after diagonalization
of this matrix and the aspect ratio (Lmin/Lmax), that is the ratio of the minor axis
length to the major axis length, was reported for each cell.

Quantifications. - Metaphase plate width was measured on oocytes expressing
Histone(H2B)-GFP by performing bounding boxes with the Fiji (NIH) software.
Measurements were done 30 minutes before anaphase only on spindles parallel to
the imaging plane.

- Myosin-II cortical enrichment was quantified by measuring the ratio of the
cortical and cytoplasmic SF9-GFP33 fluorescence intensities. Oocytes expressed
SF9-GFP alone (controls) and together with the cFH1FH2 construct for five hours
in Prophase I. The background was removed from all images analyzed using
Metamorph software. Cytoplasmic and cortical integrated fluorescence intensities
were measured randomly six times in each compartment (cortex and cytoplasm)
per oocyte using the same square ROI of 0.12 μm2 (region smaller than the cortex
width). Measurements were taken on one focal plane (corresponding to the oocyte
longest diameter). The cortical fluorescence intensity per square pixels was then
divided by the cytoplasmic one.

- For myosin-II cytoplasmic accumulation over time, oocytes expressed SF9-
GFP alone (controls) and together with the cFH1FH2 or cVCA constructs for nine
hours in Prophase I. The background was removed from all analyzed images using
Metamorph software. Integrated fluorescence intensities 2 h and 9 h after cRNA
injection were measured randomly six times in the cytoplasm per oocyte using the
same square ROI of 80 μm2. Measurements were taken on one focal plane
(corresponding to the oocyte longest diameter).

- Cortical thickness measurements were performed as described in4. Briefly,
cortical thickness, consisting of the cortical outer layer (stable throughout meiosis
I) and the cortical inner layer (absent in Prophase I and progressively nucleated
after NEBD in controls) was measured manually using Fiji software. Oocytes
expressed GFP-UtrCH alone (controls) and together with the cFH1FH2 construct
for three hours in Prophase I. Four measures per oocyte were randomly taken
along the cortex on one focal plane (corresponding to the oocyte longest diameter).
The difference between the cytoplasmic and cortical GFP-UtrCH signals was
strong enough to discriminate between the two actin networks and to detect the
cortical actin network boundary.

- Spindle migration was quantified by measuring distances between the centroid
of the oocyte and the centroid of the spindle (oocytes were incubated in SiR-
Tubulin at 0.1 μM) using the Fiji (NIH) software. Measuring the distance traveled
between the centroid of the spindle relative to the centroid of the oocyte allows
discriminating between oocyte movement and spindle movement. Measurements
were performed at two timepoints: 4 h before anaphase I when the spindle has not
yet started to migrate to the cortex and 30 min before anaphase I when the spindle
has almost reached the cortex in the controls. Analyses were done on a Z-
projection of 8 stacks of 4 μm, allowing to get the entire spindle. Only spindle
parallels to the plane of observation were quantified.

- The spindle length measurements were performed using Metamorph software.
Spindle length was measured as the distance between poles in spindles parallel to
the imaging plane only.

- The pMLC2 (active phosphorylated myosin-II) and F-actin levels were
measured using Metamorph software. Three measures per oocyte were randomly
taken within the spindle, and six measures per oocytes were taken within the
cytoplasm on a projection of 20 focal planes.

Statistical analysis. Experiments were repeated as indicated in the figure legends
and a sample of sufficient size was used. The statistical analysis was performed
using GraphPad Prism version 8.00 for MacOS, GraphPad Software, La Jolla, CA,
USA, www.graphpad.com. For comparisons between two groups, the normality of
the variables was checked (D’agostino–Pearson’s normality test) and parametric
Student’s t-tests (with Welch’s correction when indicated) or non-parametric
comparison tests were performed with a confidence interval of 95%. For chro-
mosome alignment experiments, repartitions were analyzed for statistical sig-
nificance using Fisher’s test with a confidence interval of 95%. For volume
measurements, a Wilcoxon rank sum test was performed to compare the mean of
the two conditions. For the time evolution of SF9-GFP cytoplasmic intensity, a
One-way analysis of variance test was performed with a family-wise significance
and confidence level of 0.05 (95% confidence interval).

To compare the regression slope values for MSDs, we did a Welch’s test of the
regression models, as presented in ref. 71 (as the residual variances of the models
were not equal).

All error bars are expressed as SD. Values of P < 0.05 were considered
significant. In all figures, *P-value < 0.05, **P-value < 0.005, ***P-value < 0.0001;
n.s., not statistically significant.

Ethical statement. All experimental procedures used for the project have been
approved by the ministry of agriculture to be conducted in our animal facility
(authorization N°75-1170). The use of all the genetically modified organisms
described in this project has been granted by the DGRI (Direction Générale de la
Recherche et de l’Innovation: Agrément OGM; DUO-1783).

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
All relevant data supporting the finding of this study are available from the

corresponding author upon request.
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 Chez les femelles mammifères, les cellules germinales, appelées ovocytes, sont 

produites lors du développement fœtal et conservées dans l’ovaire, chacune entourée de 

manière individuelle par des cellules somatiques. Ces cellules somatiques, les cellules de 

la granulosa, travaillent en synergie avec l’ovocyte pour coordonner les grandes étapes 

du développement ovocytaire post-partum. Ce développement commence par la 

croissance ovocytaire, une période d’expansion en taille de l’ovocyte associée à un 

stockage de nutriments essentiel pour soutenir les premières étapes du développement 

embryonnaire. S’ensuit une étape de maturation méiotique, durant laquelle l’ovocyte 

effectue deux divisions cellulaires et suspend son développement en métaphase de 

seconde division, jusqu’à la fécondation. Ces divisions sont asymétriques en taille et 

produisent une cellule germinale haploïde qui a conservé un maximum de volume de 

cytoplasme pour permettre l’embryogénèse précoce. 

 Les cellules de la granulosa façonnent la qualité ovocytaire en s’engageant dans 

un dialogue bidirectionnel avec l’ovocyte. Le dialogue somatique est principalement établi 

par contact intercellulaire grâce à des protrusions émises par les cellules de la granulosa 

appelées projections transzonales (TZPs). Les TZPs ressemblent aux filopodes par leur 

forme et leur composition structurale. Ils résident dans la matrice extracellulaire qui 

entoure l’ovocyte, la zone pellucide. Des jonctions cellulaires sont élaborées entre 

l’extrémité de ces protrusions et la membrane ovocytaire, en particulier des jonctions 

d’adhérence permettant l’adhésion entre l’ovocyte et les cellules de la granulosa. Des 

jonctions gap, également présentes à cette interface, couplent l’ovocyte et les cellules 

somatiques sur le plan métabolique et jouent un rôle majeur dans le développement de 

l’ovocyte, notamment en autorisant le transfert de métabolites d’un type cellulaire à l’autre. 

 Durant ma thèse, j’ai étudié le rôle des TZPs, et implicitement des interactions 

directes ovocyte/cellules de la granulosa, dans le développement ovocytaire. En générant 

une lignée de souris dépourvue de manière totale de la Myosine-X, un moteur moléculaire 

contenu dans les TZPs et connu pour participer à la formation des filopodes, nous avons 

obtenu des ovocytes avec une densité réduite en TZPs à la fin de la croissance ovocytaire. 

Nous montrons que la réduction de la densité des TZPs n’empêche pas l’ovocyte 

d’atteindre une taille canonique, mais altère l’intégrité de la zone pellucide et l’adhésion 

ovocyte-matrice extracellulaire. Par analyse transcriptomique, nous mettons en évidence 

que la diminution de la densité des TZPs altère le transcriptome de l’ovocyte à la fin de la 

croissance ovocytaire, avec des transcrits majoritairement sur-exprimés, suggérant que le 

transcriptome de l’ovocyte est modulé de manière exogène par les cellules de la 

granulosa. Enfin, bien que présentant un fuseau de division correctement assemblé et des 

chromosomes bien alignés, les ovocytes dépourvus de TZPs sont enclins à arrêter leur 

développement en métaphase de première division méiotique. Cet arrêt méiotique n’est 

pas causé par la déplétion ovocytaire de la Myosine-X. En effet, des souris dépourvues 

de Myosine-X de manière conditionnelle dans l’ovocyte sont fertiles et produisent des 

ovocytes qui terminent la maturation méiotique comme les ovocytes témoins. La Myosine-

X n’est donc pas requise pour le positionnement du fuseau dans l’ovocyte de souris, 

contrairement à son rôle établi dans plusieurs cellules mitotiques. 

 Nous proposons que les cellules somatiques modulent la synthèse ou la stabilité 

d’un sous-ensemble de transcrits ovocytaires par le biais de leurs protrusions cellulaires. 

Cette modulation améliore la capacité de l’ovocyte à terminer la maturation méiotique, et 

par extension, les chances de produire un embryon. 



Résumé/Abstract 

Chez les femelles mammifères, les cellules somatiques qui entourent l’ovocyte, les 

cellules de la granulosa, coordonnent le développement ovocytaire post-partum, la 

croissance ovocytaire et la maturation méiotique, en dialoguant avec l’ovocyte. Ce 

dialogue est principalement établi par contact intercellulaire grâce à des protrusions des 

cellules de la granulosa, les projections transzonales (TZPs). Les TZPs ressemblent à des 

filopodes, résident dans la matrice extracellulaire entourant l’ovocyte, la zone pellucide, et 

établissent des jonctions gap et d’adhérence avec la membrane de l’ovocyte. Durant ma 

thèse, j’ai étudié le rôle des TZPs dans le développement ovocytaire. En générant un 

knockout total de la Myosine-X chez la souris, une protéine contenue dans les TZPs et 

participant à la formation des filopodes, nous avons obtenu des ovocytes avec une densité 

de TZPs réduite. Cela n’empêche pas l’ovocyte d’atteindre une taille canonique. 

Cependant, cela altère l’intégrité de la zone pellucide, l’adhésion ovocyte-matrice 

extracellulaire, et le transcriptome de l’ovocyte en fin de croissance, les transcrits 

dérégulés étant majoritairement sur-exprimés. Les ovocytes dépourvus de TZPs sont 

enclins à arrêter leur développement en métaphase de première division méiotique, bien 

que présentant un fuseau de division correctement assemblé et des chromosomes bien 

alignés. Nous proposons que les cellules somatiques modulent la synthèse ou la stabilité 

d’un sous-ensemble de transcrits ovocytaires par le biais de leurs protrusions cellulaires. 

Cette modulation améliore la capacité de l’ovocyte à terminer la maturation méiotique, et 

par extension, les chances de produire un embryon. 

In female mammals, somatic cells surrounding the oocyte, termed granulosa cells, 

coordinate the critical stages of post-partum oocyte development, i.e. oocyte growth and 

meiotic maturation, by dialoguing with the oocyte. This dialogue is primarily mediated by 

cell-cell contact carried out by granulosa cell protrusions termed transzonal projections 

(TZPs). TZPs are analogous to filopodia in their snake-like shape, but also in their 

structural composition. TZPs are located in the zona pellucida, the extracellular matrix 

surrounding the oocyte, and their extremities establish cellular junctions with the oocyte 

membrane, i.e. gap and adherens junctions. In my thesis, I investigated the role of TZP-

mediated interaction between granulosa cells and the oocyte in oocyte development. By 

generating a total knockout of Myosin-X, a molecular motor contained in TZPs and 

participating in filopodia formation, we obtained mouse mutant oocytes with a reduced TZP 

density at the end of oocyte growth. This reduction does not impede the oocyte from 

reaching a canonical size. However, it impairs zona pellucida integrity, oocyte-matrix 

adhesion, and the oocyte transcriptome at the end of oocyte growth, with a subset of 

transcripts mostly up-deregulated. Importantly, TZP-deprived oocytes tend to cease their 

development at metaphase of the first meiotic division, despite a well-assembled division 

spindle and properly aligned chromosomes. We propose that somatic cells modulate the 

synthesis or stability of a subset of oocyte transcripts through their cellular protrusions. 

This modulation enhances the oocyte capacity to end meiotic maturation, and by 

extension, the chances of producing an embryo. 
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