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Abstract 

Inside preovulatory ovarian follicles, oocytes are enclosed by several layers of tightly 

packed cumulus cells (CCs), forming cumulus-oocyte complexes (COCs). At ovulation, the CCs 

secrete a hyaluronan-rich extracellular matrix and become displaced away from the oocyte. This 

process, called cumulus layer expansion, is essential for ovulation and fertilization. Downstream 

of the ovulatory stimulus, Epidermal Growth Factor Receptor (EGFR) signalling initiates 

expansion, but how this signalling triggers cumulus cell displacement is poorly understood. In 

other cell types, particularly cells showing highly invasive behaviour, cell migration requires the 

activation of Non-muscle Myosin II (NMII), controlled by NMII kinases such as Rho-associated 

kinases (ROCK) and Myotonic dystrophy-related CDC42-binding kinases (MRCK), which are, 

in turn, regulated by Small Rho GTPases such as RhoA. Therefore, we investigated whether 

cumulus cell displacement during expansion was similarly regulated. We first showed that CCs 

depend on EGFR signalling to trigger cumulus matrix production but then rely on oocyte-

secreted factors and cell attachment to sustain it. Moreover, CC detachment is accompanied by 

an extensive actin cytoskeleton rearrangement, which is underlined both by the retraction of 

transzonal projections and by the extension of actin-related cellular structures, such as membrane 

blebs. These events are hallmarks of cell migration. Next, we observed that coinciding with 

cytoskeletal rearrangement and membrane blebbing, NMII became activated in the CCs. 

Pharmacological inhibition of NMII activity blocked membrane blebs and impaired CC 

displacement. In contrast, inhibiting ERK activity only moderately impaired NMII activation, 

indicating that this crucial transducer of EGFR signalling does not regulate NMII activation. 

Moreover, in the absence of EGF, pharmacological stimulation of RhoA activated NMII and 

caused membrane blebbing. When we targeted the activity of ROCK and MRCK, we found that 

inhibition of either target individually partially impaired NMII activation and CC displacement, 

whereas inhibition of both impaired these events substantially. Functionally, blocking the 

activity of ROCK, MRCK, or NMII significantly reduced the number of sperm that reached the 

oocyte following incubation with capacitated sperm. Taken together, these findings suggest that 

RhoA-ROCK and MRCK cooperatively activate NMII to stimulate CC migration during 

expansion and that NMII-dependent migration is necessary for fertilization. The understanding 

of these molecular and cellular events may help diagnose and treat infertility as well as aid in the 

betterment of Assisted Reproductive Techniques. 
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Résumé 

À l’intérieur des follicules ovariens préovulatoires, les ovocytes sont entourés de 

plusieurs couches de cellules cumulus (CC) étroitement emballées, formant des complexes 

cumulus-ovocytes (COC). Lors de l'ovulation, les CC sécrètent une matrice extracellulaire riche 

en hyaluronane et s'éloignent de l'ovocyte. Ce processus, appelé expansion des cumulus, est 

essentiel à l’ovulation et à la fécondation. En aval du stimulus ovulatoire, la signalisation du 

récepteur de facteur de croissance épidermique (R-EGF) initie l'expansion, mais la manière dont 

cette signalisation déclenche le déplacement des cellules du cumulus est mal comprise. Dans 

d'autres types de cellules, en particulier les cellules présentant un comportement hautement 

invasif, la migration cellulaire nécessite l'activation de la myosine II non musculaire (NMII), 

contrôlée par les kinases NMII telles que les kinases associées à Rho (ROCK) et les kinases de 

liaison CDC42 liées à la dystrophie myotonique (MRCK), qui sont, à leur tour, régulés par les 

Small Rho GTPases telles que RhoA. Par conséquent, nous avons étudié si le déplacement des 

cellules du cumulus au cours de l’expansion était régulé de la même manière. Nous avons 

d’abord montré que les CC dépendent de la signalisation R-EGF pour déclencher la production 

de matrice cumulus, mais qu’ils s’appuient ensuite sur des facteurs sécrétés par les ovocytes et 

sur l’attachement cellulaire pour la maintenir. De plus, le détachement du CC s'accompagne d'un 

réarrangement étendu du cytosquelette d'actine, souligné à la fois par la rétraction des projections 

transzonales et par l'extension de structures cellulaires liées à l'actine, telles que les bulles 

membranaires. Ces événements sont les caractéristiques de la migration cellulaire. Ensuite, nous 

avons observé que, coïncidant avec le réarrangement du cytosquelette et le saignement 

membranaire, le NMII était activé dans les CC. L'inhibition pharmacologique de l'activité du 

NMII a bloqué les bulles membranaires et altéré le déplacement du CC. En revanche, l'inhibition 

de l'activité ERK n'a que modérément altéré l'activation du NMII, ce qui indique que ce 

transducteur crucial de la signalisation EGFR ne régule pas l'activation du NMII. De plus, en 

l’absence d’EGF, la stimulation pharmacologique de RhoA a activé le NMII et provoqué des 

saignements membranaires. Lorsque nous avons ciblé l'activité de ROCK et de MRCK, nous 

avons constaté que l'inhibition de l'une ou l'autre cible altère individuellement partiellement 

l'activation du NMII et le déplacement du CC, alors que l'inhibition des deux altère 

considérablement ces événements. Sur le plan fonctionnel, le blocage de l'activité de ROCK, 

MRCK ou NMII réduisait considérablement le nombre de spermatozoïdes atteignant l'ovocyte 
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après l'incubation avec des spermatozoïdes capacités. Pris ensemble, ces résultats suggèrent que 

RhoA-ROCK et MRCK activent de manière coopérative NMII pour stimuler la migration des 

CC pendant l'expansion et que la migration dépendante de NMII est nécessaire à la fécondation. 

La compréhension de ces événements moléculaires et cellulaires peut aider à diagnostiquer et à 

traiter l'infertilité ainsi qu'à améliorer les techniques de procréation assistée. 
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Contribution to original knowledge 

 

The ovulatory stimulus, besides triggering oocyte maturation and its release from the 

follicle, also triggers cumulus layer expansion. During this process, the cumulus cells produce 

and secrete a hyaluronan-rich extracellular matrix, the cumulus matrix, and become displaced 

away from the oocyte. The work presented in this thesis reveals new insights into the cellular and 

molecular mechanisms controlling cumulus cell displacement and its impact on fertility. 

In the first part of this thesis, we show for the first time that cumulus cell displacement 

takes place during the second half of the process, opposing the gene expression responsible for 

cumulus matrix production, which is concentrated during the first few hours of expansion. We 

indicate that high TGFβ signalling and consequent cumulus matrix production require cell 

attachment. We also show that cumulus cell displacement is accompanied by intense membrane 

blebbing, preceded by cumulus cell detachment and underlined by an extensive actin cytoskeletal 

rearrangement. The actin cytoskeletal rearrangement is underlined by the retraction of 

Transzonal Projections that link the cumulus cells to the oocyte, a long-known process that 

mediates the uncoupling between the somatic and the germ compartment, freeing the oocyte for 

fertilization. 

In the second part of the thesis, we show that cumulus cell displacement during 

expansion has an active cell migration component. For the first time, we described this migration 

as dependent on actomyosin contractility, powered by Non-muscle Myosin II activity. We 

further describe the molecular mechanism responsible for activating Non-muscle Myosin II that, 

opposing the current knowledge on the regulatory pathways controlling expansion, does not 

depend on Extracellular Regulated Kinases 1 and 2 activity. In functional studies, we indicate 

that this Non-muscle Myosin II-dependent cumulus cell migration is required before fertilization 

so the sperm can penetrate the cumulus layer and reach the mature oocyte. Altogether, these 

results further highlight the impact of cumulus layer expansion on female fertility, providing a 

more comprehensive basis for future infertility diagnosis and treatment. 
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1. The female reproductive system in mammals 

The term reproduction describes the generation of offspring. In asexual species, this act is 

carried on by, for example, cloning, a process during which one organism gives rise to another 

with the same genetic constitution. On the other hand, in sexually reproducing species, an 

individual is the product of combined genetic information from the progenitors and is genetically 

unique. Therefore, this mode of reproduction requires specialized reproductive cells, termed 

gametes, produced by the male and female reproductive tracts.  

The female reproductive system in mammals includes the ovaries, the oviducts, the 

uterus, the vagina, accessory glands, and external genital organs. All these components work 

synergistically to generate competent female gametes, transport them to the fertilization site, 

produce sex hormones, support fetus development, give birth and, finally, nourish the newborn.  

1.1. The hypothalamic-pituitary-gonadal axis 

The hypothalamic-pituitary-gonadal (HPG) axis comprises the hypothalamus, the 

pituitary gland and the gonads, the primary reproductive organs. Its activity is crucial for the 

development and regulation of the female reproductive tract since its activity is required to i) 

produce and secrete sex hormones, ii) develop competent female gametes, called oocytes, and iii) 

trigger ovulation, the event that mediates their transportation to the fertilization site. The HPG 

axis and its components will be summarized in the following sections.   

1.1.1. The hypothalamus 

The hypothalamus is a small structure at the base of the third brain ventricle that harbours 

approximately 2,000 neurons in humans and 600 in mice, all responsible for producing and 

secreting neurohormones, including the gonadotropin-releasing hormone (GnRH) factors (1,2). 

GnRH, a decapeptide with a circulation half-life of 5 minutes, is released by the hypothalamus 

and binds its receptors on the surface of gonadotrope cells at the anterior pituitary. As a result, it 

will stimulate the synthesis and secretion of the gonadotropins Follicle Stimulating Hormone 

(FSH) and Luteinizing Hormone (LH) (3). 

The hypothalamus releases GnRH in pulses or surges. After monitoring various 

environmental indicators such as body mass, nutritional status, stress levels and emotional state, 

the hypothalamus determines the frequency and amplitude of these GnRH secretory pulses, 
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except for right before ovulation, when it is released as a surge (4–6). The endocrine information 

is contained within the pulse’s frequency and amplitude. For example, under normal 

physiological conditions, the menstrual cycle's follicular phase is characterized by GnRH pulses 

with a high frequency and a small amplitude. In contrast, the luteal phase relies on a lower 

frequency of large amplitude pulses. 

1.1.2. The pituitary gland 

The pituitary is an essential endocrine gland whose activity links the brain and ovarian 

function. That is because the pituitary translates the rhythm set by the hypothalamus into a 

gonadotropin signal that will control follicle development and ovulation. This gland contains 

three lobes: the posterior, the intermediate and the anterior (7–9). The anterior lobe harbours five 

different cell types that secrete either Thyroid Stimulating Hormone (TSH), Growth Hormone 

(GH), Adrenocorticotropic Hormone (ACTH), Prolactin (PRL) or the gonadotropins FSH and 

LH. The cells secreting FSH and LH in the circulatory system are termed gonadotropes (3). 

Gonadotropins are glycoproteins composed of two subunits, termed α and β. The α 

subunit is common to all gonadotropins, namely FSH, LH, and human chorionic gonadotropin 

(hCG), mainly produced by placental cells. This subunit is non-covalently associated with a 

unique, hormone-specifying β subunit (10). While the α subunit is produced in excess by the 

gonadotropes, the β subunit synthesis is the rate-limiting step in producing FSH and LH (11,12). 

Moreover, both subunits have asparagine glycosylation sites, and the hormone’s activity levels 

and circulation half-life are controlled by the extent and nature of the glycosylation (13–15). For 

instance, FSH tends to be less glycosylated during the follicular phase of the menstrual cycle, 

which increases its activity, favouring follicle development (16,17). Once secreted, FSH, LH and 

hCG will stimulate their target cells by binding to G-protein coupled receptors. The FSH 

receptor (FSHR) is expressed in granulosa cells, whereas the LHR, which binds both LH and 

hCG, is expressed in theca, mural granulosa and corpus luteal cells.  

1.1.3. Ovaries: the female gonad 

Ovaries are the primary female reproductive organs or gonads. Structurally, the ovaries 

are covered by an outer epithelium layer and are divided into two sections: cortex and medulla. 

The cortex is the outer portion of the organ, which often assumes a granular aspect due to the 

high concentration of ovarian follicles in various stages of development. The medulla is the 
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ovarian internal portion, which contains connective tissue and is highly vascularized. 

Functionally, the ovary produces and releases competent female gametes, the oocytes. To this 

end, each oocyte is enclosed in a follicle, the ovarian functional unit, that also harbours somatic 

cells responsible for integrating systemic hormonal and local paracrine signalling to support 

oocyte development.   

1.1.3.1. The human menstrual cycle 

The menstrual cycle comprises a sequence of changes in hormone production and release 

that drives changes in the female reproductive tract – mainly in the ovaries and uterus. Therefore, 

it drives oocyte development and prepares the body for a possible pregnancy. The human 

menstrual cycle is characterized by a follicular phase, followed by midcycle ovulation and a 

luteal phase. In 1967, Treloar and colleagues (18) catalogued more than 275,000 menstrual 

cycles reported by Caucasian women attending the University of Minnesota. From this analysis, 

they determined that, for Caucasian women, the average duration of the menstrual cycle is 28 

days, with the follicular and luteal phases each spanning approximately 14 days.  

Throughout the female’s reproductive life, small follicles on the cortex region of the 

ovaries will start to grow. Initially, their growth does not require gonadotropin stimulation. At 

the start of the follicular phase of the menstrual cycle, the increased secretion of FSH by the 

pituitary will stimulate follicle growth past these initial stages, supporting granulosa cell 

proliferation and follicle progression (19). At the end of the follicular phase, the high levels of 

estradiol produced by the granulosa cells of big antral follicles that grew in response to the 

gonadotropins will positively feedback the hypothalamus and the pituitary, leading to a surge in 

LH secretion (20,21).  

The LH surge will trigger a series of changes inside the follicle: i) oocyte maturation, ii) 

cumulus layer expansion, iii) luteinization, and iv) release of the cumulus-oocyte complex after 

follicle rupture. Ovulation is then followed by the luteal phase, characterized by lower 

circulating levels of FSH and LH (4,22). During this phase, the remaining granulosa cells 

complete their differentiation and form the corpus luteum. This structure is an endocrine body 

that, in response to the hCG produced by placental cells in case of a successful pregnancy, will 

keep producing progesterone and sustain it (23).  
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1.1.3.2. The rodent estrus cycle 

While humans and non-primates have menstrual cycles, rodents have estrus cycles, 

representing the cyclical pattern of ovarian activity and behaviour that dictates reproductive 

receptibility. An estrus cycle, typically 4 to 5 days long for rodents, follows the same general 

mechanisms of a human menstrual cycle, with gonadotropins responsible for stimulating follicle 

growth and ovulation (24,25). The estrus cycle can be divided into 4 distinct phases: proestrus, 

estrus, metestrus and diestrus.  

Proestrus is the phase during which late follicular development takes place, and a peak in 

estradiol produced by the granulosa cells from the rapidly growing antral follicles triggers a 

gonadotropin surge. In response to that, ovulation happens the following day, which is the estrus 

phase. The estrus phase is also accompanied by sexual receptivity behaviour. Next, the metestrus 

represents the early luteal phase, when the corpora lutea will continue to differentiate and grow 

until it reaches its maximum size, approximately 24 hours after ovulation. The next day, the 

female enters diestrus, a phase in which the uterus is ready for implantation and the corpora lutea 

are functional. If pregnancy does not occur, the uterine lining will be absorbed instead of shed, as 

is observed in a human menstrual cycle. However, if pregnancy ensues, the corpora lutea will be 

maintained by PRL, seeing that rodents do not produce hCG (26). Therefore, the rodent estrous 

cycle is also characterized by hormonal changes that drive gamete development and prepare the 

uterine environment for a possible pregnancy, supporting reproduction.  

1.2. Female infertility  

Infertility or subfertility is defined as failure to achieve pregnancy after 12 months of 

consecutive unprotected intercourse or therapeutic donor insemination (27,28). It has been 

estimated that infertility affects around 10-15% of couples in industrialized countries (29). 

Indeed, infertility prevalence among couples in Canada is estimated between 12 and 15% (30), 

and according to the American Society of Reproductive Medicine, at least 15% of couples in the 

United States are affected by it (31). Different from other health conditions, infertility involves 

two individuals, and there are a series of various underlying causes contributing to it that can 

spawn from both the male and female sides. While men continuously produce viable sperm 

throughout their lives, the most well-established factor affecting female fertility is age (32). 

Women's likelihood of bearing a child is stable from puberty to around 30 but declines rapidly 
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until menopause (33–35). This is increasingly more significant as socioeconomic factors raise 

the average age women have their first child (36). Other than age, alternative drivers of female 

infertility can include prematurely diminished ovarian reserve, ovulatory dysfunction, and 

uterine, pelvic or tubal abnormalities, which are illustrated in Figure 1 and will be briefly 

discussed below. 

 

 

Figure 1: The female genital tract and factors that affect fertility. Several serial steps are required to 

establish a pregnancy, including developing and releasing a competent oocyte by the ovaries, fertilization 

by spermatozoa, passage through the oviducts (fallopian tubes), and implantation into the uterus. Oocyte 

or sperm abnormalities, or the failure of the sperm to reach and fertilize the oocyte, can prevent the 

generation of an embryo. Embryo development inside the oviducts can fail during the preimplantation 

stages, and implantation can fail or happen outside of the uterus (ectopic pregnancy). Uterine 

abnormalities deviate from a receptive uterine environment, a requirement for proper embryo 

implantation and development. Adapted from Farquhar et al. (29). 

 

Prematurely diminished ovarian reserve is termed Premature Ovarian Failure (POF) or 

Primary Ovarian Insufficiency (POI). POF is usually observed due to an initial low ovarian 

reserve, an increased rate of follicle atresia or cytotoxic therapies, such as chemotherapy (37). 
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Anovulation is caused by ovulatory defects that can be related to obesity, hypothalamus-

pituitary-gonad axis dysfunction, Polycystic Ovary Syndrome (PCOS) and other causes. PCOS, 

however, has been highlighted as the most common cause of anovulation (38,39). Although the 

exact causes of PCOS are still unknown, women with the condition have increased frequency of 

GnRH pulses that alter the FSH:LH secretion ratio, leading to higher androgen levels, lower 

oocyte maturation and anovulation (40). Tubal, pelvic and uterine abnormalities include scarring, 

adhesions, fibroids or endometriosis, a condition in which the uterine lining grows outside the 

uterus on different peritoneal surfaces (41).  

Despite recent advances, approximately 30% of infertile couples are diagnosed with 

unexplained infertility. This happens in cases where ovulation and sperm quality have been 

confirmed, but no pregnancy was observed (42). Since ovaries are a crucial organ in maintaining 

fertility, this scenario warrants further in-depth studies to understand their functioning and 

prompt the development of better treatment for reproductive disorders. 

Infertility management starts with a medical workup, which includes the assessment of 

lifestyle, health conditions, and medical history, plus sperm assessment when recommended. 

Initially, the approach can be non-interventional, and the clinician will check the couple’s 

awareness of basic fertility concepts and can also calculate the chances of non-assisted 

conception using predictive models. These models, such as the Hunault model, consider female 

age, sperm motility, and duration of the period they have been trying to conceive, among others, 

to calculate the chances of natural conception throughout a year (43). However, if the prognostic 

is not good – lower than 30% chance of unassisted pregnancy in one year – options for active 

intervention to promote pregnancy include Intrauterine Insemination (IUI) and In Vitro 

Fertilization (IVF) and its associated techniques such as intracytoplasmic sperm injection (ICSI) 

and in vitro maturation (IVM), also known collectively as Assisted Reproductive Technologies 

(ARTs). 

Over the past 20 to 30 years, a steady increase in the demand for ARTs has been 

observed due to the higher number of couples that are referred to the procedures, both due to 

identified or unexplained infertility diagnoses (44). Another contributing factor to this 

observation comes from single persons, gender non-conforming individuals, and members of the 

lesbian, gay, bisexual, transgender, queer, intersex, and asexual (LGBTQIA) community seeking 

fertility treatments. Single persons and members of the LGBTQIA community have the same 
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interest in having children as heteronormative couples, and family building for these groups 

includes different approaches, some requiring ARTs (45,46). 

1.3. Assisted reproductive technologies 

During the most fertile stages of a woman’s life, the chances of non-assisted pregnancy 

during a given menstrual cycle are up to 30% due to the short window of oocyte viability after 

ovulation (47). Moreover, lifestyle, age, and health conditions can decrease this likelihood. 

Therefore, assisted reproductive technologies were designed to aid individuals in achieving 

pregnancy. By definition, these techniques involve any procedure in which oocytes and/or 

embryos are manipulated.  

Standard IVF is a fertility treatment in which mature oocytes are fertilized outside of the 

body, and the resulting embryos that are deemed to have the best chances of establishing a 

pregnancy are transferred into the uterus (Figure 2). The first IVF procedure in humans was 

performed in 1978 with a single oocyte collected during a laparoscopic procedure (48). In this 

case and the ones that shortly followed, a natural menstrual cycle was monitored for the 

collection of a single oocyte. However, controlled ovarian stimulation (COS) with exogenous 

gonadotropin administration has become more common since then, as it allows for the 

development of multiple follicles, increasing the number of mature oocytes retrieved and the 

chances of success (49). Once the eggs are collected, they are incubated with sperm so 

fertilization can happen in vitro. For couples with a male infertility factor, including low sperm 

motility or count, ICSI is considered an alternative. In this procedure, individual sperm are 

selected based on morphological parameters and injected directly into the oocyte cytoplasm (50). 

The developing embryos are then incubated and transferred on day 3 after cleavage or on day 5 

after reaching the blastocyst stage. Day 5 transfers are more common since the morphological 

analyses to predict implantation success are more accurate at this stage (51,52). 

Analysis of more than 144,000 embryo transfers performed in European fertility centers 

in 2013 reported an overall pregnancy rate of 34.5%, regardless of the infertility cause (53). 

According to the last report published in June of 2023 by the Human Fertilisation and 

Embryology Authority (UFEA, in the UK), the average pregnancy rate for women under 34 

years of age undergoing IVF was 41%, but 28% for women aged between 35-39 years. In 

addition to this relatively low success rate, IVF is a lengthy process with multiple critical steps,  
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Figure 2: The IVF protocol. In step 1, gonadotropins are administered to stimulate follicle growth, and 

gonadotropin-releasing hormone (GnRH) agonists are given to suppress the natural menstrual cycle and 

downregulate the pituitary gland. When the follicles have reached an appropriate size, final maturation of 

the oocytes is induced, usually with hCG injections. In step 2, oocytes are collected with a transvaginal 

ultrasonography probe for guidance under general or local anesthesia with sedation. Step 3 is fertilization, 

which can be done by incubating the oocytes with sperm or intracytoplasmic sperm injection (ICSI). Once 

the oocytes have been fertilized, the developing embryos are cultured, which constitutes step 4. One is 

selected for transfer from the pool of available embryos in step 5. The leftover good-quality embryos can 

be cryopreserved for posterior use if the pregnancy is not established or if the couple desires another 

child. Adapted from Farquhar et al. (29). 

 

and varied factors can hinder it and increase the risk factors. For instance, some women do not 

respond to COS or are at risk of ovarian hyperstimulation syndrome (OHSS)(49,54). OHSS is a 

serious condition where the ovaries swell in response to exogenous hormonal treatment and 

produce an excess of growth factors, possibly leading to renal injury or thromboembolism. 

Patients with PCOS, the most common cause of anovulation-related infertility cases, are at 

particular risk for OHSS when undergoing IVF (55,56). 

Alternatively, to avoid such risks, immature oocytes can be retrieved from the ovaries, 

matured outside the body, and only then submitted to ICSI or incubated with sperm. This 

approach is a mild version of the standard IVF protocol (57) and is indicated for patients at high 

risk of OHSS, including the ones with PCOS, or women who do not respond to COS. 

Additionally, the milder hormonal stimulation and the consequently lower associated costs are 

reasons why the IVM approach may gain increased interest. However, the pregnancy rates of 
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IVM procedures are still considerably low when compared to the standard IVF protocol (58–62). 

This discrepancy in outcomes has been, at least partially, associated with varied protocols 

employed in different fertility centers (63). While some centers will only use a short course of 

FSH to stimulate follicle growth, others will also administer hCG right before oocyte retrieval 

(63–65) in a strategy termed “hCG triggered-IVM” or “truncated IVM” (66). This results in a 

heterogeneous population of collected oocytes that can be at the GV, MI or MII stages, impeding 

IVM protocol standardization and success. However, despite the protocol, the overall quality of 

the IVM oocytes tends to be inferior to in vivo matured ones (67). 

Romero and colleagues (68) proposed an alternative approach to overcome IVM’s low 

yield of good-quality embryos. Their aim was also to develop a method with little to no 

hormonal stimulation, which would be a good alternative for PCOS patients and women who do 

not respond to COS. In this work, they collected immature oocytes associated with their 

surrounding support somatic cells, the cumulus. These cumulus-oocyte complexes (COCs) were 

obtained from small and medium antral follicles of unprimed mice and were then submitted to a 

pre-maturation culture period before in vitro fertilization. Presumably due to the presence of the 

cumulus cells, which play a vital role in oocyte development during folliculogenesis, the oocytes 

continued growing during the pre-IVM culture, aiding their capacitation. For this reason, the 

procedure is denominated capacitation (CAPA-) IVM. The oocytes submitted to this process 

presented higher maturation and blastocyst formation rates. So far, this approach has been tested 

in livestock animals (69) and humans upon brief FSH stimulation (70,71).  

The improvement in survival rates of cancer patients has contributed to the increased 

demand for ARTs due to the gonadotoxic nature of cancer treatment. Currently, adult and 

postpubertal patients can freeze mature oocytes for future IVF procedures or choose to 

cryopreserve embryos for future implantation. However, if the treatment cannot be postponed for 

two weeks or the patient is prepubertal, those are not valid options. In these cases, ovarian tissue 

cryopreservation can be performed for future reimplantation. Nonetheless, this approach is still 

experimental (72,73) and requires additional surgeries and, depending on the cancer type, this is 

not recommended due to the risk of reintroducing cancerous cells (74–77).  

Transgender individuals represent a small but growing population that seeks fertility 

clinics. Currently, the available options for fertility preservation in transmen are similar to the 

ones available for cancer patients and include oocyte or embryo cryopreservation, ovarian tissue 
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cryopreservation, and IVM (78). Thus, the same obstacles regarding puberty are also at play for 

this group, in addition to the fact that gender-affirming treatments, including hormone therapy 

and surgery, have significant impacts on fertility. Additionally, there is a growing number of 

patients presenting for gender-affirming treatment and a trend toward decreasing age at the time 

of presentation (79). Therefore, the development of a reliable and efficient IVM protocol would 

benefit couples struggling with infertility, single persons and members of the LGBTQIA 

community wishing to conceive, and cancer survival patients. All these different groups would 

greatly benefit from a good alternative for in vitro oocyte capacitation, maturation and 

fertilization. This possibility requires further study of the processes involved in producing a 

mature and fertilizable oocyte.  

2. Folliculogenesis and oogenesis 

In mammals, the female germ cell undergoes a long differentiation journey before being 

fertilized and giving rise to viable offspring. This process starts during embryo development 

when oocytes differentiate from primordial germ cells that had previously migrated to the genital 

ridges to become oogonia. At this stage, the prophase I-arrested oocytes associate with pre-

granulosa cells and form the primordial follicles, which can remain quiescent for years. But once 

recruited to the growing follicle pool, they will develop into primary, secondary, antral, and 

preovulatory follicles, finally giving rise to a developmentally competent oocyte (Figure 3). 

Therefore, folliculogenesis guarantees the production of fertilizable female gametes, an essential 

process for mammalian fertility.  

2.1. Primordial germ cell differentiation 

Primordial Germ Cells, or PGCs, are essential for fertility as they initiate the process of 

transferring genetic and epigenetic information from one generation to the next.  In some species, 

such as Drosophila and C. elegans, PGCs differentiate through pre-formation (80). In this 

process, the germ cell fate is acquired by inheriting a specific subset of RNAs and proteins from 

the fertilized oocyte while the remaining cells differentiate into somatic cells. Mammals, on the 

other hand, specify PGCs by a different process, denoted induction (81).  
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Figure 3: Folliculogenesis. Starting at the top right-hand side, a primordial follicle from the follicle 

reserve is recruited to the growing pool, developing past the primary, secondary, early antral, and antral 

stages. A mature and fertilizable oocyte is ovulated upon the ovulatory stimulus, while the remaining 

follicular cells undergo luteinization and form the corpus luteum (CL). 

 

The induction of PGCs in mammals starts after the differentiation of the trophectoderm 

and the primitive endoderm (82,83). From embryonic day 6.5 (E6.5) in mice, signals from the 

extraembryonic ectoderm and visceral endoderm modulate the transcriptional activity of 

underlying epiblast cells (84). Among these signals, Bone Morphogenetic Protein 4 (BMP4) is 

primarily responsible for initiating specification (81,85). It signals through canonical BMP 

receptors in the epiblast cells (82,86,87) and activin A receptor type I on the visceral endoderm 

cells to indirectly facilitate the specification process (88). According to information obtained by 

studying knockout mouse models, BMP8b secreted by the extraembryonic cells and BMP2 

secreted by the visceral endoderm also play indispensable roles in the induction of PGCs (89,90). 

As a result of this integrated signalling network, a cluster of PGCs can be first detected on E7.5 

(91). 

Once the germ cell fate is acquired, the PGCs gain motility, a valuable tool to reach the 

genital ridges, where the gonad develops in the embryo. A change in the adhesion dynamics of 

PGCs marks the onset of migration. For example, the cell-cell adhesion protein E-cadherin is 

required for PGC differentiation (92), but its expression decreases as soon as the PGCs acquire 

mobility and become incorporated in the hindgut epithelium (93,94). Similarly, PGCs’ adhesion 
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to the extracellular matrix (ECM) also changes, and a lower affinity for laminin and fibronectin 

is observed (95). In parallel with decreasing their adhesion, PGCs assume a round morphology, a 

hallmark of an ancestral migration mode termed amoeboid (96). Further details on this migration 

mode will be provided in section 4.5.2 of this document. 

Despite observed divergence regarding germ cell migration paths, general features are 

found in the most studied species. For example, most PGCs are induced at the posterior edge of 

the embryo or between embryonic or extraembryonic tissues. After induction, gastrulation often 

causes translocation initiation, which can be passive, as observed in drosophila (97), or active, as 

suggested by studies in mice (98,99). This initial translocation gets the PGCs to the center of the 

embryo, from where they must migrate through an epithelial barrier. Once this barrier has been 

crossed, they migrate further, both dorsally and laterally, to form the two distinct groups of germ 

cells that will integrate each developing gonad.  

Although the migratory phenotype is essential for fertility, it is not sufficient: to reach the 

developing gonad, PGCs also need guidance. The existence of such a mechanism was postulated 

after observations of the high fidelity with which PGCs reach their destination (100). The idea 

was corroborated by solid evidence demonstrating the power of mouse genital ridge explants to 

attract PGCs across a significant distance in vitro (101–103). A central guidance mechanism was 

first uncovered in zebrafish (104,105) but was soon also identified in mice (106–108), 

chicken(108), and other marine species (109,110). This signalling mechanism is mediated by a 

gradient of the small chemokine stromal-cell-derived factor 1 (SDF-1, also called CXCL12) that 

binds and activates the GPCR receptor 4 (CXCR4) expressed by the migrating PGCs. Later, it 

was also shown that a steep gradient of SDF-1 is needed to properly guide the migrating PGCs, 

with an ectopic expression of sdf-1 by the germ cells being enough to sterilize zebrafish (111). 

Further investigation showed sdf-1 to have a dynamic expression at its peak just in front of the 

migrating germ cells (104,107,108), which is crucial in establishing the steep gradient required 

for successful signalling and PGC guidance.  

All these changes allow the PGCs to translocate from one part of the embryo to another 

and invade through gaps and openings in their environment, following the cues to maintain their 

migratory phenotype and reach their destination. By E9.5, the PGCs will have emerged from the 

hindgut and colonized the genital ridges before migrating inwards to form the primitive medulla 
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and the sex cords (91). In females, this is where PGCs lose their motility and become oogonia 

(112,113).  

2.2. Primordial follicle formation 

Oogonia give rise to the germ cell population in the ovary. They do so by dividing 

mitotically to increase in number. However, this mitotic process differs from the one observed in 

other tissues or developmental stages, as these cells do not undergo complete cytokinesis but 

remain connected by intercellular bridges, forming germ cell cysts (114–116). At E13.5, 

following an anterior-to-posterior pattern in the murine ovary, the inter-connected oogonia will 

start entering meiosis (117,118).  Retinoic acid, an active vitamin A derivative, is a key 

signalling molecule in this process. It binds its intracellular receptors to stimulate Stra8 

(stimulated by retinoic acid 8) expression, promoting germ cell chromatin replication and the 

official entry in the meiotic division (119–122). Activin A, a member of the Transforming 

Growth Factor β (TGFβ) superfamily, may cooperate with retinoic acid in promoting the meiosis 

of oogonia since it stimulates the expression of premeiotic and meiotic genes, including Stra8 

(123). Moreover, signalling molecules produced by ovarian somatic cells, including the 

canonical wingless-type MMTV integration site family member 4 (WNT4) and R-spondin 1 

(RSPO1), have also been shown to be involved in oogonia meiosis entry (124). RSPO1 deficient 

ovaries lack Stra8 expression, compromising PGC proliferation and oogonia meiosis entry (125). 

Once meiosis is initiated, the oogonia will progress through the leptotene, zygotene, and 

pachytene, getting arrested at the diplotene stage of meiotic prophase I, giving rise to primary 

oocytes. The meiotic arrest of mouse oocytes at this stage is crucial for primordial follicle 

formation (126). 

Besides oocyte differentiation, primordial follicle formation also depends on proper pre-

granulosa cell recruitment and differentiation into granulosa cells. It is an event coordinated by a 

set of secreted factors, including the previously mentioned WNT4 and RSPO1 signalling 

molecules and additional ones, such as the transcriptional regulator FOXL2 (124). Schmidt et al. 

(127) have identified expression of the granulosa cell marker FOXL2 as soon as E12.5 until 

primordial follicle formation. Foxl2 deficiency impairs primordial follicle formation by 

interfering with granulosa cell differentiation and proper basal lamina formation (128). 

Additional work done by Padua et al. (129) showed that the deletion of transcription factors 
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Gata4 and Gata6 decreased FOXL2 expression, preventing the formation of the primordial 

follicle pool. At E17.5, only FOXL2-positive pre-granulosa cells succeed in invading cysts to 

start forming the primordial follicles (130). However, as mentioned above, FOXL2 is not the 

only factor required for pre-granulosa cell differentiation. Loss of function of WNT4 and RSPO1 

leads to sex reversal of the gonad, denoted by expression of Sertoli cell markers SOX9 or Dhh 

(131,132). Oocyte-specific transcription factors such as Figla (133,134) and Nobox (135,136) 

have also been implicated in oocyte survival, primordial follicle formation and male germline 

gene expression prevention. These studies demonstrate how expressing different transcription 

factors at the right time and cell type during embryonic development paves the road for proper 

follicle formation and development.  

In mice, the germ cell cysts undergo programmed breakdown at birth (137). During this 

period, the mitotically arrested pre-granulosa cells infiltrate the cysts, and degradation of the 

oocyte population leads to a significant decrease in the ovarian germ cell content (115). The 

remaining oocytes will then be enveloped by flattened pre-granulosa cells, giving rise to the 

primordial follicles. A basement membrane will also enclose these follicles, separating them 

from the stromal-interstitial tissue environment (138,139).  

2.3. Primordial follicle activation 

Primordial follicle activation designates the commitment of a small follicle to growth, as 

it will eventually lead to either the ovulation of a mature oocyte or to follicle atresia (140). It has 

been described to happen both before and after a female reaches sexual maturity. For example, a 

subset of primordial follicles in cows and sheep will be activated and further differentiate into 

primary, preantral and antral stages during late gestation (141,142). Before birth, however, these 

follicles will undergo atresia so that only primordial follicles remain in the ovary. A similar 

pattern is observed in mice, where two main classes of primordial follicles have been identified: 

the medullary and the cortical primordial follicles (143). The medullary follicles are activated 

right after birth and proceed through the folliculogenesis stages but are not ovulated. Once the 

female reaches sexual maturity, however, a subset of the cortical primordial follicles is 

continuously recruited to the growing follicle pool while the rest remains in the quiescent state.  

Initially, there were conflicting data regarding the role of gonadotropins in primordial 

follicle activation. For example, it was reported by Halpin and Charlton in 1988 that a transgenic 



32 

 

mouse model with impaired GnRH signalling had a smaller population of early-growing follicles 

(144). FSH analogue injections rescued this effect. However, it had been previously shown that 

gonadotropin injection in young mice does not alter the rate of primordial follicle activation 

(145). In fact, studies carried out on mouse models deficient for FSH production or FSHR 

expression showed that the primordial follicles could still develop up to the preantral stage, 

indicating the absence of gonadotropin signalling did not affect primordial follicle activation 

(146,147). Therefore, primordial follicle activation is believed to rely on intraovarian factors 

rather than on direct gonadotropin signalling. 

The first morphological indicator of primordial follicle activation is the remodelling of 

granulosa cell shape: previously squamous, the granulosa cells become cuboidal as they re-enter 

the mitotic cycle (148). Oocyte growth, which will be covered in more detail in the next section, 

starts shortly after the morphological changes in the granulosa cells are observed (149). Although 

vastly studied, the molecular mechanism behind the selective activation of primordial follicles is 

still poorly understood. Different lines of investigation point to a model in which local ovarian 

factors stimulate activation of the phosphoinositide 3-kinase (PI3K) pathway in granulosa cells, 

increasing protein synthesis, ultimately leading to granulosa cell morphology changes and 

enabling oocyte growth initiation.  

The PI3K signalling pathway, illustrated in Figure 4, is reported to control cell growth, 

metabolism, and proliferation (150). Active PI3K stimulates a series of downstream effectors, 

namely the phosphoinositide-dependent kinase 1 (PDK1), AKT, also known as protein kinase B, 

the mammalian target of rapamycin (mTOR), and the ribosomal S6 kinase (S6K)(150). AKT is a 

central player of the canonical PI3K signalling and, upon activation, will localize to the 

membrane and phosphorylate its targets, including tuberous sclerosis 1 and 2 (TSC1/2)(151). 

When active, these factors inhibit protein synthesis by preventing mTOR and S6K activity, and 

direct phosphorylation by AKT will readily inactivate TSC1/2, lifting the inhibitory activity over 

the PI3K pathway. Besides TSC1/2, the phosphatase and tensin homolog (PTEN) and the 

transcription factor Forkhead box O3 (FOXO3) are critical negative regulators of the PI3K 

pathway. PTEN catalyzes the hydrolysis of one phosphate group from Phosphatidylinositol-3,4-

triphosphate (PIP3), a product of PI3K activity, which in turn impairs the recruitment of PDK1, a 

kinase required for AKT phosphorylation (152). Without PTEN signalling, PI3K-AKT will be 

active and phosphorylate FOXO3. The phosphorylation of FOXO3 leads to its inactivation and  
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Figure 4: The canonical phosphoinositide 3-kinase (PI3-Kinase) signalling pathway. Upon 

growth factor binding to tyrosine kinase cell receptors, PI3K initiates the conversion of PIP2 into 

PIP3, a reaction that PTEN can undo. Increased PIP3 concentration at the membrane recruits and 

activates PDK1, which, in turn, phosphorylates AKT. AKT relieves the inhibitory pressure of 

TSC1/2 on mTOR, triggering protein synthesis. 

 

translocation to the cytoplasm, where it can no longer promote the expression of cell cycle arrest 

genes (153). Therefore, PI3K-AKT-mTOR-S6K signalling suppresses cell cycle arrest and leads 

to increased protein synthesis by the cell.  

In the ovary, deletion of Pten or Foxo3 leads to a similar phenotype characterized by 

increased primordial follicle activation and oocyte overgrowth (154,155). Consistently, specific 

deletion of Tsc1 in granulosa cells of mouse primordial follicles leads to PI3K activation and the 

transition of granulosa cells from squamous to cuboidal morphology (156). These results 

strongly suggest that the finely regulated recruitment of dormant primordial follicles to the 

growing pool depends on activating the PI3K signalling pathway on the flattened granulosa cells.  

2.3.1. Oocyte growth initiation 

Just as PI3K activity is required in the granulosa cells for primordial follicle activation, it 

might also be essential in oocyte growth initiation. In fact, multiple lines of evidence suggest that 

the signal initiating oocyte growth comes from the granulosa cells and activates the PI3K 

signalling pathway in the oocyte. An upstream regulator of PI3K, the growth factor Kit ligand 
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(KITL), is constitutively expressed by granulosa cells (157,158), and its receptor, the Kit 

receptor (KIT), is expressed by oocytes (159,160). The relationship between KITL-KIT 

signalling and oocyte growth initiation has been investigated by different approaches. For 

example, the expression of a constitutively active form of KIT was first targeted to mouse 

oocytes (161). Upon investigation, it was shown that granulosa cells remained flattened around 

the oocyte, indicating that the primordial follicles were not activated due to oocyte-activated 

KIT. Nonetheless, almost all oocytes started growing shortly after birth, which was corroborated 

by phosphorylated AKT detection in these cells, confirming the correlation between activated 

oocyte PI3K signalling and oocyte growth. In a different approach, functional KIT expression in 

the oocyte was ablated by deleting the exon encoding the kinase domain (161). In this system, 

the oocytes failed to grow even when the granulosa cells assumed a cuboidal morphology, 

denoting follicle activation and indicating that the KIT-deficient oocytes could not respond to the 

growth-promoting factor produced by the granulosa cells. Taken together, these results suggest 

that KITL, while not required for granulosa cell cuboidalisation, integrates the paracrine signal 

loop necessary for oocyte growth initiation shortly after primordial follicle activation.  

 Since KITL-KIT signalling activates the PI3K pathway in oocytes, its implications for 

oocyte growth were also closely investigated. This was done by targeting negative regulators of 

PI3K signalling, such as PTEN, TSC1/2 or FOXO3 (refer to Figure 4 for an overview of the 

PI3K signalling pathway). Pten deletion from the oocyte of primordial follicles led to global 

oocyte growth shortly after birth (154,162). The detection of increased phosphorylated AKT 

levels supported the implications of PI3K signalling. Similarly, oocyte deletion of Tsc1 or Tsc2 

also triggered global oocyte growth and promoted the phosphorylation of ribosomal protein 6, a 

downstream target of AKT (163,164). In these cases, the granulosa cells tended to keep the 

flattened morphology, further corroborating the model in which oocyte PI3K signalling 

downstream of KITL-KIT binding is required for oocyte growth initiation. 

2.4. Progression from the primary to the preovulatory follicle 

As the primordial follicle enters the growing pool and gives rise to the primary follicle, 

the granulosa cells will continue proliferating to cover the expanding surface of the ever-

increasing oocyte (165,166). As two layers of granulosa cells surround the oocyte, a new 

population of somatic cells starts to differentiate: the theca. At this point, the basement 
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membrane separates the layers of epithelial-like granulosa cells from the newly formed 

mesenchymal-derived theca, as it surrounds the whole follicle. This new compartment is 

responsible for capturing cholesterol and catalyzing its conversion into androgens, a critical 

substrate the granulosa cells use to produce estrogens (167). Blood supply is limited to the theca 

cells at this stage and does not penetrate the basement membrane (168). 

Early follicular development was believed to be FSH-independent since follicles from 

Fshr-null can develop normally up to the preantral stage (169). However, treatment of young rats 

with a GnRH antagonist led to decreased ovarian weight, characterized by a reduced number of 

developing follicles and increased atresia (170). In contrast, FSH injections in rats under the 

same GnRH treatment increased ovarian weight and preantral follicle development. Additionally, 

preantral follicles of different species have been shown to be responsive to FSH exposure (171–

174). Therefore, folliculogenesis can be divided into gonadotropin-responsive stages, from 

primary to preantral, and gonadotropin-dependent stages, early antral to preovulatory stages, as 

illustrated in Figure 5. 

 

 
Figure 5: Hormonal regulation of follicular growth. After activation, follicle growth and development 

go through the gonadotropin-responsive primary and secondary stages (below the dashed line) and then 

progress to the gonadotropin-dependent stages, namely early antral, antral and preovulatory (above the 

dashed line).  
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Follicle growth up to the preantral stage is mainly regulated by bidirectional 

communication intermediated by paracrine factors originating from both the oocyte and the 

somatic cells. While the oocyte plays a vital role in the proliferation, differentiation and 

metabolism of the somatic follicular components, they, in turn, support oocyte growth and 

development (35,175,176). The details regarding this interaction will be explored in the oocyte 

growth section.  

As the granulosa cells proliferate and accumulate around the oocyte, small fluid-filled 

cavities start to appear within the cell layers. Each cavity grows up to the point where they 

merge, creating one antrum that characterizes the new follicle stage. The antrum physically 

separates the granulosa cells into two populations: the mural granulosa cells, which line up the 

follicular wall, and the cumulus cells, found in close association with the growing oocyte. Most 

follicles will fail to respond to FSH and consequently undergo atresia (175,177,178). However, 

successful FSH stimulation activates many signalling pathways to i) prevent granulosa cell 

apoptosis (179–181), ii) stimulate their proliferation (182,183), and iii) promote estrogen 

production (184). As previously shown, a mouse model lacking expression of functional FSHR 

presents underdeveloped accessory sex tissues and significantly smaller ovaries characterized by 

arrested follicular development at the preantral stage and anovulation (169). Moreover, FSHR 

activation leads to the expression of various genes throughout the follicle, including the Lhcgr by 

the mural granulosa cells (185,186) and the Egfr by the cumulus cells (187). Thus, FSH exposure 

is not only required for follicle growth up to the preovulatory stage but also vital for 

guaranteeing granulosa cells' further differentiation and responsiveness to the LH surge. 

2.4.1. Oocyte growth 

The oocyte growth phase in mice spans around 3 weeks, a period during which the oocyte 

diameter increases from 12 to 80µm, representing a 500-fold increase in volume (188–191). This 

significant growth reflects continuous synthesis and storage of i) RNAs and proteins, ii) new 

organelles, including mitochondria and Golgi complex, and iii) new cytoplasmic structures, such 

as cortical granules and lipid droplets (192–194). The production and storage of these 

components are essential to support oocyte maturation and early embryo development (191,195–

199). However, the oocyte is not solely responsible for its growth or nutrient accumulation. The 

role of granulosa cells in sustaining oocyte development was singled out early on when 
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Granulosa-Oocyte Complexes (GOCs) were collected and cultured in three configurations: intact 

GOCs, denuded oocytes in coculture with granulosa cells, or only denuded oocytes. While the 

oocytes within the intact GOCs continued growing, the ones in coculture with the granulosa cells 

or cultured alone failed to grow (200). Therefore, it is not only the physical proximity to 

granulosa cells but also their physical contact with oocytes that play a critical role in providing 

the developing gamete with essential nutrients (160,201). 

During growth, granulosa cells and oocytes have a complementary metabolic profile. For 

example, while oocytes lack the machinery to metabolize glucose as their primary energy source 

(202), granulosa and cumulus cells present high expression of glycolytic enzymes and reportedly 

metabolize glucose to pyruvate and transfer these molecules to the oocyte, which can utilize 

them as an energy source (203). Similarly, oocytes rely on the granulosa cells to obtain certain 

amino acids and cholesterol since it also presents a low expression of alanine transporters (204) 

and enzymes of the cholesterol biosynthesis pathway (205). Therefore, the oocyte not only 

receives signals and nutrients from its neighbouring cells but also regulates their differentiation 

and metabolism (194). It does so in a paracrine fashion by producing and secreting growth 

factors that bind receptors on the plasma membrane of granulosa cells to stimulate their 

proliferation and shape their metabolic profile. 

Growth Differentiation Factor 9 (GDF9) and Bone Morphogenetic Protein 15 (BMP15) 

are TGFβ superfamily members expressed by the growing oocyte (206,207). These factors, such 

as other TGFβ superfamily members, are biologically active as homo- or heterodimers (208,209) 

and their signalling is carried out after binding a heteromeric complex of type I and type II 

serine-threonine kinase receptors. Type II receptors phosphorylate type I receptors after 

heterodimerization, which is stimulated upon ligand binding. This will lead to the recruitment 

and phosphorylation of SMAD proteins. SMADs are signal transducers of downstream TGFβ 

ligands signalling and can be called receptor SMADs (R-SMADs), such as SMAD2/3 or 

SMAD1/5/8, or common SMAD (Co-SMAD), the SMAD4. Depending on the combination of 

ligand, type I, and II receptors, different SMADs will be activated. For example, GDF9 binding 

to the receptors will recruit and phosphorylate SMAD2/3 and BMP15, SMAD1/5/8 (210). The 

phosphorylated SMADs will then bind SMAD4, forming a complex that will translocate to the 

nucleus and regulate the expression of target genes.  
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GDF9 can be detected in oocytes starting on primary follicles (206). Ovaries of female 

mice with global deletion of Gdf9 harbour only primordial and one-layer primary follicles that 

cannot progress to later stages of folliculogenesis (211). GDF9-deficient oocytes grew at a higher 

rate when compared to WT ones, reaching a bigger diameter despite the folliculogenesis arrest. 

Although most oocytes from mutant mice could complete meiosis during in vitro maturation 

experiments, they failed to produce cortical granules (212). Moreover, the study of this mouse 

lineage suggested possible targets for GDF9 signalling in the granulosa cells since granulosa 

cells from the mutant mice present upregulated expression of KITL and inhibin α (213). The 

deletion of inhibin α on the GDF9-deficient background lifted the folliculogenesis block, and 

follicles could develop until the late preantral phase (213). Therefore, a key role for GDF9 in 

mice during early folliculogenesis is the downregulation of inhibin α, leading to granulosa cell 

proliferation and consequent follicle development.  

Bmp15 is also detected in the cytoplasm of murine oocytes shortly after growth initiation 

(214). However, its expression remains relatively low until around ovulation (215). Consistently, 

female mice harbouring a null mutation in the Bmp15 gene present ovaries with follicles at 

different developmental stages, including corpora lutea (216). However, after ovulatory 

stimulation, oocytes tended to remain trapped inside the follicles, and these females ovulated less 

than their WT counterparts. Overall, the loss of BMP15 does not seem to affect folliculogenesis, 

and defects are limited to ovulation and subsequent fertilization, leading to a subfertility 

phenotype in mice. As Gdf9 expression was not upregulated in Bmp15-deficient mice, increased 

GDF9 signalling was most likely not responsible for the described mild ovarian phenotype of 

Bmp15 knockout compared to the Gdf9 one. The generation of a double knockout mouse lineage 

for Bmp15 and Gdf9 (Bmp15-/-; Gdf9-/+) aided in deciphering the possible interactions between 

BMP15 and GDF9 during folliculogenesis (216). Double mutant animals presented seemingly 

normal early folliculogenesis development and ovulation in response to hormonal stimulation. 

However, the presence of late-stage follicles decreased, and in vivo fertilization rates were 

dramatically reduced compared to the control group, thus confirming the synergistic roles played 

by GDF9 and BMP15 throughout folliculogenesis.  

The study of Bmp15 point mutations in sheep suggested species-specific roles for this 

protein. Whereas homozygous carriers of one of these mutations are infertile, with ovaries 

harbouring follicles arrested at the primary stage, heterozygous carriers show higher ovulation 
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rates and larger litters compared to controls (217–222). Experiments immunizing WT sheep with 

synthetic peptides derived from the mature BMP15 for short-term replicated the increased 

ovulatory phenotype, while longer-term or higher dose treatment impaired ovulation (223,224). 

Therefore, besides controlling early folliculogenesis, BMP15 seems to restrain the number of 

dominant follicles, determining the ovulation and litter size in sheep (225). 

The relationship between oocyte paracrine factors and cumulus cells’ metabolic profile 

modulation has been explored by employing oocytectomy (OOX). In this technique, the oocyte 

is removed from a COC while preserving the cumulus shell structurally untouched. Initially, it 

was determined that oocyte removal led to decreased glycolysis activity in the cumulus cells, 

possibly driven by lowered expression of glycolytic enzymes (203,226). This phenotype is 

rescued by coculturing growing oocytes with the cumulus shells. Consistently, cumulus cells 

from Bmp15-/-; Gdf9-/+ mice also showed the same glycolytic defects (227) in addition to lower 

levels of cholesterol synthesis due to decreased expression of cholesterol biosynthesis enzymes 

(205). Therefore, the oocyte influences its companion cells’ metabolism by producing and 

secreting paracrine factors that modulate their metabolism to complement the oocyte's nutritional 

needs. 

2.4.1.1. Meiotic prophase arrest 

Throughout the growth period, the oocyte remains arrested at the prophase of meiosis I 

and is characterized by the presence of the nucleus, called germinal vesicle (GV), and a 

prominent nucleolus. During early folliculogenesis, the oocyte maintains meiotic arrest, partly 

due to the low expression of cyclin-dependent kinase 1 (CDK1), which is required for normal 

progression from prophase to metaphase (228–231). However, as the follicle approaches the 

preovulatory stage, the oocyte increases CDK1 expression, and its ability to resume meiosis 

when isolated from the follicle rises gradually (232). Nonetheless, meiosis will only resume after 

the LH surge. As the follicle develops, another mechanism is put in place to keep oocytes 

arrested at the prophase of the first meiotic division.  

The meiotic prophase arrest system in antral and preovulatory follicles relies on a gap 

junction network connecting the follicular somatic and germ cell compartments. This was shown 

after gap junction inhibitors (233–236) or blocking antibodies targeting connexins 37 or 43 

(233,236) promoted meiosis resumption of preovulatory enclosed oocytes. Indeed, the secondary 
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messengers cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate 

(cGMP) can diffuse from one cell to the other via gap junctions and are implicated in 

maintaining meiosis arrest. In the oocyte, meiosis arrest is kept by high levels of cAMP, 

produced by adenylyl cyclase AC3, which is, in turn, activated by the G-coupled receptor GPR3 

(237). However, in the absence of contact with the somatic compartment of the follicle, the 

phosphodiesterase 3A (PDE3A) hydrolyses the cAMP, promoting meiotic resumption (238–

241). This is prevented by the diffusion through gap junctions of granulosa cell-derived cGMP, 

which is produced by the guanylyl cyclase natriuretic peptide receptor 2 (NPR2) after the 

binding of C-type natriuretic peptide (CNP) originated from the mural granulosa cells (242). 

Therefore, granulosa cells cooperate to produce high levels of cGMP that are transferred to the 

oocyte, where it prevents a decrease in the cAMP levels, maintaining the meiotic cycle arrested 

at prophase I. 

2.4.2. Transzonal Projections 

The sole layer of flattened granulosa cells observed in the primordial follicle is in direct 

contact with the oocyte, with the former expressing N-cadherin and the latter E-cadherin, 

allowing them to establish cell-cell adhesions (243). As the follicle is activated and the granulosa 

cells proliferate, they give rise to several tightly packed layers around the oocyte, where cells 

from the innermost layers are in direct contact with the oocyte (244,245). However, as the oocyte 

grows, it secretes glycoproteins that form an extracellular coat around it, termed the zona 

pellucida (246–248). Even though the zona pellucida surrounds the oocyte, it is still in contact 

with the granulosa cells, possibly due to their ability to extend projections and overcome the 

physical barrier between them and the oocyte. For this reason, these structures are called 

transzonal projections (TZPs). 

Previously described in various mammalian and non-mammalian species (249–256), 

TZPs are evolutionarily conserved thin cytoplasmic projections with cytoskeletal actin backbone 

(253,257–261). However, TZPs with a tubulin backbone have also been described, even though 

it is unclear whether they have overlapping or complementary functions (257). Structural 

analyses based on electron micrographs have shown TZPs to have enlarged tips cradled by the 

oocyte membrane (246,259). This feature increases the contact area between the two cell types, 

potentially enhancing TZPs’ functions, which are two-fold. First, they are essential to maintain 
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adhesion between the two cell types, contributing to the follicle’s three-dimensional structure 

(243). Second, these processes establish gap junctions with the oocyte and mediate the exchange 

of nutrients and growth factors (257,262). Consistent with this crucial function, the number of 

TZPs connecting the somatic and the germ cell compartments increases steadily as the oocyte 

grows (263). Oocyte-secreted factors potentially drive such an increase in the TZP number since 

oocytes lacking GDF9 are surrounded by a network of TZPs that are ill-oriented and decreased 

in number (212). Thus, TZP extension could be a part of the oocyte growth program to enhance 

communication with the granulosa cells and provide a bridge for the exchange of nutritional 

factors. 

2.5. Ovulation 

Successful ovulation is the timely release of a fully grown and developmentally 

competent female gamete from a preovulatory follicle. This complex process includes oocyte 

maturation, the production and secretion of a new ECM by the cumulus cells, and a local 

inflammatory response at the apical follicular wall, causing it to rupture and release the mature 

cumulus-oocyte complex. These processes, which are required for the future establishment of 

pregnancy and embryo development, are all initiated by a single trigger: the gonadotropin surge 

of luteinizing hormone. 

 The formation of the antrum during follicular development leads to the differentiation of 

distinct populations of somatic cells inside the follicle, the mural granulosa and the cumulus 

cells. These two cell populations respond differently to the LH surge. While the mural granulosa 

cells start differentiating and luteinize, cumulus cells undergo a mucification process called 

cumulus layer expansion before being released from the follicle. However, hCG can only induce 

luteinization of mural granulosa cells in vitro, not cumulus layer expansion (264,265). 

Specifically, the mRNA expression levels of LHR (Lhcgr) are one order of magnitude higher in 

the mural granulosa cells than in cumulus cells, and the binding of hCG to LHR is at least 9-fold 

higher in murine mural granulosa cells (266). This suggests that the mural granulosa primarily 

receives the ovulatory signal and relays it to the cumulus through secondary signals. 

The binding of LH to its receptor in the mural granulosa cells triggers a spike in the 

intracellular secondary messenger cAMP. This readily activates the cAMP-dependent serine 

kinase protein kinase A (PKA) pathway (267,268).  PKA is essential for activating another key 
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LHR signalling mediator, the extracellular regulated kinases 1 and 2 (ERK1/2)(269,270). Despite 

evidence that ERK1/2 are only phosphorylated for a short window of 2 hours after LHR 

activation (271–273), their deletion in granulosa cells suggests that these molecules are essential 

for the oocyte to resume meiosis, ovulation and luteinization (274). More specifically, Erk1/2 

deletion halts the ovulatory programme, failing to stop granulosa cell proliferation and 

differentiation and also impairing the expression of LH-induced genes such as the Epidermal 

Growth Factor (EGF)-like factors amphiregulin (Areg), epiregulin (Ereg), and betacellulin (Btc).  

The production of EGF-like factors by the mural granulosa cells is, at least in part, an 

answer to the longstanding mystery of how the LH surge triggers cumulus layer expansion and 

oocyte maturation. The binding of these factors to the EGF receptor (EGFR) localized on the 

cumulus cells triggers additional preovulatory specific gene expression (275–277) and ERK1/2 

phosphorylation (278). EGFR activation carries over the signalling for oocyte maturation and 

triggers cumulus layer expansion, a process central to this work that will be described 

extensively in section 3 of this document.  

2.5.1. Oocyte maturation 

The first morphological sign of oocyte meiosis resumption is the germinal vesicle 

breakdown (GVBD), which in mice happens around 2 hours after the LH surge, leading to the 

completion of the oocyte first meiotic division at 10-12h post-LH (279). During this first 

division, a set of chromosomes is extruded into a small non-functional cell called the first polar 

body, reducing the oocyte chromosome number from 2N to N. The remainder of the 

chromosomes then assemble in a spindle, reaching the metaphase II stage, when the cell cycle is 

arrested again. The oocyte is now ready to be ovulated and fertilized. Fertilization is the stimulus 

required for a new cell cycle resumption and second polar body extrusion, which separates the 

sister chromatids and leaves only one copy of oocyte-derived chromosomes in the recently 

formed zygote.  

Up until the ovulatory signal, cGMP was produced in the granulosa cells and diffused 

into the oocyte, preventing degradation of the cAMP synthesized by the oocyte and keeping it in 

prophase of the first meiotic division. Consistently, the cellular signalling behind meiosis 

resumption was tied to a rapid decrease in cGMP (280,281) and cAMP (235,281,282) in 

response to LH stimulation. The cGMP drop is first detected in the outer mural granulosa cells, 
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then in the cumulus cells and, lastly, in the oocyte (283). This can be explained by observations 

regarding the cGMP-generating (CNP/NPR2) and cGMP-degrading (Phosphodiesterase 5) 

machinery and the gap junction network. 

The rapid initial cGMP decrease was shown to happen without any change in the NPR2 

or CNP protein content (284,285). By 30 minutes after LHR activation, NPR2 activity decreases 

by around 50% (284,285). This was explained by the fact that LH action causes the 

dephosphorylation of NPR2, reducing its activity (283,285). Following this initial activity 

reduction, follicular CNP starts decreasing around 2h after the ovulatory wave (284,286), which 

is shortly accompanied by a drop in Npr2 transcript levels (287,288). Although slower, a 

reduction in the NPR2 small peptide agonist, CNP, has also been described to happen after 2h of 

LH receptor activation, driven by a decrease in the Nppc transcripts encoding the CNP peptide 

(284,286,289). Thus, the reduction in the preovulatory follicle cGMP content is due, at least in 

part, to the inhibition of the NPR2-CNP signalling in the granulosa cells, which had been 

responsible for generating high cGMP quantities up to this point.  

The observation that the inhibition of NPR2 dephosphorylation could not wholly prevent 

this initial drop in cGMP levels suggested the existence of different mechanisms contributing to 

this effect (283,285). The phosphodiesterase 5 (PDE5), activated by the LHR effector PKA, was 

an excellent driving candidate. PDE5 is phosphorylated only 10 minutes after LH exposure and 

remains activated for at least 4h (290–292). Indeed, LH action increases PDE5’s activity by 70% 

(293), which contributes to increasing cGMP degradation in the follicle. Due to these 

mechanisms regulating cGMP production and diffusion, its concentration inside the oocyte 

drops, lifting its inhibitory effect on PDE3A. PDE3A will rapidly hydrolyze cAMP within the 

oocyte, which leads to the dephosphorylation and activation of CDK1 (294). CDK1, in turn, will 

drive cell cycle resumption, ultimately leading to the first polar body extrusion, the 

morphological sign of oocyte maturation completion. 

2.5.2. Release of the expanded cumulus-oocyte complex 

After oocyte maturation and the expansion of the cumulus mass, the basement membrane 

and the ovarian wall pose a significant physical barrier to ovulation. As part of the ovulatory 

stimulus, this barrier undergoes gradual programmed thinning and degradation at the follicular 

apex. This process results from the synergistic action of infiltrated and local immune cells, 
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proteolysis, angiogenesis, and ultimate tissue remodelling that culminate in the release of the 

expanded COC. 

Proteases secreted by the granulosa cells in response to the LH surge weaken the 

basement membrane, which has its major components - laminin, collagen type IV and 

fibronectin (295) - digested after LHR activation (296). This is followed by the development of a 

follicular capillary network that, despite not being connected to the central vasculature, might 

help provide the periovulatory follicle with serum and blood cells, which become enriched in the 

follicular fluid during the ovulatory process (297,298). In addition to proteolytic activity, cell 

death and migration also wear down the physical barrier to ovulation. Thecal fibroblasts migrate 

away from the follicular apical site (299), and surface epithelial cells undergo apoptosis and are 

subsequently shed from the same region (300,301). Thus, the complex ovulatory signal 

restructures the follicle, converging in the thinning of the ovarian and follicular walls, which 

culminates in the release of a mature and fertilizable oocyte. 

3. Cumulus layer expansion 

Within the preovulatory ovarian follicle, the oocyte is surrounded by tightly packed and 

well-organized layers of cumulus granulosa cells, connected to each other and the oocyte via 

intercellular processes and gap junctions. In response to the ovulatory LH surge, the cumulus 

cells produce and secrete a hyaluronan-rich extracellular matrix, the cumulus matrix. It 

assembles in the intercellular space, ultimately driving the cumulus cells away from the oocyte 

and increasing the cumulus-oocyte complex volume (Figure 6). Thus, right before ovulation, this 

new coat envelops both the oocyte and the displaced cumulus cells. This process, which 

encompasses the cumulus matrix production and the consequent cumulus cell displacement, is 

called cumulus layer expansion and will be reviewed in detail in this section. 

3.1. Cumulus extracellular matrix 

3.1.1. Hyaluronan 

The initial observation that hyaluronidase, an enzyme that digests hyaluronan, could 

break down the viscoelastic substance involving ovulated oocytes suggested Hyaluronan to be 

the major component of the cumulus matrix (302). Hyaluronan (HA), a non-sulfated linear 

glycosaminoglycan, is composed of repeated disaccharide units of glucuronic acid (GlcA) and  
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Figure 6: Cumulus layer expansion. 

 

N-acetylglucosamine (GlcNAc) (303) (Figure 7a). In the cell, HA synthesis is closely associated 

with glucose metabolism since GlcA is synthesized from glucose-6-phosphate, an intermediate 

glycolysis metabolite, and GlcNAc is synthesized via the hexosamine biosynthetic pathway 

(HBP), a branch of the central glycolytic pathway. 

 

HA synthesis is catalyzed by HA synthases (HAS), and three HAS isoforms have been identified 

so far: HAS1, HAS2, and HAS3 (304). These isoforms have a conserved structure, which 

contains clusters of hydrophobic amino acids, indicating they are transmembrane proteins 

(305,306). This structure makes HA unique among glycosaminoglycans since it is formed at the 

plasma membrane and immediately extruded from the cell, while other glycosaminoglycans are 

assembled inside the Golgi apparatus and only then secreted to the extracellular space (307,308) 

(Figure 7b). The HAS isoforms differ in processivity, producing HA molecules with different 

lengths (306). In culture, HAS1 and HAS3 elongated HA molecules of about 105 kDa, and HAS2 

catalyzes the extension of longer HA molecules of up to 107 kDa (306). On the other hand, 

hyaluronidases (HYAL) catalyze the breaking down of HA chains. To date, six types of HYAL 

have been identified: HYAL1-4, PH-20 and HYALP1 (307). These enzymes are usually widely 

expressed in mammalian tissues, except for PH20, which is only found in sperm and plays a 

crucial role in digesting the cumulus matrix at fertilization (309). Therefore, HA can be present 

in a broad range of molecular weights, which dictates its physical properties and results from the 

combined activities of hyaluronan synthases and hyaluronidases (304).  
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a) 

 

b) 

 
Figure 7: Hyaluronan structure and synthesis. a) The molecular structure of an HA is composed of 

repeating disaccharide units of glucuronic acid (GlcA; pink) and N-acetylglucosamine (GlcNAc). b) HA 

synthesis and secretion. HAS enzymes catalyze the addition of UDP-GlcA and UDP-GlcNAc to the 

nascent HA chain and extrude it through the plasma membrane directly into the extracellular space.  

 

In the preovulatory follicle, the transcriptional activation of Has2 is detectable in the 

cumulus cells within 3h of the LH surge (310). This leads to a 30-fold increase in HA synthesis, 

which is maximal between 3-12h after the ovulatory stimulus (311–313). Consistently, LH also 

stimulates glucose uptake by the cumulus cells, which drives the glycolytic and the hexosamine 

pathways, leading to the production of GlcA and GlcNAc, the saccharides that compose HA 

(314–318). As HA is a highly polyanionic molecule, it promotes the formation of highly 

hydrated ECMs, a property that is also observed in the cumulus matrix. Electron microscopy 

analyses have shown the cumulus matrix to be highly porous and fibrous, which suggests it is 

organized in a mesh-like network (319). In fact, protease digestion destabilizes the cumulus 

matrix, which further supports this hypothesis and reveals the role of accessory proteins in 

organizing the long HA chains (320).  

3.1.2. Hyaluronan cross-linking proteins and proteoglycans 

The cumulus matrix incorporates essential crosslinking proteins derived from the serum, 

such as the heavy chains of inter-α trypsin inhibitor (IαI), or locally synthesized by the cumulus 

cells, including the tumour necrosis factor α-induced protein 6 (TNFAIP6) and pentraxin 3 

(PTX3) (Figure 8). 
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The fact that FSH could induce cumulus layer expansion in vitro when serum was added 

to the culture medium (264) suggested that a serum component was required to stimulate HA 

synthesis. In fact, Salustri and colleagues (313) showed that FSH fails to promote the expansion 

of compact COCs in the absence of serum. However, they also showed that the amount of HA 

synthesized in both conditions was comparable, but only 20% was incorporated into the cumulus 

matrix in the absence of serum, compared to 80% of HA incorporation in the controls. This 

suggested that unknown serum factors are essential in stabilizing the cumulus matrix. The 

identification of the serum proteoglycan IαI confirmed this theory, as purified IαI from the blood 

could rescue cumulus matrix assembly in the absence of serum, and conversely, IαI-free serum 

failed to support the matrix assembly (321).  

Usually produced in the liver by hepatocytes, IαI is formed by two heavy chain proteins 

(HCs) linked by an ester bond to a glycosaminoglycan – a single chondroitin sulfate chain - 

carried by the core protein bikunin (322). IαI is a normal component of the blood serum and 

enters the follicle after the breakdown of the follicle-blood barrier stimulated by the LH surge 

(323,324). Once inside the follicle, the HCs linked to the glycosaminoglycan in the IαI are 

covalently transferred to the HA chains (325,326). This transfer occurs by breaking the ester 

bonds tying the HCs to the chondroitin sulfate, and remaking them to bind the HCs to the HA 

molecules, forming HC-HA complexes (322). The importance of these complexes was 

demonstrated by the bikunin-null mouse lineage, in which cumulus expansion fails due to a 

loosely assembled cumulus matrix, leading to the ovulation of almost completely denuded 

oocytes (327,328). In these animals, IαI is not appropriately formed in the liver, and HCs are 

found as free proteins in the blood due to the absence of bikunin. Intraperitoneal injections of 

purified bikunin failed to rescue the phenotype, further showing that bikunin does not play a role 

in stabilizing the cumulus matrix itself. Still, it is required for the transesterification reaction 

responsible for transferring the HCs chains from the chondroitin sulfate to the HA molecule. The 

HC-HA complexes help stabilize the cumulus matrix by cross-linking HA chains via ionic 

bounds (326,329) (Figure 8). 
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Figure 8: Hyaluronan cross-linking proteins and cumulus matrix structure. Upper portion of the 

panel: Hyaluronan (black solid line) is synthesized by Hyaluronan Synthase 2 (HAS2) at the cumulus cell 

membrane. In the intercellular space, TNFAIP6 catalyzes the transesterification reaction that transfers the 

Heavy Chains (HC - pink oval shapes) from the bikunin core to the HA molecules. The HC chains also 

establish ionic bonds with neighbouring HA molecules, further helping in stabilizing the cumulus matrix. 

Bottom portion of the panel: 8 PTX3 monomers organize in a structure that binds HCs that had been 

transferred to the HA chains, creating aggregation centers.   

 

TNFAIP6, a small glycoprotein known to modulate inflammatory responses (330), is 

another protein that is essential for cumulus matrix formation. After the ovulatory stimulus, 

TNFAIP6 is rapidly translated by cumulus and mural granulosa cells (310,331–334). The 

importance of TNFAIP6 to the cumulus matrix is two-fold. First, the TNFAIP6 structure 

contains an N-terminal link module that binds HA with high affinity, further aiding cumulus 

matrix assembly in its mesh-like functional network (335). Second, it catalyzes the 

transesterification reaction that forms the HC-HA complexes (336–339). A series of different 

experiments demonstrated this. Initially, TNFAIP6, HA, and IαI were shown to colocalize in the 

cumulus matrix of hCG-stimulated ovary sections. Immunoblotting of ovulated COCs revealed 
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that an antibody raised against TNFAIP6 would identify 2 different bands: one containing 

TNFAIP6 as a free protein and a heavier one that was also recognized by antibodies raised 

against IαI (332,333).  Further mass spectrometry analysis of the heavier band demonstrated that 

it contained TNFAIP6 and HCs (333). Finally, HCs were only transferred to HA in vitro in the 

presence of recombinant TNFAIP6, thus indicating the role played by TNFAIP6 in catalyzing 

this reaction (336). A TNFAIP6-deficient mouse lineage, just as observed in the females lacking 

bikunin, ovulated disintegrating COCs that failed to be fertilized, rendering the females sterile. 

PTX3, a product of the Ptx3 gene, is a protein upregulated in the cumulus cells after the 

LH surge (332,340) that also localizes to the cumulus matrix (341,342). The absence of PTX3 

from the preovulatory follicle following the deletion of Ptx3 leads to the formation of a 

disorganized cumulus layer that disintegrates shortly after ovulation (341,342). This dispersed 

COC fails to support fertilization and renders the Ptx3-null mice sterile. HA synthesis is normal 

in these mice, and HCs from IαI are adequately incorporated into the matrix (342). When Ptx3-

null COCs are expanded in vitro, the addition of recombinant and purified PTX3 rescues 

expansion and the cumulus matrix organization (342). These results indicate that PTX3 is also 

required to link the HA chains and stabilize the matrix, but it might do so through a different 

mechanism than the one observed with the HCs from IαI and TNFAIP6.  

PTX3 structure, which consists of 8 monomers linked by disulfide bonds, lacks a motif to 

bind HA directly (343). Nonetheless, the recombinant N-terminal portion of PTX3 fully 

substitutes whole PTX3, binding HCs and TNFAIP6 and supporting proper cumulus matrix 

assembly (342,344). An antibody raised against this portion of the PTX3 molecule blocks the 

ability of full-length PTX3 to rescue cumulus matrix assembly in Ptx3-null COCs (344). 

Therefore, it was initially proposed that each PTX3 subunit in the octameric complex could bind 

one TNFAIP6 unit (345,346), which would bind HA chains (335). However, additional evidence 

goes against this theory. For example, TNFAIP6-HC complexes, but not free TNFAIP6, are 

found in the cumulus matrix right before ovulation, suggesting this protein primarily transfers 

HCs to HA instead of physically integrating the matrix (334). Additionally, TNFAIP6 

harbouring targeted mutations to its link site that did not affect their catalytic function could still 

support matrix assembly of Tnfaip6-null COCs (347), which strongly downplays the importance 

of the binding between TNFAIP6 and HA to stabilizing the cumulus matrix. Therefore, 

considering that PTX3 can bind HCs (343,345), it is likely that PTX3 might substantially 
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strengthen and stabilize the HA network by binding several HCs covalently linked to distinct HA 

molecules, creating “aggregation centers” (Figure 8). 

Besides HCs, TNFAIP6 and PTX3, other components have been identified in the 

cumulus matrix, including versican, cartilage link protein, fibronectin, tenascin-C, and laminin 

(348–351). Versican is a proteoglycan synthesized by the mural granulosa cells, being highly 

expressed after the LH surge (352,353). The link protein facilitates versican’s incorporation in 

the cumulus matrix, conferring its higher resistance to enzymatic digestion (348,354). However, 

before ovulation, increased expression of ADAMTS (a disintegrin and metalloproteinase with 

thrombospondin-like motifs) 1 and 4 coincides with increased versican cleavage in the cumulus 

matrix (349,352). This correlation was further supported by studies conducted on ADAMTS1-

null female mice. These animals ovulated expanded COCs that presented clumped cumulus cells 

inside an extracellular matrix characterized by non-uniform distribution of versican and HA, 

contrasting with the ovulated COCs from the control group with uniform ECM components and 

cumulus cell distribution (355). Therefore, the proper assembly and degradation of the cumulus 

matrix are essential for expansion, ovulation, fertilization, and overall fertility.  

3.1.3. Hyaluronan binding receptors 

Besides interacting with stabilizing proteins, HA can also bind cell surface proteins. The 

most studied HA receptors are Cluster of Differentiation 44 (CD44) and the Receptor for 

Hyaluronan-Mediated Motility (RHAMM). CD44 is a non-kinase transmembrane glycoprotein 

and interacts with HA on two conserved HA-binding domains (356). CD44 is encoded by a 

single gene, Cd44, and the resulting mRNA can undergo alternative splicing, giving rise to at 

least 9 different CD44 variants, in addition to possible post-translational modifications such as 

glycosylation (357). CD44 mediates HA internalization and degradation, contributing to its local 

turnover (358). Upon HA binding, CD44 becomes active and undergoes conformational changes, 

facilitating coupling with different cytoplasmic targets. These can be small Rho GTPase proteins 

- which will be reviewed in section 4.4 - or cytoskeletal anchor proteins, potentially triggering 

cytoskeleton rearrangement, cell migration, or cell growth and survival (359).  

 RHAMM, also known as Cluster of Differentiation 168 (CD168) or hyaluronan-

mediated motility receptor (HMMP), is not ubiquitously expressed, being transiently detected 

during tissue repair (360) or in cancer cells (361–363). Like CD44, RHAMM is also encoded by 
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one gene, Rhamm, that can generate different RHAMM variants through alternative splicing, 

different start codons, and post-translational modifications (364). Structurally, RHAMM contains 

HA-binding motifs at the C-terminal region but does not have a membrane insertion domain 

(361). Interestingly, RHAMM can be found at different subcellular locations, such as cytoplasm, 

nucleus and cell surface (365,366). Cell surface RHAMM is usually associated with other 

proteins, including the non-tyrosine kinase receptor CD44 (367–369). HA binding to 

RHAMM/CD44 cell surface complexes increases migration and invasion partially due to its 

power to influence the expression of hyaluronan synthases and hyaluronidases, which increases 

the local concentration and processing of HA, creating a positive feedback pro motility (363). 

Alternatively, intracellular RHAMM can bind to different cell structures, including actin 

filaments, microtubules, and the mitotic spindle, thus affecting cell motility and proliferation 

(365,370,371). Fibroblast-based studies showed intracellular RHAMM could modulate ERK1/2 

signalling, controlling spindle integrity, cell cycle progression, and random motility (362,367). 

In the mammalian ovary, the expression of Cd44 in cumulus cells quickly rises in 

response to the LH surge in humans (372), cattle (373), and pigs (374). In pigs, the binding of 

HA to CD44 on the membrane of cumulus cells has been linked to oocyte meiosis resumption 

(375). This functional coupling between the cumulus matrix and the oocyte maturational process 

was initially hinted at by the fact that inhibiting HA synthesis during in vitro expansion of 

porcine COCs prevented the phosphorylation of connexin 43 (Cx43). Connexins are 

transmembrane proteins that form gap junctions and allow cells to exchange ions and small 

molecules (376). Reportedly, phosphorylation of Cx43, the predominant connexin expressed by 

cumulus cells (377), has been associated with decreased cell-to-cell communication (378,379). 

Therefore, the authors hypothesized that CD44-HA binding after the ovulatory LH surge leads to 

Cx43 phosphorylation and consequent gap junction closure, interrupting the flow of cAMP to the 

oocyte and inducing GVBD. Indeed, blocking CD44 with the antibody brought the GVBD rate to 

approximately 13% when the control group had 64% of its oocytes undergoing GVBD. 

Therefore, during IVM of porcine COCs, CD44-HA signalling plays a role in oocyte maturation 

by interfering with the COC gap junction network. This highlights a key species-specific 

difference between rodents and pigs: in mice and rats, GVBD takes place before the cumulus 

matrix is deposited (312,380); however, in pigs, the matrix is deposited before the oocyte 

resumes the cell cycle (381). In mice, however, the role of CD44 during expansion has not been 
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investigated: a CD44-null lineage showed embryos develop normally in the absence of CD44 

and its different variants (382), but no specific and detailed evaluation of their ovarian function 

has been performed. 

On the other hand, Rhamm expression has been reported in cumulus cells of cattle (373) 

and buffalo (383) during cumulus layer expansion. In mice, it is expressed in granulosa cells and 

localizes to their mitotic spindle during the oocyte growth phase (384). Global deletion of both 

the centrosome and the HA-binding domains of RHAMM does not affect primordial follicle 

formation. Instead, it impaired granulosa cells' spindle orientation, interfering with their 

replication. As a result, folliculogenesis was impaired, and the ovaries isolated from mutant mice 

presented decreased numbers of antral and preovulatory follicles, leading to a subfertility 

phenotype (384). However, due to the folliculogenesis defects observed, the potential role of 

RHAMM during cumulus layer expansion – the process encompassing the deposition of an HA-

rich extracellular matrix – has not been assessed yet. 

3.2. Cumulus extracellular matrix gene expression and regulation 

Cumulus layer expansion is physiologically triggered by the gonadotropin surge, but 

experimentally, it can be induced by hCG injections (385). However, as cumulus cells and 

oocytes express low to undetectable levels of the LHR, exposing COCs to LH/hCG in vitro fails 

to trigger expansion (386). This suggests that the effect of the LH in triggering cumulus layer 

expansion is not direct. LHR, a G-coupled protein receptor, rapidly triggers adenylate cyclase 

upon its activation, which increases the cAMP content inside the granulosa cells (387,388). 

Notably, factors such as FSH, prostaglandin E2 or permeable cAMP analogs have been described 

to increase cumulus cell cAMP content and trigger cumulus layer expansion in vitro 

(264,389,390). Therefore, cAMP was considered a good candidate to mediate the intrafollicular 

effects of the LH surge, either by diffusing to the cumulus cells through gap junctions or by 

inducing the production of factors that can increase the cAMP content inside the cumulus cells.  

The ovulatory stimulus induces the expression of prostaglandin-endoperoxide synthase 2 

(PTGS2) in granulosa and cumulus cells within 2h of the LH surge (391). This enzyme catalyzes 

the rate-limiting step in prostaglandin E2 (PGE2) production. PGE2 acts in an autocrine fashion 

by binding its receptor on the surface of mural granulosa and cumulus cells. Experiments carried 

out by incubating compact mouse COCs with purified PGE2 showed that it stimulated cumulus 
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cells' cAMP production and induced cumulus layer expansion (390), further supporting the 

theory that PGE2 is the intrafollicular mediator for LH. Consistently, the generation of a 

knockout mouse model for Ptgs2 showed that impaired PGE2 synthesis led to severely reduced 

ovulation rates due to decreased cumulus layer expansion, ultimately rendering the females 

infertile (392,393). Additionally, mice deficient for the PGE2 receptor showed a similar 

phenotype with diminished expansion, reduced ovulation rates and overall infertility (394–396). 

Further investigation established that both models expressed normal levels of Has2 but showed 

decreased mRNA and protein levels of TNFAIP6, compromising cumulus matrix assembly 

(397). However, despite the infertility phenotype, the fact that cumulus layer expansion was not 

completely impaired in these animals suggests that PGE2/cAMP signalling is not the sole factor 

responsible for promoting cumulus layer expansion after the ovulatory stimulus. 

Alternatively, purified EGF was established as a potent cumulus layer expansion 

promoter for COCs isolated from mice, rats and cattle (398–400). These observations strongly 

supported its role as an additional intrafollicular mediator of LH function. However, when Inoue 

and colleagues (401) analyzed the follicular fluid of 98 patients who underwent IVF procedures, 

they found that EGF was not enriched in the follicular fluid after hCG stimulation. Instead, the 

hormonal injections caused the follicular fluid to accumulate amphiregulin, a peptide member of 

the EGF-like factor family. EGF-like factors are closely related small proteins that share a 

structural motif, the EGF domain, required to bind and activate the EGF receptor (EGFR) (402). 

It is now established that a set of three EGF-like factors is induced in the preovulatory follicle 

after the LH surge, consisting of amphiregulin (AREG), epiregulin (EREG), and betacellulin 

(BTC) (275,276,403,404). These are rapidly expressed in mural granulosa cells as 

transmembrane precursors that are cleaved and released in the follicular fluid by 

metalloproteases  (276,403,405). Later, these factors are also expressed by the cumulus cells as a 

consequence of PGE2/cAMP signalling (406). 

As shown by Park et al. (276), culture media containing AREG, EREG or BTC could 

stimulate cumulus matrix production and cumulus layer expansion on cultured antral follicles. 

These effects were comparable to the ones observed in the control group, where the antral 

follicles were exposed to LH alone. Conversely, inhibiting EGFR activity with AG1478 or C56 

blocked LH-induced cumulus layer expansion. These results indicate that EGF-like factors are 

important mediators of intrafollicular LH signalling, as they activate the EGF receptor (EGFR) 
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on cumulus cells and propagate the effects of LH stimulation. Further evidence of this role was 

provided by Hsieh et al. (407) upon in vivo disruption of the ovarian EGF signalling. They first 

showed that amphiregulin null mice (Areg-/-) present decreased cumulus expansion after 

intraperitoneal hCG injections. As EREG or BTC could potentially compensate for the lack of 

AREG, they also evaluated the effect of Areg deletion on a hypomorphic EGFR background 

(Egfrwa2/wa2), in which EGFR had reduced overall activity. These animals presented severely 

decreased expansion-related gene expression and ovulation, and the few ovulated COCs obtained 

were mostly unexpanded.  

The evidence presented thus far suggests a model for how LH controls the expansion of 

the cumulus layer (Figure 9)(408). According to this model, initial LHR activation increases 

cAMP production in the mural granulosa cells, leading to the transcription of para- and autocrine 

signalling molecules, including AREG, EREG, BTC, and PGE2. Once secreted in the follicular 

fluid, these molecules activate their receptors on the cumulus cells. PGE2 will induce cAMP 

production, also leading to the activation of the genes encoding AREG, EREG, and BTC in the 

cumulus cells. As a result, the EGF-like factor molecules that accumulate in the follicular fluid 

activate the EGFR in the cumulus cells, carrying over the LH signalling to trigger the deposition 

of the cumulus matrix. The primary genes involved in producing HA and mediating its 

organization into the cumulus matrix are Has2, Tnfaip6, Ptx3 and Ptgs2.  

Upon stimulation, the intrinsic EGFR tyrosine kinase activity is triggered, resulting in 

autophosphorylation and activation of the Mitogen-Activated Protein Kinase (MAPK) pathway. 

It comprises a series of proteins that transduce extracellular signals and culminate in the 

phosphorylation and activation of the Extracellular Related Kinases 1 and 2 (ERK1/2), also 

termed MAPK3/1. As LH and hCG stimulation produces an increase in ERK1/2 

phosphorylation, which is required for oocyte maturation (409), it has been proposed that 

ERK1/2 are key EGFR downstream effectors in cumulus layer expansion. In fact, 

pharmacological inhibition of ERK1/2 activity in cumulus cells of COCs exposed to FSH or 

EGF blocked expansion and oocyte maturation (409,410). In vivo evidence that supports this 

claim was provided by Fan and colleagues (274) after conditionally deleting Erk2 from 

granulosa cells in an Erk1 global knockout model. In these animals, the absence of ERK1/2 from 

the granulosa cells completely prevented the expression of the cumulus matrix-related genes 

Has2, Tnfaip6, Ptx3 and Ptgs2, besides impairing cumulus layer expansion. Thus, these results  
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Figure 9: Cumulus layer expansion regulation. LHR activation triggers adenylate cyclase, elevating 

intracellular levels of cAMP and activating PKA signalling that leads to EGF-like factors (Areg, Ereg, 

and Btc) expression through the transcription factor cAMP response element-binding protein (CREB). 

PGE2 positive feedback reinforces this signalling and EGF-like factors expression. FSHR activation on 

the cumulus cells also triggers cAMP production and leads to Areg, Ereg and Btc expression. Once 

secreted, EGF-like factors bind EGFR receptors on the cumulus cells, activating the MAPK signalling 

pathway, which leads to Has2, Tnfaip6, Ptx3 and Ptgs2 expression via the transcription factor 

CCAAT/enhancer binding protein beta (CEBPB). 

 

highlight the importance of ERK1/2 for cumulus layer expansion and emphasize its contribution 

to intrafollicular LH signalling. 

Even though LHR and EGFR activation are essential for cumulus layer expansion, they 

are not sufficient. In an early report, Buccione and colleagues (411) investigated the role of 

oocytes in the function of cumulus cells. To do so, they collected compact COCs from mice and 

microsurgically removed the oocyte in a technique called oocytectomy. The cumulus shells, or 

oocytectomized complexes (OOX), failed to undergo expansion and produce HA when exposed 

to FSH or EGF in vitro. Additionally, removing the oocyte did not affect cumulus cell cAMP 
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production in response to FSH. However, when the OOX were exposed to FSH or EGF in the 

presence of denuded oocytes, their ability to induce cumulus layer expansion was restored, and 

the cumulus shells expanded. The same was observed when the medium drop used for the 

experiment had been previously used to culture denuded oocytes, a practice termed conditioning 

the culture media. Moreover, the degree of expansion observed in the OOX was directly related 

to the number of oocytes used to condition the media. Therefore, these results provided strong 

evidence that the oocyte participates in regulating cumulus layer expansion, and their action is 

probably mediated by secreting soluble factors since physical contact between the oocyte and the 

cumulus cells does not seem to be a requirement. Moreover, the action of such oocyte-derived 

expansion enabling factors is downstream of cAMP production. BMP15 and GDF9 are two 

oocyte-secreted factors that are likely involved in enabling cumulus layer expansion, in addition 

to their role in modulating cumulus cell metabolism during the oocyte growth phase (412,413) 

(reviewed in section 2.4.1).  

Peng et al. (208) cloned mouse and human Gdf9 and Bmp15 to express GDF9, BMP15 

homodimers, and GDF9:BMP15 heterodimers and investigate their role in enabling cumulus 

layer expansion. Strikingly, human and mouse heterodimers GDF9:BMP15 were more effective 

than GDF9 or BMP15 homodimers in stimulating expansion-related gene expression in cultured 

granulosa cells. As GDF9 and BMP15 usually signal through different intracellular pathways, 

respectively SMAD2/3 and SMAD1/5/8, the authors investigated which pathway the 

heterodimer GDF9:BMP15 was signalling through. Treatment of granulosa cells in culture with 

mouse GDF9:BMP15 stimulated high levels of SMAD2/3 phosphorylation, while SMAD1/5/8 

phosphorylation levels remained low. This suggested that GDF9:BMP15 signalling was probably 

mediated by SMAD2/3. Indeed, pharmacological inhibition of receptors ALK4/5/7, which 

phosphorylate and activate SMAD2/3, impaired the expression of Has2, Ptx3 and Ptgs2, all 

genes related to producing the cumulus matrix during cumulus layer expansion. And 

consistently, when ALK2/3/6 were inhibited pharmacologically, gene expression was not 

affected. However, the absence of ALK6, made possible using granulosa cells collected from 

Alk6-/- mice, completely blocked SMAD2/3 phosphorylation after heterodimer treatment. For this 

reason, the authors proposed that mouse GDF9:BMP15 activity in cumulus cells probably 

requires structural support of the type 1 receptor ALK6 and the kinase activity of type 1 



57 

 

receptors ALK4/5/7 to phosphorylate and activate SMAD2/3, leading to the production of the 

cumulus matrix. 

Oocyte-dependent signalling is also implicated in the activation of ERK1/2 in the 

cumulus cells (410). After confirming that preventing ERK1/2 activation impairs the expansion 

of compact COCs cultured in the presence of FSH, the authors investigated if oocytes played any 

roles in enabling this signalling. To do so, they used a system in which cultured cumulus cells 

could be treated with FSH in the presence or absence of oocytes. First, they determined that 

adding oocytes to cultured cumulus cells in the presence of FSH can induce ERK1/2 

phosphorylation and the expression of Has2 and Ptgs2. Then, when oocytes were added to a 

cumulus cell culture in the presence of FSH and U0126, they noticed that the expression of Has2 

and Ptgs2 was impaired. They also showed that coculture with denuded oocytes or the addition 

of purified GDF9 to the culture medium induced ERK1/2 phosphorylation. Thus, these results 

show a requirement for oocyte-derived signalling in order to activate the MAP Kinase pathway 

in the cumulus cells.  

So, even though EGF-like factors, FSH and oocyte-secreted factors act through different 

transduction pathways, they all activate ERK1/2 in cumulus cells, making ERK1/2 activation in 

the cumulus cells an essential step in cumulus layer expansion. Therefore, gonadotropins and 

oocyte-secreted factors work in synergy to activate the transcription of genes such as Has2, Ptx3, 

Tnfaip6, and Ptgs2 in the cumulus cells, resulting in the deposition of the new extracellular 

matrix. 

3.3. Key properties and function of the cumulus extracellular matrix 

To support the generation of offspring, the female reproductive tract produces mature 

fertilizable oocytes and then mediates their transportation to the fertilization site. Thus, the LH 

surge will trigger oocyte maturation and the release of the expanded COC from the follicle, 

followed by the ovulated COC uptake by the oviduct. In vivo and in vitro evidence support an 

essential role for cumulus layer expansion and the cumulus matrix in both these processes. For 

example, an early study reported drastically decreased ovulation rates in mice injected with 6-

diazo-5-oxo-l-norleucine (DON) (414). This inhibitor interferes with glucosamine synthesis, a 

building block of HA. Afterwards, mouse models deficient for components involved in forming 

the cumulus matrix - such as TNFAIP6 or bikunin, discussed in section 3.1.2 - presented 
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decreased ovulation rates compared to their WT counterparts (327,328,336). Therefore, this 

shows that cumulus layer expansion impairment interferes with the release of the cumulus mass 

from the follicle, thus impacting fertility. Moreover, an analysis of in vitro ovulation suggested 

that the cumulus matrix protects the oocyte as it exits the follicle, preventing COC dissociation 

as it is transferred to the fertilization site inside the oviduct (415).  

Expanded COCs are ovulated into the peritoneum in humans and the bursa in rodents 

(416). Failure to properly transport them into the oviduct can impede fertilization or lead to 

ectopic pregnancies in women. Initially, it was hypothesized that the beating motion of cilia in 

the epithelial cells at the outermost portion of the oviduct - the infundibulum - created a fluid 

flow responsible for conducting the ovulated COC into the oviduct. However, while a fluid flow 

is produced, it can only move small particles, such as Lycopodium spores, but not more 

prominent structures like the expanded COC (417,418). Electron microscopy analyses showed 

that adhesions were formed between the cumulus matrix and the infundibular epithelium 

(419,420). Therefore, it was proposed that these adhesions can mediate the transportation of the 

expanded COC into the oviduct. This theory was further supported by the observation that 

oviduct uptake failed when structures that lack a cumulus matrix were used, such as denuded 

oocytes or unexpanded COCs (421,422). 

An early study evaluated the relationship between cumulus layer expansion and 

fertilization. Chen and colleagues (423) first showed that supplementing the in vitro maturation 

medium with substrates for HA synthesis increased the degree of expansion. Next, these 

conditions were employed to assess the impact of the expansion degree in fertilization, defined 

as the percentage of 2-cell embryos in each group (414). Indeed, they found the fertilization to be 

higher in the groups where the COCs were expanded in the presence of HA substrates, which, as 

previously determined, led to a more pronounced expansion. To date, accumulated evidence 

supports this finding and extrapolates it to in vivo conditions. For example, in mouse models 

where cumulus matrix assembly was disrupted after deletion of either bikunin (322), TNFAIP6 

(336) or PTX3 (341,342), fertilization was severely compromised, leading these animals to 

infertility. Moreover, zona-free or denuded oocytes from Ptx3+/+ and Ptx3-/- females showed 

similar maturation rates and, when submitted to IVF, no differences in the rate of fertilization, 

progression to the two-cell stage or blastocyst formation were observed (342). Additionally, 

zygotes obtained from in vitro fertilized Ptx3-/- oocytes successfully developed when 
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transplanted into the uterus of pseudo-pregnant WT females, thus showing that the defects in 

fertilization observed in vivo are probably due to cumulus matrix abnormalities and not 

underlying oocyte developmental defects. 

These observations are consistent with other crucial roles assigned to the cumulus matrix 

and cumulus cells during fertilization. In some mammals, such as primates, ruminants and 

rabbits, the sperm is deposited inside the vagina; while for others, including rodents and pigs, it 

is ejaculated inside the uterus (424). From these locations, sperm use a combination of passive 

drag and active swimming to reach the isthmus, a specific region of the oviduct (or fallopian 

tubes in humans) that works like a sperm reservoir (425). The sperm that accumulates in the 

isthmus binds to the local epithelial cells and remains viable for a period of time, which depends 

on the species (426). However, once ovulation happens, the sperm will leave the isthmus and 

start migrating towards the ampulla, the oviduct section where fertilization occurs. Recently, 

Wang and colleagues (427) uncovered an additional mechanism describing how cumulus cells 

from ovulated COCs control sperm migration inside the oviduct.   

The authors showed that the same signalling responsible for triggering cumulus layer 

expansion – the gonadotropin surge in combination with oocyte-secreted factors - induces the 

transcription of TGFβ ligand 1 by the cumulus cells. In parallel, LH action also promotes the 

transcription of the TGFβ receptor Tgfbr2 in the oviductal cells of the ampulla. Knowing that 

TGFβ can stimulate CNP production in other cell types (428) and that sperm derived from 

animals deficient for the CNP receptor NPR2 are unable to reach the ampulla before fertilization 

(429), the authors proposed a model to describe how the cumulus cells could control sperm 

migration. Therefore, the proposed model involves the binding of cumulus cell-derived TGFβ1 

to the TGFβR2 in the cells of the ampulla, which induces CNP production and secretion that, in 

turn, would stimulate the sperm to leave the isthmus and migrate towards the expanded COC 

located at the ampulla. To test this model, a mouse lineage with cumulus cell conditional 

knockout of Tgfb1 and an epithelial cell conditional knockout of Tgbr2 was generated. The goal 

was to impair TGFβ1-TGFBR2 signalling and consequently decrease CNP production at the 

ampulla to evaluate the effect on sperm migration. As expected, sperm migration out of the 

isthmus was dramatically reduced in the double knockout mice in comparison to their WT 

counterparts, further supporting the idea that cumulus cell-derived TGFβ1 promotes the 

expression of CNP in the oviductal ampulla, a critical step for sperm migration and fertilization.  
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As the mature oocyte is located at the center of the expanded COC, sperm first interacts 

with the matrix before reaching the oocyte (430,431). This is especially relevant in vivo, where 

the sperm-oocyte ratio is closer to one and not nearly as high as in IVF conditions (432). Work 

carried out by Shimada and colleagues (433) characterized a regulatory feedback loop between 

sperm and COCs involving the HA in the cumulus matrix. Cumulus cells of ovulated COCs 

express toll-like receptors (TLR) - a family of receptors that bind HA and increase the 

production and secretion of chemokines, substances known to stimulate cell migration. 

Therefore, by incubating ovulated COCs with either hyaluronidase or sperm – a biological 

source of hyaluronidase - they tested whether this signalling pathway plays any role in sperm 

migration and fertilization. They showed that the low molecular weight HA molecules generated 

by exogenous hyaluronidase activated the TLR2 and 4 on the cumulus cells. This induced the 

transcription of interleukin 6, C-C Motif Chemokine Ligands 4 and 5 mRNAs, an effect that was 

prevented by adding TLR2 and TLR4 blocking antibodies. Interestingly, the increased 

chemokine production led to elevated levels of protein tyrosine phosphorylation in the sperm, a 

measurement of sperm capacitation. So, the proposed model involves sperm-derived 

hyaluronidase generating low molecular weight HA, which activates its specific receptors on the 

cumulus cells that produce and secrete chemokines, which will induce further sperm capacitation 

and consequently increase fertilization. Therefore, cumulus layer expansion is essential so the 

oocyte is protected when exiting the follicle, so the oviduct pickup is facilitated, and, finally, so 

the sperm is fully capacitated and adequately guided to the oocyte right before fertilization. 

3.4. Cumulus cell actin cytoskeletal rearrangement 

The actin cytoskeleton is a complex network of F-actin filaments that give cells their 

shape, enabling internal organization and aiding in essential functions such as cell division or 

migration. The actin cytoskeleton will be reviewed in detail in section 4.2.1 of this document. 

Early work with expanding bovine COCs investigated the redistribution of the F-actin filaments 

during expansion (434). The authors identified extensive changes in the actin cytoskeleton 

during the first half of expansion, with the appearance of large F-actin bundles on the cumulus 

cells. Upon further investigation, it was determined that the changes identified in the cumulus 

cells coincided with oocyte GVBD and included cytoplasmic F-actin assembly, membrane 

ruffling, cell polarization and extension of membrane protrusions (435). The addition to the 

culture media of cytochalasin B, a drug that promotes the disorganization of F-actin filaments, 
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prevented all these changes, as well as cumulus layer expansion altogether (436). Therefore, 

these results indicate that the observed reorganization of the F-actin cytoskeleton is essential for 

cumulus layer expansion. 

Additional evidence regarding cumulus cell morphology and cellular protrusions supports 

this theory. During the oocyte growth phase, the cumulus cells conserve a round morphology and 

extend actin-rich TZPs to enhance communication with the oocyte (437). These filopodia-like 

structures retract after the LH surge triggers cumulus layer expansion, and the gap junction 

network is lost (438,439). Concomitantly, cumulus cells have been described to assume an 

elongated morphology in cattle (436) and pigs (440) COCs, in addition to also extending 

different cell protrusions, including filopodia, membrane blebs and microvilli 

(319,351,434,441,442). All these changes depend on the assembly and disassembly of actin 

filaments. Therefore, cumulus layer expansion, besides the intense extracellular matrix 

deposition, is also characterized by an extensive rearrangement of actin filaments in the cumulus 

cells.  

 Although this mechanism is essential for oocyte developmental competence, the 

mechanisms driving TZP retraction and cumulus cell cytoskeletal rearrangement are still elusive. 

Cumulus cells have been described to extend different cellular protrusions during expansion, 

such as filopodia, membrane blebs and microvilli (319,351,434,441,442). The generation of 

these structures is intimately dependent on the assembly and disassembly of actin filaments, 

implying an extensive cytoskeletal rearrangement concomitant to their elaboration.  

To further investigate cumulus cell detachment during expansion, Kawashima and 

colleagues (442) evaluated the role of the protease calpain, which is usually involved in 

degrading adherent junction proteins (443). After LHR activation, calpain activity increased in 

cumulus cells, which detached from one another and presented bleb-like membrane protrusions. 

Immunofluorescence experiments showed calpain’s localization shifted from the cytoplasm to 

foci along the membrane, colocalizing with paxillin, a common calpain target that integrated 

adherent junctions. Pharmacological inhibition of calpain activity blocked cumulus cell 

detachment, membrane bleb formation, and cumulus layer expansion altogether. But while the 

inhibitor treatment impaired the expansion process, it did not alter Has2 expression levels. This 

seminal work indicated cumulus layer expansion to be mediated by two distinct processes: one 
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leading to cumulus matrix production and another responsible for cumulus cell detachment and 

movement.  

Work done by Akison et al. (444) supports and further develops the theory proposed by 

Kawashima and colleagues (442). Mouse COCs were collected over 14h after hCG injections 

and used to characterize their migratory behaviour. To do this, they employed Transwell 

Migration Assays, in which samples are incubated on top of standing cell culture membranes and 

might migrate to the bottom chamber in case they respond to the chemoattractant component 

added to it (445). In this case, the chemoattractants used were EGF and serum. While cumulus 

cells from unexpanded COCs showed very low migration, samples collected within 4 and 8h 

showed increased migratory capacity that peaked at 12h post-hCG injection. Additionally, the 

ability of cumulus cells to migrate decreased rapidly in samples collected from the oviduct. 

Therefore, these results demonstrate that the LH surge instills a highly migratory phenotype in 

the cumulus cells of preovulatory follicles. This phenotype may play a role in cumulus layer 

expansion or be required for successful ovulation. However, the mechanism behind this 

displacement is still unknown. 

4. Cell migration 

Cell migration refers to the movement of cells throughout the body, and its study is 

highly relevant to our understanding of both normal and pathological processes (446,447). 

During embryonic development, for example, coordinated cell migration guides gastrulation and 

the formation of the ectoderm, mesoderm and endoderm (448). In cancers, tumour cells travel to 

colonize new tissues - a process termed metastasis that dramatically affects cancer treatment and 

patient survival. Therefore, understanding the cellular and molecular mechanisms behind cell 

migration is of utmost importance for diagnostic and therapeutic purposes. 

4.1. 1D, 2D and 3D cell migration and their physiological relevance 

One-dimensional, or 1D, cell migration is a term that refers to cells migrating along a 

narrow linear structure. In vivo, it is termed contact guidance (449,450) and can be observed, for 

example, on collagen fibrils that irradiate from highly invasive human breast tumours (451). The 

poor prognosis assigned to these patients and the observation that tumour cells, stem cancer cells, 

and leukocytes will preferentially migrate along these collagen arrays have suggested this 

specific ECM deposition to enhance cell migration (452,453). Moreover, in vitro evidence 
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showed that glioblastoma cells migrate more rapidly on 1D nanofiber grids when compared to 

two-dimensional substrates made of the same material (454), further supporting this theory. 

Two-dimensional (2D) cell migration has been extensively studied in cell culture 

(455,456). In this system, cells follow a general and well-characterized migration mechanism 

involving repetitive protrusion, adhesion and contraction (455,457–459). Briefly, actin 

polymerization driven by small Rho GTPases like Rac1 and CDC42 mediate lamellipodia 

extension and/or filopodia at the leading edge. This causes the leading edge to protrude and 

adhere to the substrate, followed by cell body translocation, mediated by another small Rho 

GTPase, RhoA. This standard migration mechanism has been described for different cell types, 

cancerous or not, migrating on flat 2D surfaces. However, 2D migration is rarely observed in 

vivo and does not constitute a good physiological model for investigating cell locomotion.  

As tridimensional (3D) cell culture systems were studied more and more, it became clear 

that the standard 2D migration mode was a specialized and stereotypical version of cell 

locomotion. In fact, the more physiological the environment the cells are inserted in, the more 

flexible they become and can easily switch between different migration modes – namely 

mesenchymal and amoeboid. It is now known that the migratory mode of a cell navigating 

complex and intricate ECMs of living tissues is determined by three primary parameters: i) 

adhesion to the substrate, ii) actin protrusion, and iii) actomyosin contraction. According to cell-

based or environmental-derived factors, these key parameters can assume different 

spatiotemporal dynamics that define each migration mode, reviewed in section 4.5.  

4.2. Actomyosin, the motor behind cell migration 

In 1970, Michael Abercrombie suggested that cells propel themselves forward by adding 

material to their front, which leads to an internal rearward flow that, coupled with adhesion to the 

substrate, results in a net movement forward (460). Schematically, it can be compared to a war 

tank propelling itself forward while its tracks roll backward. We now know that this backward 

flow inside the cell results from the extension/disassembly of membrane-associated actin 

filaments. But that is not the only tool the cell has to generate force: it also relies on the activity 

of molecular motors to contract actin filaments and, for example, pull the back of the cell 

forward (461). Therefore, actin polymerization (pushing) and the contraction of antiparallel actin 

filaments (pulling) are the two sources of mechanical force inside the cell. The relative 
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contribution of these pushing and pulling forces to actual movement varies according to the 

migration mode at play. In mesenchymal migrating cells, for instance, lamellipodia extension at 

the cell's leading edge will push the membrane forward, and the contraction of stress fibres – 

longitudinal cellular actin cables – will pull the cell body forward. Amoeboid migratory cells, 

however, tend to rely mostly on contraction to propel themselves forward. Cortical actin 

contraction increases the cytoplasmic hydrostatic pressure and promotes the protrusion of 

different cellular structures, leading to a bleb-based cell motility (462), reviewed in section 4.5.2. 

Therefore, despite the migration mode, the underlying mechanisms for force generation are 

conserved and dependent on the actomyosin cytoskeleton. This structure results from the 

association between actin filaments and molecular motors such as myosin (463).  

4.2.1. Actin cytoskeleton dynamics 

The actin cytoskeleton is a vast and complex network of actin filaments and associated 

proteins (464). It defines cell shape, facilitates intracellular organization and cargo 

transportation, drives cytokinesis and motility and enables cell adhesions. Despite its complexity, 

the actin cytoskeleton is dynamic and can reorganize in response to extracellular signals, 

including growth factors and chemotactic cues, to promote and support cell migration, adhesion 

and division.  

Globular actin (G-actin) exists in free form before being assembled into an actin filament 

(F-actin).  This process comprises three key steps: i) nucleation, ii) elongation and iii) steady-

state phase. While nucleation is the rate-limiting step, during elongation, G-actin monomers are 

added to the oligomer until the steady-state phase, when the rate of assembly on one end of the 

filament equals the rate of disassembly on the opposite one. The opposing ends of an actin 

filament harbour distinct polymerization dynamics: assembly of G-actin monomers happens at 

the barbed or (+) end of the filament, while disassembly is concentrated on the pointed or (-) end 

(465). As a result, the actin filament conserves an average length, with the G-actin subunits 

treadmilling from the barbed to the pointed end (466).  

F-actin polymerization happens spontaneously in a G-actin solution, given that it is 

maintained in physiological conditions (Figure 10a). Therefore, cells have developed strategies 

to curb this trend and guide actin assembly/disassembly to suit their needs (Figure 10b). To 

prevent spontaneous polymerization, G-actin monomers are in constant association with  
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a) 

 

b) 

 

 

Figure 10: In vitro and in vivo actin polymerization. a) After G-actin spontaneously nucleates in vitro, 

filaments are elongated by adding more G-actin subunits, mostly at the barbed (+) end. The ATP 

molecules present in the incorporated subunits undergo hydrolysis and phosphate release, creating an 

"age-dependent" gradient of nucleotides along the filament. The ATP-actin subunits (green) are mostly 

localized at the barbed end, while the ADP-actin subunits (orange) are localized in the center of the 

filament. Once the filament reaches equilibrium, it enters the so-called treadmilling or steady state. b) In 

vivo, free ATP-actin subunits are associated with actin-sequestering proteins (e.g. profilin, light green). 

Nucleation and elongation can occur by formin-dependent or Arp2/3-dependent mechanisms. 

 

sequestering proteins, such as the members of the profilin family, decreasing the concentration of 

free G-actin monomers (467). Moreover, specific proteins control and facilitate directed actin 

polymerization. To do so, they mimic an actin trimer or tetramer, whose formation is the most 

critical step in F-actin elongation (468). A prominent group of actin nucleators is the formin 

family, which is responsible for the nucleation of linear actin strands. With the help of their 

conserved formin homology 2 (FH2) domain, these proteins stabilize an actin dimer and recruit 
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profilin-actin complexes, which promotes elongation of the stabilized dimer (469). Another well-

studied actin nucleator is the Actin-Related Protein (Arp) 2/3. This complex comprises seven 

subunits, two of which (Arp2 and Arp3) are structurally similar to actin (470). They attach to 

pre-existing actin filaments and nucleate the elongation of a branched new actin strand (471). 

Intrinsically inactive, Arp2 and 3 activities can be stimulated by at least 8 known factors, called 

nucleation-promoting factors (NPFs). These factors share a so-called WCA domain, which 

harbours an actin-monomer binding WH2 region and can bind Arp2/3, leading to a 

conformational change and consequent activation (472). 

Once actin monomers are incorporated into the filaments, they start ageing, a process 

mediated by the hydrolysis of actin-bound ATP. This favours the binding of disassembly factors, 

leading to increased G-actin dissociation towards the filament pointed end (473). Actin 

disassembly can occur in different ways, namely by debranching of whole Arp2/3-containing 

actin filaments by members of the coronin and GMF protein families (474) or as a result of 

ADF/cofilin activity, which has been described as disassemble, sever and depolymerize actin 

filaments (475–477). Once removed from the filament, the ADP binding the actin monomers can 

be swapped by ATP by profilin proteins (478–480) or by cyclase-associated proteins (481), 

replenishing the pool of ATP-bound G-protein monomers.   

4.2.2. Non-Muscle Myosin II  

Myosins are ubiquitously expressed motor proteins that play crucial roles in cellular 

processes that require force generation, such as cargo transportation and contraction (482). This 

activity requires energy provided by the hydrolysis of ATP, which is catalyzed by myosin’s 

ATPase activity. Most known myosins belong to class II and, in association with actin filaments, 

they make up the contractile machinery in cardiac, skeletal, and smooth muscle cells (482). 

Additionally, this class also harbours the non-muscle myosin II (NMII). This molecule shares its 

structure with its muscle counterparts, but instead of muscle contraction, it is usually involved in 

cellular processes that require reshaping, such as cell division and migration. NMII is expressed 

in all non-muscle eukaryotic cells (483,484) and can also be found in muscle cells, where they 

play pivotal roles during their development and differentiation (485). 

Each NMII is a complex that encompasses six subunits: two heavy chains (MHC) and 

two pairs of light chains, one commonly referred to as the regulatory light chains (20kDa MLC, 
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MLC20) and the other as the essential light chains (17kDa MLC, MLC17) (Figure 11a). The two 

MHC form homodimers through charge-driven interactions between their coiled-coil regions, 

giving rise to an extended coiled-coil rod domain that ends in a short, non-helical tail. The light 

chains interact with the MHC chains at their other extremity, called the neck domain, a short 

junction that separates the coiled-coil rod domain from the motor one formed by the light chains. 

Thus, the resulting hexamer assembles into a polar structure, with the globular motor domain on 

one end of the molecule and the coiled-coil rod domain on the other (482). 

Three NMII isoforms have been identified, each characterized by a different heavy chain: 

MHC-A, MHC-B, and MHC-C (482). Two main properties differ among the different NMII 

isoforms: the actin-triggered ATPase activity, which is the increase in ATP hydrolysis by myosin 

upon binding to acting, and the duty ratio, defined as the time that myosin is binding actin in a 

force-generating state. Among the three isoforms, NMII-A has the highest ATP hydrolysis rate 

(486). NMII-B has a higher duty ratio when compared to NMII-A (487,488). Also, NMII-B has a 

much higher affinity to ADP than the other isoforms, which means it releases ADP at a lower 

rate. These kinetic differences could help explain why some cellular functions seem isoform-

dependent while others seem redundant (489,490).  

As described above, the N-terminal region of NMII harbours the actin and the ATP 

binding domains and, therefore, determines the kinetic parameters of the molecule. On the other 

hand, the C-terminal region of NMII comprises the coiled-coil rod domain and the non-helical 

regions, which can bind to the coiled-coil rod domain of a second NMII, associating into bipolar 

mini-filaments (491) (Figure 11b). When the head domains of these bipolar NMII mini-filaments 

interact with actin filaments, tethering them, they form actomyosin. Then, the energy provided 

by ATP hydrolysis powers NMII folding, ultimately causing the actin filaments to slide in 

opposite ways and creating tension inside the cell.  

Actomyosin assembly and ATPase activity are tightly regulated. While skeletal and 

cardiac myosins are regulated by a separate set of proteins attached to the actin filaments, NMII 

polar mini-filament formation and the ATP hydrolysis are under the control of the reversible 

phosphorylation of specific residues located on MLC20 and MHC. In turn, there is no evidence 

that the MLC17 undergoes reversible phosphorylation, and its primary function seems to be 

binding and stabilizing the MHC (484). For simplicity, from this point on, the regulatory light 

chains MLC17 are going to be referred to as MLCs. 
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Figure 11: Structure, assembly, and activation of NMII. a) The subunit and domain structure of Non-

muscle Myosin II (NMII). The globular head domain contains the actin-binding regions and the motor 

domains. The essential light chains (MLC17) and the regulatory light chains (MLC20) bind to the heavy 

chains at the lever arms that link the head and coiled-coil rod domains. Left panel: In the absence of 

MLC20 phosphorylation, NMII folds and forms a compact structure through a head-to-tail interaction, 

resulting in an assembly incompetent form (10S) that is unable to associate with other NMII. Right 

panel: After MLC20 phosphorylation, the 10S structure unfolds and becomes assembly-competent(6S). b) 

NMII molecules assemble into bipolar mini-filaments through interactions between their coiled-coil rod 

domains. These mini-filaments bind to actin through their head domains, and the ATPase activity of the 

head enables a conformational change that moves actin filaments in an anti-parallel manner. Bipolar 

myosin mini-filaments link actin filaments together in thick bundles, forming actomyosin. 

 

Even though the role of MHC reversible phosphorylation has only been well established 

in Dictyostelium and Acanthamoeba (492,493), mammalian cells seem to follow the same trend, 

with MHC phosphorylation negatively regulating NMII activity. Phosphorylation sites have been 

identified near the C-terminus of the MHC, more specifically, both in the coiled-coil region, 

which forms the rod domain and the non-helical tail (494–496). In vitro assays have shown that 
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these residues can be phosphorylated by either PKC (494), Casein II (495) or Transient Receptor 

Potential Melastatin 7 (TRPM7)(496). In each of these cases, the phosphorylation either causes 

the subunits of NMII to dissociate or prevents their assembly. Additionally, the phosphorylation 

promoted by TRPM7 on the helical portion of the rod, Thr1800, has been shown to guide the 

subcellular localization of NMII (496).  

On the other hand, the positive regulation of NMII activity is controlled by reversible 

phosphorylation of the MLC. Evidence from extensive in vitro experimentation shows that MLC 

phosphorylation controls NMII mini-filament assembly by regulating its conformational state. 

Assembled and MLC-nonphosphorylated NMII is folded into a compact conformation, where the 

rod domain tail folds over and binds the two head domains, which also bind each other in an 

asymmetrical manner (497–501). This conformational state is assembly-incompetent, as 

illustrated in Figure 11a. However, introducing a negative charge by phosphorylation of MLC 

disrupts the head-head and the head-tail interactions (497), causing the 10S fast sedimenting 

structure to convert to the 6S slow sedimenting one (Figure 11a). Additionally, the 6S 

conformation is assembly-competent and can form mini-filaments with other NMII molecules 

and interact with actin filaments, forming actomyosin (Figure 11b). The phosphorylation 

responsible for these changes occurs at the Ser19 of the MLC, and even though this event 

increases NMII’s ATPase activity (502), it does not seem to increase NMII affinity to actin 

(503). Additional phosphorylation on Thr18 is also observed, and its function is twofold. First, 

Thr18 phosphorylation increases NMII ATPase activity and its affinity to actin, besides 

stabilizing NMII 6S conformation, which decreases the chances of actomyosin disassembly 

(504,505). In cells, di-phosphorylation of MLC is usually observed in regions with increased 

tension, suggesting the double Ser19/Thr18 phosphorylation produces actomyosin that, besides 

generating, can also withstand great tension (506). Therefore, in opposition to the MHC 

phosphorylation, adding phosphates to amino acid residues located on the MLC stimulates NMII 

mini-filament formation and ATP hydrolysis that power NMII activity.  

The fact that F-actin can be polymerized as a linear or a branched structure gives rise to 

two main actomyosin varieties: networks and bundles. Actomyosin bundles occur when NMII 

mini-filaments associate with linear actin, giving rise to stress fibres (507). The actin filaments in 

the stress fibres are aligned and overlap but conserve the possibility of being oriented in opposite 

directions within the bundle (508,509). Different categories of stress fibres have been described 
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mainly based on their location inside the cell and how they align with the movement direction 

(510). Although stress fibres are sometimes observed in cells migrating through 3D ECMs, they 

are often observed in cells migrating on 2D hard substrates (511). In these scenarios, stress fibres 

generate pulling forces responsible for detaching adhesions to the substrate and retracting the 

cell’s rear end.  

On the other hand, many cell types migrate without stress fibre formation. These rely on 

forces generated by actomyosin networks, formed after a mixture of randomly positioned linear 

and branched actin filaments bind NMII mini-filaments (512). These actomyosin networks are 

frequently formed in association with the plasma membrane, generating what is referred to as the 

actin cell cortex (513). Despite the lack of alignment, the sliding of NMII mini-filaments along 

randomly oriented actin filaments can produce overall network contraction and power cell 

migration (514). Cortical tension is mainly controlled by NMII activity (515), and NMII 

inhibition can reduce it by up to 80% (516). All three NMII isoforms have been shown to 

localize to the cell cortex (517). 

Different kinases have been reported to phosphorylate the MLC subunit of NMII. These 

include the Myosin Light Chain Kinase (MLCK), the Citron Kinase (CITK), the Leucine Zipper 

Interacting Kinase (ZIPK), the Rho-associated coiled-coil containing Kinase (ROCK), and the 

Myotonic Dystrophy Kinase-related CDC42-binding Kinase (MRCK)(484,502,518,519). MLCK 

was the first reported kinase to phosphorylate the Ser19 of MLC in smooth muscle myosin II 

(520). While MLCK can also phosphorylate the MLC of NMII, it does so with a much lower 

affinity, and smooth muscle myosin II is its main substrate (521). For this reason, the depletion 

of MLCK in non-muscle cells usually leads to a mild phenotype (522). CITK plays a crucial role 

in cytokinesis, but its expression is restricted to the testis, kidneys and spleen, and therefore, it 

might not be required for cell migration (523,524). Similarly, ZIPK has been mainly associated 

with the onset of apoptosis and has not been reported to contribute to NMII during cell migration 

(525). Therefore, the primary known NMII kinases involved in controlling actomyosin 

contractility during cell migration are ROCK and MRCK. 

ROCK, a Serine/Threonine kinase, can control NMII activity by either directly 

phosphorylating the MLC (526) or by phosphorylating and inactivating Myosin Phosphatase 

Target Subunit 1 (MYPT1), which is the phosphatase responsible for dephosphorylating MLC 

(527). Structurally, ROCK has an N-terminal kinase domain, a coiled-coil region containing a 
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Rho-binding domain (RBD) and a C-terminal pleckstrin homology (PH) domain, as illustrated in 

Figure 12. ROCK is usually found folded in an autoinhibited conformation, where a head-to-tail 

interaction blocks its catalytic site (528). Association with the active (GTP-bound) small Rho 

GTPase RhoA (Ras Homolog Family Member A), which binds the RBD domain, induces a 

conformational change, transiently activating ROCK (529,530). In the cell, two ROCK isoforms 

can be found and are here referred to as ROCK1 and ROCK2. While they have an overall 

homology of 62%, their kinase domain is nearly the same, with 92% identity (531). But even 

though ROCK1 and ROCK2 are structurally very similar, they might have nonredundant 

functions. For example, in mesenchymal migratory cells, both ROCK1/2 can phosphorylate 

MLC, but ROCK1 seems to accumulate at the back of the cell, defining front-back polarity, 

while ROCK2 localizes to the leading edge (532).  

 

 

Figure 12: Domain and Structure of ROCK and MRCK. Domains: KD, CC, coiled-coil region; kinase 

domain; RBD, Rho-binding domain; PH, pleckstrin homology domain; CRD, cysteine-rich domain; C1, 

C1 domain; CH, citron homology domain; C, CDC42- and Rac-Interactive Binding (CRIB). 

 

MRCKs integrate a group of Serine/Threonine kinases that is evolutionarily related to 

ROCK1/2 and also play a crucial role in regulating actomyosin contractility (533). Among the 

three MRCK isoforms - α, β, and γ - MRCKα/β are ubiquitously expressed and present kinase 

domains with 85% identity, while MRCKγ is more divergent and has a restricted expression 

pattern (534). Despite that, all three isoforms have an N-terminal kinase domain that is followed 

by C-terminal kinase C conserved region (C1), PH-like domain, citron homology (CH) domain 

and CRIB domain (Figure 12). MRCKs are found at the plasma membrane (535), possibly due to 

the presence of the C1 domain, which has been described to bind plasma membrane components 

and mediate the anchoring of cytosolic proteins to it (536). MRCK forms a tetrameric complex in 
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the inactive state and undergoes a head-to-tail autoinhibitory conformation (533,535). Binding to 

active CDC42 will relieve the autoinhibition by inducing a conformational change and guiding 

the active MRCK to a specific cell location (537). Similar to ROCK1/2, MRCKs can also 

directly phosphorylate MLC on Ser19 and Thr18, in addition to inhibiting MYPT1 activity as 

well (537,538) ROCK1/2 and MRCK have highly related kinase domains and a similar set of 

substrates (533). However, their activities are not redundant, partially due to their differential 

regulation, which will be discussed in section 4.4. 

4.3. Cell protrusions  

Cell migration is driven by the cytoskeleton, which combines protrusive (pushing) and 

contractile (pulling) forces to move cells forward, whether in protist amoebas or multicellular 

organisms. Different actin assembly/disassembly and actomyosin contractility control will 

translate into different protrusion types. The protrusion of the plasma membrane can be mainly 

achieved by three distinct mechanisms involving actin filaments (Figure 13). The first one 

generates a broad and complex network of branched actin filaments at the cell's leading edge, 

forming the lamellipodium. The second mechanism involves the linear growth of small actin 

bundles that polymerize and extend the membrane to form filopodia. Finally, the third 

mechanism does not require active actin polymerization but high actomyosin contractility, 

increasing the internal hydrostatic pressure and driving the protrusion of structures termed 

membrane blebs. Therefore, the actin-based cellular protrusions that aid cell migration can be 

polymerization-driven, as lamellipodia and filopodia, or contractility-generated, as the membrane 

blebs.  

4.3.1. Lamellipodia 

Lamellipodia are the most extensively studied structure driving cell migration. They 

consist of a flat membrane protrusion that can be observed at the leading edge of fibroblasts, 

neurons, and epithelial, endothelial, and immune cells. They are formed when cells migrate on 

solid surfaces both in vitro and in vivo and can also be tridimensional depending on the substrate 

and the cell’s capacity to adhere to it (473,539). These 3D lamellipodia are referred to as 

membrane ruffles but are generated by the same mechanisms controlling the extension of 

lamellipodia on hard 2D surfaces (468). 
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Figure 13: Types of actin-based protrusions. Representative examples of plasma membrane protrusion 

types - lamellipodia, filopodia, and membrane blebs. Protrusion of the plasma membrane can be achieved 

by actin polymerization forces, in the case of lamellipodia and filopodia, or by hydrostatic pressure 

created by actomyosin contractility for membrane blebs. Accessory proteins illustrated in pink will be 

reviewed in the next sections. 

 

Lamellipodia formation is usually associated with the mesenchymal mode of migration 

and is, therefore, formed downstream of Rac GTPases (540), whose signalling will be reviewed 

in detail in section 4.4. Briefly, when a cell detects the presence of growth factors, lamellipodia 

will be extended in response to the stimulus to initiate migration. Therefore, after the growth 

factor binds and activates its receptors on the cell surface, its tyrosine kinase activity will 

transduce the signal and activate small Rho GTPases such as Rac1 and RhoA (541). At the 

leading edge, Rac1 interacts with the WAVE complex, which undergoes a conformational 

change before binding and activating another protein complex, the Arp2/3. Arp2/3 will then bind 

to pre-existing actin filaments close to the membrane and catalyze the extension of an extensive 

network of branched actin filaments, which create a pushing force that drives membrane 

protrusion (542–544) (Figure 14). This force generation depends on actin polymerization and is 

uncoupled from NMII activity (545). Once extended, the membrane establishes adhesive 

interactions when integrin receptors at the lamellipodia tip interact with the underlying substrate 

(546,547). These adhesion sites serve as anchoring points for linear bundles of actomyosin that 

constitute the stress fibres, which are synthesized by the formins mDia1 and 3, activated 

downstream of RhoA (456). The stress fibres connect the nascent adhesion sites to those located 

at the cell's rear, enabling RhoA-mediated actomyosin contraction, detaching the rear adhesions 

and retracting the cell body. 
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a) b) 

Figure 14: Actin cytoskeleton structure of lamellipodia. a) Platinum replica electron microscopy 

adapted from Alexandrova et al. (554). Left panel: the cell leading edge; right panel: high magnification 

of the leading edge. b) Diagram of actin organization in lamellipodia. The cytoskeleton of lamellipodia 

consists of a dense branched actin network generated by Rac1>WAVE>Arp2/3 signalling. Arp2/3 

complex (pink) is positioned at the sites of initiation of new actin filament branches at the side of the 

mother filament.  

 

The stabilization of a lamellipodium depends on cell contact with the substrate. For 

example, if two mesenchymal migrating cells meet, their lamellipodia will stop extending and 

retract (548,549). Alternatively, a lamellipodium will also retract to the cell body if the cell’s 

ability to adhere to the underlying substrate is reduced (539). Moreover, the formation and 

stabilization of a lamellipodium also depend on the internal delicate balance of actin 

polymerization at the leading edge and in the cytosol: increased actin assembly in the cytosol can 

affect the availability of G-actin subunits at the leading edge, which drives lamellipodia 

retraction (550).  

4.3.2. Filopodia 

Filopodia are thin, fingerlike cellular projections that usually protrude from the edge of 

lamellipodia. Functionally, they probe the extracellular environment for cues to direct cellular 

motility or to mediate cell-cell contact (551,552). Structurally, filopodia are built of long, linear 

actin filaments that are bundled up by actin-binding proteins such as Fascin (553). Cross-linking 

the actin bundle is essential to building the filopodia backbone (552) (Figure 15).  

Two models have been proposed to describe filopodia initiation development: the tip 

nucleation model and the convergence elongation model (553). The tip nucleation model is based 

on the direct actin filament nucleation at the membrane by formins. As the filaments are 

extended, they are bundled up by actin-binding proteins. Alternatively, filopodia protrusion can  
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a)  b)  

Figure 15: Actin cytoskeleton structure of filopodia. a) Platinum replica electron microscopy 

adapted from Alexandrova et al. (554). Left panel: the cell leading edge; right panel: high 

magnification of the leading edge. b) Diagram of actin organization in filopodia. The Cytoskeleton of 

filopodia consists of a bundle of actin filaments elongated by actin elongation factors such as 

Ena/VASP and formins (pink). The filaments are cross-linked by actin binding protein such as fascin 

(blue) and oriented with their barbed ends to the tip of the filopodium.  

 

be explained by the convergence of the branched-actin network that comprises the lamellipodia. 

In this model, actin elongation factors such as Ena/VASP and formins associate with the barbed 

end of actin filaments that constitute the lamellipodia and promote their reorganization and 

elongation. The filaments will be extended as long as the elongation factors are binding. Next, 

the protein Fascin will cross-link the filaments, organizing the bundles and giving the rising 

filopodia a functional backbone. 

Regardless of the initiation model, the formation of filopodia has been found to depend 

on specific proteins, including the small Rho GTPase CDC42. CDC42 is crucial to this process 

as it recruits and triggers the activation of WASP/N-WASP and the formin mDia2 to promote 

actin polymerization (555). Additionally, the CDC42 effector Inverse-Bin-Amphiphysin-Rvs (I-

BAR) domain-containing protein IRSp53 (insulin receptor phosphotyrosine 53 kDa) has also 

been implicated in filopodia formation as it creates a curvature on the plasma membrane, a 

prerequisite to forming the filopodial tip (556). Filopodia stop extending and retract into the cell 

when the elongation factors dissociate and actin polymerization stops (557).  
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4.3.3. Membrane blebs 

Membrane blebs are spherical membrane protrusions that form on the surface of the cell 

(558). Once considered a hallmark of apoptosis and necrosis (559), blebs are also consistently 

observed during cell division and cancer cell migration (560). These highly distinct processes 

have something in common: high cortical pressure, later identified as the driving force behind 

membrane bleb protrusion. In fact, further studies of migrating cancer cells pointed out that 

while they usually extend lamellipodia and filopodia when cultured on hard substrates, they’ll 

preferentially use membrane blebs to migrate inside 3D soft extracellular matrices 

(462,561,562). This conclusion led membrane blebs to be recognized as a standard cell 

protrusion type. Therefore, in addition to lamellipodia and filopodia, membrane blebs constitute 

a third protrusion type and do not require actin polymerization for their extension as they are 

driven by the cell's internal hydrostatic pressure. 

Membrane blebbing can be divided into three distinct stages: initiation, expansion, and 

retraction (561), as illustrated in Figure 16. Bleb initiation occurs as a small area of the plasma 

membrane detaches from the underlying cell cortex in response to increased cortical tension. 

This gives way to the expansion phase, during which the cytoplasm flow inflates the membrane, 

causing it to detach even further (563). Besides the increase in the detached area, the unfolding 

of plasma membrane invaginations also helps increase the membrane area available to expand, 

according to the research conducted by Gourdazi et al. (564). Towards the end of bleb 

expansion, which happens in tens of seconds (565), the actomyosin cortex is reassembled 

underneath the plasma membrane that constitutes the bleb, and its contraction drives bleb 

retraction back into the cell body (561,566).  

Repeated measurements and analysis of bleb number and volume showed that its 

formation depends on hydrostatic pressure. For instance, the volume of a single bleb decreased 

when multiple consecutive blebs were formed, or the intracellular hydrostatic pressure was 

disturbed by electroporation (567,568). The high hydrostatic pressure observed in blebbing cells 

results from increased contractility of the actomyosin cell cortex, driven by NMII contraction 

(565). RhoA and its downstream effectors ROCK1/2 are critical activators of NMII activity 

whose activity has been described to trigger blebbing activity (569,570). Consistent with this 

observation, inhibiting NMII activity significantly interferes with membrane bleb formation 

(571–573). 
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Figure 16: The life cycle of a membrane bleb. Membrane blebs are formed when the plasma membrane 

(black solid line) detaches from the underlying actin cytoskeleton (dark grey). The detachment can happen 

due to increased intracellular pressure or the local rupture of actin filaments. After the expansion of 

membrane protrusion, ERM family proteins (blue) are recruited to the protruded bleb membrane, and 

reassembly of actin filaments occurs rapidly and covers the protruded membrane. Finally, NMII (pink) is 

recruited to the freshly assembled actin cortex inside the protruded membrane, and contraction of this 

actomyosin cortex mediates bleb retraction. 

 

Further study of blebs dynamic led to the hypothesis that they tend to occur at points 

where the link between the cell cortex and the plasma membrane is weaker. To test this 

hypothesis, the association membrane-cortex was manipulated in different ways. Initially, 

experiments using laser ablation (572,574) or small molecules that induce actin depolymerization 

(574,575) were shown to undermine the association between the membrane and the cortex, 

leading to bleb formation. The proteins Ezrin, Radixin and Moesin (ERM) have as their primary 

function mediating the tethering of the plasma membrane to the actomyosin cell cortex (576). 

Therefore, researchers next investigated their role in controlling bleb initiation. In fact, Ezrin 

overexpression significantly reduced bleb formation (577). Conversely, biasing the membrane 

lipid composition to molecules that cannot bind ERM proteins showed increased blebbing 

activity (578,579).  

In addition to discovering the mechanism of bleb initiation, research has also focused on 

unveiling how the actin cortex reassembly inside the bleb unfolds. To this effect, Charras et al. 

(577) used an exogenous GFP-tagged protein expression system to track the localization of 
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critical regulators of actin assembly during the bleb life cycle. The results showed that as soon as 

expansion ceased, Ezrin was the first protein recruited to the inner side of the bleb membrane, 

followed by actin and only then NMII, identified by the GFP-tagged regulatory light chain 

subunit. Markedly, the recruitment of NMII coincided with the onset of bleb retraction. Later, 

proteins from the formin family were identified as responsible for resynthesizing the F-actin 

inside the bleb (580,581), integrating the key factors required for inner bleb actin cortex 

repopulation and subsequent bleb retraction.  

Ikenouch and Aoki proposed a unique model to describe the membrane bleb life cycle 

regulation by two distinct small Rho GTPases, RhoA and Rnd3 (Figure 17)(558). Rnd3 is a 

constitutively active small GTPase reported to negatively regulate RhoA activity (582,583). The 

authors observed that Rnd3 is highly enriched on the membrane of expanding blebs but quickly 

disappears as the expansion phase ends. Therefore, the proposed model states that, during the 

expansion phase, the high concentration of Rnd3 on the membrane inhibits RhoA, preventing 

actin re-polymerization and actomyosin contraction that it would promote otherwise. However, 

as the membrane expands, Rnd3 concentration on the membrane drops, which locally relieves 

the inhibition over RhoA. As RhoA is transiently activated, it phosphorylates its downstream 

effectors ROCK1/2 and promotes actin re-polymerization inside the bleb. In turn, ROCK1/2 

phosphorylates Rnd3 on Serine 240, which sequesters it into the cytoplasm (563,584,585), 

entirely preventing its inhibitory activity over RhoA. This enables RhoA to promote extensive 

actin re-polymerization and subsequent contraction to retract the bleb. Therefore, this model 

describes a feedback system between Rnd3 and RhoA that controls bleb expansion, actin re-

polymerization and bleb retraction. 

4.4. The family of Small Rho GTPases and their role in cell migration 

Rho GTPases were first identified to control cell migration during the 80’s. Ever since, 

extensive studies have expanded our understanding of how different members of the Rho 

GTPase family control migration through different substrates and conditions, first using 2D in 

vitro culture conditions and later based on 3D and in vivo systems. 
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Figure 17: Regulation of the actin cortex by Rnd3 and RhoA during membrane blebbing. In the 

expansion phase of membrane blebs, Rnd3 and a RhoGAP (p190RhoGAP) inhibit the activation of RhoA 

and consequent regrowth of actin filaments. As the surface area of the protruded membrane increases 

during expansion, the concentration of Rnd3 at the plasma membrane decreases and locally activation of 

RhoA may occur. Activated RhoA activates ROCK that, in turn, phosphorylates Rnd3, leading to its 

removal from the plasma membrane. Thus, RhoA activation is amplified and sustained by a positive 

feedback loop, initiating the retraction phase of the membrane bleb life cycle.  

 

Rho GTPases are small proteins (approximately 21kDa) that are part of the Ras 

superfamily of small GTPases. When localized at the plasma membrane, they can be activated by 

extracellular stimuli and proceed to modulate the activity of different downstream effectors, 

functioning as a signal transducer (586). Most Rho GTPases work as a molecular switch, 

assuming an active conformation when bound to GTP and an inactive one when GTP is 

hydrolyzed to GDP. Rho GTPases have an intrinsic GTPase activity, but the rate of this reaction 

is low (587). Therefore, the regulation of the Rho GTPases depends on the activity of other 

proteins, namely guanine nucleotide exchange factors (GEFs), GTPase-activating proteins 

(GAPs) and guanine nucleotide dissociation inhibitors (GDIs) (586) (Figure 18). GEFs catalyze 

the exchange of GDP by GTP, therefore activating the Rho GTPase. GAPs, in turn, inactivate the 

Rho GTPase by stimulating the hydrolysis of GTP to GDP. Finally, GDIs sequester Rho 

GTPases to the cytosol by solubilizing them, which prevents their localization to the plasma 

membrane and impairs signalling (588). 

The most extensively studied small Rho GTPases are Rac1, CDC42 and RhoA. These are 

conserved and found in plants, fungi and animals (589). Seminal studies of cells migrating on 2D  
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Figure 18: The regulation of small Rho GTPases. Small Rho GTPases are active at cellular membranes 

(double black line), where they function as signal transducers. A guanine nucleotide exchange factor 

(GEF) exchanges GDP for GTP, thereby bringing Rho into its GTP-bound, active state. A GTPase-

activating protein (GAP) hydrolyses the Rho-bound GTP, thereby cleaving off a phosphate group (Pi) and 

bringing Rho to its GDP-bound, inactive state. A guanine nucleotide dissociation inhibitor (GDI) extracts 

GDP-bound Rho from the membrane and sequesters it to the cytosol, thereby preventing Rho GTPases 

from being activated.  

 

substrates established Rac1 signalling to be responsible for generating lamellipodia (590), RhoA 

to be linked to contractile actomyosin fibres (548), and CDC42 to promote filopodia formation 

(591). The following decades of study unveiled a series of downstream effectors for Rac1, RhoA 

and CDC42 and, most importantly, their crosstalk to generate actin polymerization and 

actomyosin contractility during cell migration (Figure 19). 

Rac1 involvement in lamellipodia formation is characterized by its ability to bind the 

WAVE Regulatory Complex (WRC). This leads to a conformational change that exposes the 

VCA motif, now free to bind and activate Arp2/3, promoting branched actin assembly and 

consequent lamellipodial extension (592,593). Rac1 activity also translates into a negative 

feedback loop controlling RhoA activation levels: increased reactive oxygen species (ROS) 

mediated by NOX downstream of Rac1 will increase the affinity of p190RhoGAP to GTP-bound 

RhoA and hydrolyze the GTP, leading to a decrease in RhoA activation levels (594). In 

opposition to Rac1, RhoA promotes linear actin polymerization and actomyosin contractility. It 

does so by binding and activating the formins mDia, which will elongate linear actin filaments,  
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Figure 19: Crosstalk between classical small Rho GTPases regulates the actin cytoskeleton 

remodelling and contraction during cell migration. RhoA promotes actomyosin contractility through 

ROCK-dependent phosphorylation of MLC and inhibition of the MLC phosphatase MYPT. Another 

RhoA effector is the formin mDia, which promotes actin polymerization. RhoA antagonizes Rac1 

signalling through ROCK/contractility-dependent activation of the Rac1 GAP ARHGAP22. Rac1 

promotes actin polymerization and lamellipodia formation through activation of WAVE. Rac1 also 

antagonizes RhoA-mediated signalling through the activation of NOX-dependent ROS production, 

which activates p190RhoGAP, leading to the inhibition of RhoA. CDC42 connects with both Rac1 and 

RhoA, promoting actomyosin contractility through activation of MRCK, which directly phosphorylates 

MLC and also inactivates MYPT, besides inducing filopodia formation via WASP-mediated activation 

of Arp2/3. 

 

and also by activating its downstream effectors ROCK1/2, whose activity increases NMII 

phosphorylation levels (described in section 4.2)(527,595). The elevated actomyosin tension that 

derives from activating RhoA was shown to cause FilGAP, a member of the ARGHGAP22 

protein family, to dissociate from the actin filaments (596) and relocate to the plasma membrane, 

where it binds and inactivates Rac1 (597,598). 

Similarly to RhoA, CDC42 is also responsible for enhanced actin polymerization and 

increased actomyosin contractility, but it does so through different downstream effectors. 

CDC42 can activate Arp2/3 and promote branched actin polymerization by activating its effector 

WASP (599). Moreover, CDC42 can cooperate with RhoA in increasing actomyosin contractility 

by activating a different set of NMII kinases, the MRCK (also described in section 4.2.2). 
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Therefore, the inter-connected and varied functions of the small Rho GTPases reaffirm their role 

in regulating the actin cytoskeleton and actomyosin contractility. 

4.5. Single-cell migration modes 

The betterment and continuously growing use of 3D cell culture enabled the 

characterization of two distinct single-cell migration modes, mesenchymal and amoeboid. It is 

important to note that although they require different contractility levels, both depend on the 

actin cytoskeleton to generate the forces needed for migration. As discussed in section 4.2, these 

are pushing and pulling forces from actin polymerization and actomyosin contraction. Therefore, 

the actin cytoskeleton integrates signals from the physical (rigidity, confinement, homogeneity) 

and chemical (ligands, gradient) characteristics of the environment to drive either mesenchymal 

or amoeboid migration. 

4.5.1. Mesenchymal 

Mesenchymal migration involves the repetitive process of extending and attaching the 

front of the cell, followed by the detachment and retraction of the cell's rear (600,601). These 

activities depend on pushing and pulling forces created by the actin cytoskeleton. The first relies 

on protrusive actin filaments at the leading edge, which are involved in forming the main types 

of cell protrusions related to mesenchymal migration: lamellipodia and filopodia (602). In turn, 

NMII associates with long actin filament bundles, forming actomyosin cables that, upon the right 

stimuli, contract and generate the pulling forces necessary to translocate the cell body (603). 

These bundles, referred to as stress fibres, were described in section 4.2.1 of this document. For 

these reasons, mesenchymal migration is intimately associated with the opposing activity of the 

small Rho GTPases Rac1 and RhoA since Rac1 is needed at the leading edge to stimulate 

lamellipodia extension. At the same time, RhoA is required at the cell’s rear to promote 

actomyosin contractility along the stress fibres and mediate cell body retraction (Figure 20). 

Another hallmark feature of mesenchymal migration is the adhesion to the substrate, 

which helps convert the protrusive and contractile forces into traction. For cells migrating on an 

ECM, the adhesion is usually mediated by receptors of the integrin protein family (604,605) In 

contrast, cells migrating over other cells usually rely on cadherin receptors for cell-cell adhesion 

(606,607). In both cases, the receptors' intracellular portion is associated with the actin 

cytoskeleton (606), usually with the tip of stress fibres, forming a focal adhesion (507,608).  
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Figure 20: Mesenchymal migration. The small GTPases Rac1 and RhoA - the best-studied family 

representatives in mammals - ultimately control mesenchymal migration. While Rac1 activity dominates 

at the leading edge (blue) and leads to the formation of a lamellipodium at the leading edge, RhoA 

signalling (pink) is enhanced toward the cell rear and controls tail detachment and retraction. The actin 

cytoskeleton is represented by black solid lines. 

 

Besides serving as anchor points, focal adhesions are also useful signalling hubs. For instance, 

focal adhesion formation stimulates Rac1 activation, thus functioning as a positive feedback site 

for protrusion-based migration (609,610). Conversely, lack of adhesion has been described to 

inhibit lamellipodia extension (462). Moreover, direct contact with the substrate allows cells to 

follow specific physical environmental cues. For example, in addition to a chemoattractant 

gradient (chemotaxis)(611), mesenchymal migration in vivo can be guided by adhesiveness 

(haptotaxis)(612) or substrate stiffness (durotaxis)(613,614).  

Most data describing the mechanisms behind mesenchymal migration come from studies 

of cells on 2D substrates in vitro. These mechanisms are well conserved in 3D ECMs, with the 

additional discovery of the critical role played by metalloproteinases (MMPs). When produced 

and secreted by migratory cells, these proteins can break down extracellular matrix barriers and 

modify their composition, interfering with cell adhesion and modulating migration(615). 

Therefore, the hallmarks of mesenchymal migration include the formation of actin-rich 

protrusions at the leading edge of the cell, strong adhesion to the substrate, strong dependence on 
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MMP-mediated substrate modification, and low actomyosin contractibility requirement, usually 

paired up with an elongated cell shape. 

4.5.2. Amoeboid 

Amoeboid migration was named after the free-living organism amoebae due to inherent 

similarities with how they move. However, this type of migration is also observed in eukaryotic 

cells, such as embryonic PGCs (573) and tumour cells (616). In opposition to mesenchymal 

motility, amoeboid migration is defined by a high dependency on actomyosin contractility rather 

than actin polymerization to generate intracellular forces and translocate the cell forward. It is 

also referred to as bleb-based migration, as membrane blebs are the cell protrusion most often 

associated with this type of migration. Additionally, bleb-based migration does not rely on MMP 

secretion or adhesions to the substrate. This absence of substrate adhesion can be advantageous 

since it allows cells to migrate inside an ECM to which they do not express specific receptors.  

The enhanced actomyosin contractility required for amoeboid migration is promoted by 

the small GTPase RhoA (562,616–618). Through its downstream effectors mDia1 and 

ROCK1/2, RhoA promotes cortical actomyosin formation and activation, a process described in 

detail in section 4.4 of this document. Besides giving the amoeboid cell its usual round 

morphology (619), this tension is essential for the initial separation of the plasma membrane 

from the underlying actin cortex, the event that marks the first stage of the bleb life cycle 

(567,573,620). RhoA activation is also required to contract the expanded bleb back into the cell 

body (577). Therefore, increased cortical tension leads to increased blebbing activity, which 

explains why high RhoA activity and blebbing are hallmarks of amoeboid migration (Figure 21). 

CDC42 and its effector MRCK have recently been implicated in maintaining high actomyosin 

contractility in amoeboid migratory cancer cells (616,621). 

While the mechanism of how lamellipodia promote cell body translocation is well 

described, we still do not know how membrane blebs contribute to cell locomotion. Nonetheless, 

several models have been created to try and explain how blebbing cells can generate traction 

force and move forward without adhesion to the substrate (622). For instance, it has been 

proposed that cells extend blebs through the membrane pores, using it as a pivoting point or 

proceeding to squeeze themselves through it (623,624). This mechanism also helps explain why 

amoeboid motility does not depend on the expression and secretion of MMPs. This simple,  
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Figure 21: Amoeboid migration. The small GTPase RhoA controls amoeboid migration. RhoA 

signalling (pink) guides cortical actin synthesis (black solid lines) and NMII activity, rising cortical 

tension and cellular hydrostatic pressure. As a result, membrane blebs are extended and mediate the 

translocation of the cell body forward. 

 

gliding migration mode enables cells to achieve high speeds inside 3D substrates: 2μm/min for 

A375m2 melanoma cells (616) or an impressive 25 μm/min for lymphocytes inside collagen gels 

(625). For reference, the speed range reported for mesenchymal cells is 0.1-0.5 μm/min (626). 

Alternatively, the possibility that membrane bleb elaboration could exert lateral forces on 

the substrate was also proposed, and that, coupled with the extension of additional protrusions at 

the leading edge, could amount to forward cell movement (462,561,627). However, bleb 

extension would not necessarily be required to create lateral forces. This ultimately opened the 

question of whether blebs are required for migration or a byproduct of the inherent higher 

cortical contractility observed during migration. To further investigate this question, Tozluoğlu 

and colleagues (628) used mathematical models to assess the significance of different protrusion 

types in various substrates. Initially, they confirmed that actin polymerization-driven protrusions 

or membrane blebs could aid migration inside a continuous confined environment by modelling 

cells migrating between two planar sheets. Surprisingly, they found that the bleb-based migration 

inside a discontinuous confining environment - which models for a collagen mesh ECM - would 

be more effective for generating traction and promoting translocation. Thus, cell migration 

dependent solely on membrane blebbing is possible - and even advantageous - in specific 

environments.   
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Asymmetry is a prerequisite for cell movement and, therefore, needs to be established at 

some level (629). In fact, Keller and Bebie described the bleb formation site to determine the 

direction of movement (630). Therefore, cells must have different mechanisms to bias bleb 

formation to the leading edge. Since bleb formation often happens at sites where the link 

between the cell cortex and the membrane is weak, it was hypothesized that the cell would 

accumulate membrane linker protein to the rear end to bias bleb formation at the front (631,632). 

As expected, elevated levels of Ezrin were observed at the rear end of migratory cancer cells 

(633) and PGCs (632). However, some cells, such as the melanoma lineage A375, do not seem to 

limit bleb formation to their leading edge. Lorentzen and colleagues (634) investigated the A375 

cells and identified that, even though it is not as apparent as in other cells, they do present some 

level of polarization. This is due to a rigid structure rich in actin, plasma membrane and Ezrin 

along a small portion of the membrane. The authors noticed that the placement of this region 

would always oppose the direction of the movement. Therefore, their model states that this rigid 

membrane patch prevents local bleb formation, which ultimately biases the blebbing activity 

towards the leading edge and functions as an intracellular compass to guide cell motility. 

4.6. Migration plasticity 

Migration plasticity refers to cells' capability to change their migration mode. The most 

studied type of migration plasticity is the Epithelial-to-Mesenchymal Transition (EMT). During 

EMT, non-migratory epithelial cells connected by cell-cell adhesions detach from each other and 

start migrating in a mesenchymal mode (635–637). In normal conditions, EMT occurs during 

embryo development or wound healing processes, for example. However, it can also be observed 

in pathological conditions: it is considered to be the first step in the metastasis process, where 

tumour cells acquire the migratory phenotype and migrate to colonize secondary tumour sites 

(638). EMT is a relatively lengthy process since it involves changes in gene expression and post-

translational modifications (639). However, once segregated, cells may maintain the 

mesenchymal phenotype or transition to amoeboid migration. This different process of migration 

plasticity is called the Mesenchymal-to-Amoeboid Transition (MAT)(640,641).  

The transition between the migration modes is usually reversible. For example, breast 

cancer cells that underwent EMT were found to go through a Mesenchymal-to-Epithelial 

Transition (MET) once they reached distant lymph nodes and developed secondary lesions 
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whose morphology resembled the primary tumour (642,643).  Reversibility is especially 

characteristic of MAT and Amoeboid-to-Mesenchymal Transition (AMT) since these processes 

rely on protein activity regulation and happen in a relatively short time scale when compared to 

EMT (644,645).  

Once the cell has started migrating, it is believed that MAT and AMT are demonstrations 

of the plasticity that aids in adapting to different environments and conditions, whether the cell in 

question is from a healthy embryo or a tumour. Cells face an immense diversity of environmental 

conditions, and efficient migration depends on their ability to adapt to these conditions. 

Additionally, migration plasticity also helps tumour cells to escape medical treatment. In fact, 

initial promising cancer treatments, such as small molecules that inhibit the activity of MMPs, 

were found extensively ineffective. This is because they only block mesenchymal migration and 

induce a MAT, and the tumour cells can still disseminate (554).  

As discussed previously, different small Rho GTPases control the mesenchymal and 

amoeboid modes of migration. Briefly, amoeboid motility depends on high actomyosin 

contractility, mainly driven by RhoA activity, while cells migrating mesenchimally present high 

levels of Rac1 activity that, in turn, drives the actin polymerization responsible for lamellipodia 

formation. Therefore, a slight shift in the RhoA/Rac1 activity balance can lead to changes in 

actin polymerization and actomyosin contractility. These are two main mechanisms described to 

induce a transition in migration modes, along with changes in the connectivity between the 

membrane and the underlying actin cortex (554). Numerous environmental triggers for 

MAT/AMT exert their effects through one of these three mechanisms (569,616,644,646–648). 

So far, different experimental outcomes support this concept. Initially, the experiments 

targeted the activity of the Rho GTPases or their direct downstream effectors. For example, it 

was shown that blebbing cells treated with the ROCK inhibitor Y27632 or the NMII inhibitor 

blebbistatin fail to elaborate membrane blebs further and start migrating with an elongated shape 

and mesenchymal manner (616,649). Small interference RNA (siRNA) was also applied to 

reduce RhoA, ROCK1 or ROCK2 expression in the typically amoeboid A375 melanoma cell line 

that also assumed a mesenchymal phenotype (569,616,650). As GAPs and GEFs control the 

activity of Rho GTPases, their role in promoting AMT/MAT was also investigated. For example, 

silencing the Rac1 inactivator GAP ARHGAP22 in the same A375 amoeboid cell line caused 
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them to assume a mesenchymal phenotype that was characterized by decreased actomyosin 

contractility levels, evidenced by lower MLC phosphorylation (569). 

Besides RhoA and Rac1, CDC42 was also shown to regulate migration plasticity. The 

seminal work published by Wilkinson and colleagues (649) indicates that CDC42 can activate 

the NMII kinase MRCK, which cooperates with ROCK1/2 in increasing actomyosin 

contractility. The authors showed that stimulation of the CDC42/MRCK pathway in the usually 

elongated and mesenchymal BE colorectal carcinoma cell line leads to a MAT, where the cells 

showed improved invasion after assuming a round morphology and starting to elaborate 

membrane blebs. Additionally, similar results were observed when RhoA/ROCK1/2 was 

activated in the same cell line. These results suggest that different groups of NMII kinases can 

contribute to maintaining actomyosin contractility during amoeboid migration. Treating 

amoeboid A375 cells with high doses of the NMII inhibitor blebbistatin completely impaired cell 

blebbing and motility (649). Conversely, lower doses only partially inhibited NMII, leading the 

cells to assume an elongated shape and undergo an AMT. These results, in turn, lead to the 

conclusion that while amoeboid migration relies on high actomyosin contractility, it is required 

for mesenchymal motility, even if at lower levels. The authors propose that inhibiting ROCK 

activity to stop cancer cell migration would be ineffective, as the cells could still rely on MRCK 

to generate actomyosin contractility and support mesenchymal migration, aiding the spread of 

cancer.  

This same principle was applied years later when researchers proposed the creation of a 

new cancer treatment category: migrastatics (651). A migrastatic is defined as an inhibitor – or a 

set of inhibitors – capable of inhibiting both mesenchymal and amoeboid cancer cell migration, 

as they would ultimately impair the cancer cell’s ability to invade other tissues and spread the 

disease. Good candidate targets for migrastatic drugs are proteins involved in promoting 

actomyosin contractility, like ROCK1/2 and MRCK. This drug would inhibit actomyosin 

contractility, which, as discussed, is necessary for all migration modes. 

5. Rationale, hypothesis, and objectives 

Cumulus layer expansion is a process that encompasses extensive extracellular matrix 

production and secretion, which is accompanied by cumulus cell displacement away from the 

oocyte. These processes are crucial for releasing the fertilizable oocyte, which is enclosed inside 
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the cumulus matrix that also contains the dispersed cumulus cells. This configuration enables the 

prompt transfer of the ovulated complex to the fertilization site, where both the cumulus cells 

and cumulus matrix aid in guiding the sperm to the ovulated oocyte. Therefore, cumulus layer 

expansion is an essential process for female fertility. However, while some studies suggest 

cumulus cell displacement could be an active migration process, the mechanism behind this 

displacement is still elusive. Therefore, it was hypothesized that cumulus cell displacement 

during expansion requires active migration, which depends on an extensive actin 

cytoskeleton rearrangement that mediates the extension of actin-related cellular 

protrusions and is powered by Non-muscle Myosin II. The following objectives will test this 

hypothesis. 

Objective 1: To investigate cumulus matrix production, cumulus cell displacement, 

detachment, and cytoskeletal rearrangement during cumulus layer expansion (Chapter 3). 

Objective 2: To determine if cumulus cell displacement during cumulus layer expansion 

depends on the same cellular mechanisms that control cancer cell migration inside soft 3D 

extracellular matrices (Chapter 4). 
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Chapter 2:  

 

Material and Methods 
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1. Animals 

This study was performed using CD-1 mice obtained from Charles River (St-Constant, 

QC). All experiments were executed in compliance with the regulations and policies of the 

Canadian Council on Animal Care and were approved by the Animal Care Committee of the 

Research Institute of the McGill University Health Centre (RI-MUHC, protocol 7783). 

2. Cumulus-Oocyte Complexes collection 

To study the morphological and molecular events unfolding during the process of 

cumulus layer expansion, 19-day-old mice were injected peritoneally with 5 IU of equine 

chorionic gonadotropin (eCG, Sigma), hereafter termed primed mice. Forty-four hours later, 

ovaries were harvested and dissected in pre-warmed HEPES-buffered αMEM (Thermo 

Scientific, 11900024). Ovaries were then transferred to a 35 mm petri dish containing 2 ml of 

pre-warmed HEPES-buffered αMEM supplemented with CNP (100 nM, Sigma N8768) to 

prevent oocyte meiotic resumption. Large antral follicles were punctured with an insulin needle, 

and COCs with numerous layers of cumulus cells around the oocyte were transferred to a new 

dish containing clean and pre-warmed HEPES-buffered αMEM, also supplemented with CNP. 

Depending on the experiment, the primed mice were injected with 5 IU of human chorionic 

gonadotropin (hCG) to trigger cumulus expansion in vivo instead of being submitted to ovary 

harvest. Ovaries were then harvested, and the expanding COCs were collected similarly. Five to 

ten female mice were used for each experimental replicate. 

3. In vitro cumulus layer expansion 

After collection, the selected COCs were washed twice in pre-warmed bicarbonate-

buffered αMEM and then incubated for 8h in Expansion Media at 37°C in an atmosphere of 5% 

CO2/95% air. The Expansion Media was composed of bicarbonate-buffered αMEM 

supplemented with recombinant human EGF (10 ng/ml, BD Biosciences 354052) to trigger 

cumulus layer expansion and FBS (1%, Gibco A3840001) to supply the serum components 

required for proper cumulus matrix assembly. Depending on the experiment, the Expansion 

Media was also supplemented with components listed in Table 1. 
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 Final concentration Manufacturer Catalog number 

AG1478 1 µM Selleck S2728 

SB431542 1 µM Tocris 1614 

U0126 25 µM Sigma U120 

Calpain Inhibitor I 5, 50 µM Millipore 11086090001 

Rho activator II 0.25, 1 µg/ml Cytoskeleton CN03 

Para-amino Blebbistatin 10, 50, 100 µM Cayman Chemical 22699 

Y27632 1, 10, 50 µM Tocris 1254 

BDP9066 1, 10, 50 µM MCE HY-111424 

Table 1: List of additional Expansion Media components. 

 

 3.1. Live imaging  

Alternatively, COCs were also submitted to live imaging during expansion. In these 

cases, the COCs were washed twice in pre-warmed bicarbonate-buffered αMEM and then 

initially incubated in Live Imaging Expansion Media at 37°C and a 5% CO2 atmosphere. The 

Live Imaging Expansion Media was composed of bicarbonate-buffered αMEM supplemented 

with recombinant human EGF (10 ng/ml, BD Biosciences 354052), FBS (1%, Gibco A3840001), 

Ascorbic Acid (30 mM, Sigma V-038), and HEPES (20 mM, Sigma H3784) to guarantee a 

stable pH throughout the experiment. After the initial culture, the dish containing the COCs in 

Live Imaging Expansion Media was transferred to a Spinning Disk microscope (Zeiss) equipped 

with an incubator and temperature control system so samples could be maintained at 37°C and an 

atmosphere of 5% CO2/95% air. Brightfield images of the samples were then obtained every 5 

minutes, spawning different tiles and Z positions. The timelapses obtained were analyzed using 

the Zen Lite Software (Zeiss) version 3.9. Only COCs that were not in contact with other COCs 

throughout the whole live imaging period were selected for COC area quantification. That is 

because pictures containing the expanding COC and the surrounding area were exported and 

used to measure the COC area with ImageJ. The images were transformed into 8-bit grayscale, 

and a threshold value was chosen for each COC, so the background was excluded. Next, the area 

covered by the pixels with a grayscale value above the background was measured for each 

picture, and the data was compiled in a graph using GraphPad Prism 10.1.0. 
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4. Brightfield imaging and analysis 

Immediately before and after incubation, the COCs of each experimental group were 

imaged with a brightfield microscope (Leica DMi6000). The images were later used to quantify 

the area covered by each COC at different time points and conditions. The quantification was 

carried out with ImageJ, as shown in Figure 22. 

 

a) 

 

b) 

 

Figure 22: Cumulus-Oocyte Complexes area quantification. The left panels show a section of a 

brightfield image taken from freshly collected COCs (a) and in vitro expanded COCs (b), and right 

panels show an example of how the ‘polygon selections’ tool from ImageJ was used to obtain the area 

covered by each COC.  

 

After quantification, the average COC area obtained for the COCs at the start of the 

experiment (freshly collected, 0h time point) was used to normalize the measurements obtained 

for the COCs in the other experimental groups and time points from the same replicate. 

Therefore, the normalized values for each replicate were used for the statistical comparison. 
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5. Gene expression analysis 

In this work, gene expression analysis was carried out at the mRNA level by Quantitative 

Real-time PCR (qPCR) and at the protein level by Immunofluorescence of wholemount samples 

or Western Blot analyses.  

5.1. Quantitative Real-time PCR 

To assess gene expression by qPCR, COCs were collected, cultured, and then submitted 

to RNA extraction, reverse transcription and quantitative real-time PCR. The PicoPure RNA 

isolation kit (Applied Biosystems) was used according to the manufacturer’s instructions. 

Briefly, the samples were pelleted in Eppendorf tubes, and after removing the supernatant, 40 µl 

of the lysis buffer was added to each tube. The tubes were incubated at 42°C for 30 minutes, and 

then moved to a -80°C freezer until further processing. Once all the replicates for a given 

experiment were collected, the samples were thawed in ice. Forty µl of ethanol 70% was added 

to each sample to precipitate the nucleic acid molecules, and the mixture was then transferred to 

a microcolumn. After brief centrifugation, the microcolumns were washed with Wash Buffer 1 

and treated with DNAse I (Qiagen) at room temperature for 15 minutes to remove the genomic 

DNA. Following an additional wash step with Wash Buffer 1, the microcolumns were also 

washed with Wash Buffer 2 and centrifuged at maximum speed to eliminate buffer traces. 

Finally, 11 µl of the Elution buffer was pipetted onto the microcolumns that were transferred to 

new tubes and submitted to a final centrifugation to collect the RNA solution. 

According to the manufacturer's instructions, the SuperScript IV Reverse Transcription 

kit (Thermo Fisher, 18091050) was employed for the reverse transcription step. Briefly, 1 µl of a 

random hexamers solution (50 µM) and 1 µl of dNTP mix (10 mM) were added to each tube 

containing the eluted RNA. The mixture was incubated at 65°C for 5 minutes and then kept on 

ice for an additional one. Each cDNA synthesis reaction was completed by adding 4 µl of the 

SuperScript IV RT Buffer (5x), 1 µl of DTT solution (100 mM), 1 µl of RNAseOUT, and 1 µl of 

the SuperScript IV Reverse Transcriptase solution (200 U/µl). Next, they were incubated at 23°C 

for 10 minutes to allow the random hexamers to anneal to the RNA molecules, at 55°C for 

another 10 minutes so the Reverse Transcriptase can synthesize the cDNA, and final 10 minutes 

at 80°C to inactivate the reaction.  
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The primers used in the qPCR reactions were designed with the Primer Blast tool 

(NCBI). The primers were preferentially targeted to an exon/exon junction to reduce the chances 

of amplifying remaining genomic DNA. For internal control, the expression of Rpl19 and Atpb5 

was used to normalize for the amount of total cDNA per sample. Table 2 contains the sequences 

of the primers used in this work and their target genes.  

 

 Forward primer (5’  3’) Reverse Primer (5’  3’) 

Has2 GGCCGGTCGTCTCAAATTCA ACAATGCATCTTGTTCAGCTCC 

Tnfaip6 GATGGCCAAGGGTAGAGTCG ACACTCCTTTGCATGTGGGT 

Ptx3 CTGCCCGCAGGTTGTGAA TGGTCTCACAGGATGCACG 

Ptgs2 AGCCAGGCAGCAAATCCTT CAGTCCGGGTACAGTCACAC 

Rpl19 TCAGGCTACAGAAGAGGCTTGC ATCAGCCCATCCTTGATCAGC 

Atpb5 GAGGTCTTCACGGGTCACAT CCCACCATGTAGAAGGCTTG 

Table 2: List of Forward and Reverse Primers used in this study. 

 

The SsoAdvanced Universal SYBR Green qPCR Master Mix (2x) (Bio-Rad, 1725271) 

was used for the qPCR reactions according to the manufacturer’s guidelines. Each reaction 

contained 10 µl of the qPCR Master Mix (2x), 5 µl of premixed Forward and Reverse primers 

(250 µM each) and 5 µl of cDNA solution diluted 1:10. Cycling conditions were set as follows: 

Activation step at 95°C for 30 seconds and then 40 cycles of amplification (15 seconds at 95°C 

for DNA denaturation, 60 seconds at 60°C for primer annealing and extension) in an LC480 II 

LightCycler (Roche). Fold changes were calculated using the 2–ΔΔCt method (652).  

5.2. Immunofluorescence 

Cultured or recently collected COCs were fixed in freshly prepared Fixative Solution (2% 

(w/v) paraformaldehyde (Fisher Scientific 04042) in phosphate-buffered saline (PBS, pH 7.2) 

containing 0.1% Triton X-100 (ACROS 9002-93-1)) for 15 minutes at room temperature. Next, 

samples were washed in Blocking Buffer (BB: 3% Bovine Serum Albumin (Sigma) in PBS 

containing 0.1% Triton X-100) three times for 15 minutes each and finally incubated in 400 µl of 

BB as the blocking step at 4°C overnight. The following day, the samples were transferred to a 

primary antibody solution (Table 3) in BB and incubated overnight at 4°C. 
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Stock 

concentration 
Dilution 

Host 

species 
Manufacturer 

Catalog 

number 

Anti-phosphorylated 

Myosin Light Chain 

(Ser19/Thr18) (pMLC) 

20 µg/ml 1:100 Rabbit Cell Signalling 3674 

Table 3: Primary antibody used for immunofluorescence analyses. 

The following day samples were washed three times in BB for 15 minutes each and then 

transferred to a secondary antibody solution (Table 4) in BB that also contained DAPI (Roche 

10236276001) and Alexa Fluor 555-conjugated Phalloidin (Thermo Fisher, A34055) at room 

temperature and protected from light. After an hour, samples were washed three times with BB 

for 15 minutes each, also protected from light.  

 
Stock 

concentration 
Dilution 

Host 

species 
Manufacturer 

Catalog 

number 

Anti-Rabbit Alexa 488 2 mg/ml 1:100 Goat Thermo Fisher A-11008 

Table 4: Secondary antibody used for immunofluorescence analyses.  

After washing, samples were rinsed in PBS and incubated for 30 minutes in a 1:1 solution 

of Vectashield (Vector Laboratories, H-1900) in PBS. The samples were then mounted in 0.5 µl 

of Vectashield on a 35 mm glass bottom dish and examined at the RI-MUHC Imaging Core 

Facility with an LSM 880 confocal microscope (Zeiss, Toronto, ON).  

5.2.1. TZP quantification 

The F-actin immunofluorescence images obtained after using the Alexa 555-conjugated 

Phalloidin evidenced the Transzonal Projections (TZPs) and were, therefore, used for their 

quantification. To do so, the images were opened in ImageJ (National Institutes of Health, 

NIH)(653), and a segmented circle was created around the oocyte circumference in the middle of 

the zona pellucida. The fluorescence intensity at each point on the line was obtained and only 

kept if it was above the background value, set to match the oocyte cytoplasm. Each remaining 

fluorescent point whose value was higher than each of its immediately neighbouring points was 

counted as a TZP. The total number of TZPs counted by this method does not represent the total 

number of TZPs in a given COC, but was considered as the TZP number associated with it. 
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5.2.2. Membrane blebbing and Cell Elongation Index quantification 

Immunofluorescence staining is also useful to assess cell morphology and cell 

protrusions. Therefore, the Phalloidin staining of the F-actin cytoskeleton was first used to 

analyze and quantify the percentage of blebbing cells per COC. Using ImageJ (National 

Institutes of Health, NIH)(653), the channel containing the Phalloidin staining was split into four 

quadrants. Zooming in into each quadrant, each cell on the image was assessed and characterized 

as either i) blebbing, defined by the presence of at least one membrane bleb, ii) non-blebbing, 

defined as a smooth actin cortex devoid of membrane blebs, and iii) out of the focal plane, 

defined as the cell whose nucleus was not sectioned by the focal plane chosen, as exemplified in 

Figure 23. 

 

 
Figure 23: Membrane blebbing quantification. Example of an in vitro expanded COC and cumulus 

cells classified as I) blebbing, II) non-blebbing and III) out of the focal plane. F-actin is shown in red 

and DNA in blue. 

 



98 

 

At the end of the quantification process, the numbers obtained for each quadrant were 

compiled, and an overall percentage of blebbing cells for each COC was calculated following the 

formula: 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑏𝑙𝑒𝑏𝑏𝑖𝑛𝑔 𝑐𝑒𝑙𝑙𝑠 =  
𝑏𝑙𝑒𝑏𝑏𝑖𝑛𝑔 𝑐𝑒𝑙𝑙𝑠

𝑏𝑙𝑒𝑏𝑏𝑖𝑛𝑔 𝑐𝑒𝑙𝑙𝑠 + 𝑛𝑜𝑛−𝑏𝑙𝑒𝑏𝑏𝑖𝑛𝑔 𝑐𝑒𝑙𝑙𝑠
 𝑥 100.  

The F-actin staining was also used to calculate a morphological descriptor, the Cell 

Elongation Index (CEI). The CEI is defined as the ratio between the cell’s length and width. As 

an EI of 1 represents a perfect circle, values between 0 and 2 describe a round cell, while values 

above 2 refer to an elongated one. As illustrated in Figure 24, the length of the cumulus cells was 

measured along the radial axis of the COC, and the width was measured along the nucleus, 

perpendicular to the length.  

 

 
Figure 24: Cell Elongation Index measurement. The length of cumulus cells was measured along the 

oocyte radial axis, and the width was obtained by tracing a line perpendicular to it, at the height of the 

cell nucleus. The EI is calculated by the ratio between length and width. 

 

5.2.3. pMLC foci number quantification 

The mean number of pMLC foci per cumulus cell in a given COC was quantified using 

ImageJ. First, since NMII is active during cytokinesis and pMLC staining can be visualized at 

the base of the first polar body as it is extruded (Figure 25a), the oocyte was selected and 

cropped out of every image. Next, to eliminate background noise, the images were converted to 

8-bit grayscale, which gives each image pixel a gray value between 0 and 255 based on the 

intensity of the fluorescence signal. The threshold for the green channel was set to 40 (Figure 

25b), which means that any pixel with a gray value lower than 40 was not considered for the 
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analysis, only the ones above 40. Then, the “Analyze particles” tool was used to count the 

number of pMLC foci in each image, respecting the previously set threshold. This value was 

normalized by the number of cumulus cells in each picture, which was calculated by counting the 

number of nuclei in each blue channel (Figure 25b). Within each replicate, the pMLC foci per 

cell value for a COC was normalized by the mean value obtained for the COCs from the 0h 

experimental group. This normalization generated a “Relative pMLC foci per cumulus cell” 

metric, which was used for comparison between the experimental groups.  

 

a) 

 

b) 

 
Figure 25: Phosphorylated Myosin Light Chain staining. Example of an in vitro expanded COC. 

Staining for pMLC can be observed at the base of the first polar body (a), and also along the cortex of 

cumulus cells (b). After cropping the oocyte (panel bI), the green channel was isolated (panel bII) and a 

threshold was applied (panel bIII) before using the ImageJ tool ‘Analyze Particles’ to measure the 

number of pMLC foci. This number was divided by the total number of cumulus cells in the picture, 

calculated by counting the number of visible cumulus cell nuclei (panel bIV). F-actin is shown in red, 

pMLC in green and DNA in blue. 
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5.3. Western blot 

To compare protein levels in different time points and conditions, samples were separated 

by SDS-page electrophoresis, transferred onto a membrane, and immunodetected. To this end, 

COCs were collected and cultured as described in sections 2 and 3. Samples were then pelleted 

in Eppendorf tubes, the supernatants removed, and 20 µl of Laemmli Buffer (0.0625M Tris base, 

SDS 2%, β-Mercaptoethanol 5%, Bromophenol Blue 0.002%) was added. The tubes were 

incubated at 95°C for 5 minutes and briefly spun down to collect the liquid that accumulated on 

the tube walls and lid. The proteins were separated in precast 4-15% polyacrylamide gels (Bio-

Rad, 4568081). The electrophoresis was performed at 120V for 2 hours, and proteins were 

transferred to a PVDF membrane using a wet transfer system for 1 hour. 

After transfer, the membranes were trimmed, washed with PBS-Tween (PBST: Tween 20 

0.01% in PBS) and blocked in BSA solution (5% in PBST) for 1 hour at room temperature. After 

blocking, the membranes were incubated overnight at 4°C with a primary antibody (Table 5) 

diluted in BSA (5% in PBST). The next day, the membranes were washed in PBST three times 

for 15 minutes each and then incubated with a secondary antibody solution in PBST (Table 6) at 

room temperature. After 1 hour, the membranes were washed in PBST three times, for 15 

minutes each. Blots were developed using Pierce™ ECL Plus Western Blotting Substrate 

(Thermo Scientific, PI32134) according to the manufacturer’s instructions and imaged with an 

Amersham Imager 600 (GE Healthcare Life Sciences). The resulting images were analyzed 

using ImageJ. 

 

 
Stock 

concentration 
Dilution 

Host 

species 
Manufacturer 

Catalog 

number 

Anti-total SMAD2/3 72 µg/ml 1:1000 Rabbit Cell Signalling 8685T 

Anti-pSMAD3 0.576 mg/ml 1:1000 Rabbit Abcam ab52903 

Anti-pSMAD2 120 μg/ml 1:200 Rabbit Sigma ZRB04953 

Table 5: List of primary antibodies used for Western Blot analyses. 
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Stock 

concentration 
Dilution 

Host 

species 
Manufacturer 

Catalog 

number 

Anti-Rabbit HRP-

conjugated 
1 mg/ml 1:5000 Goat Fisher Scientific PR-W4011 

Table 6: HRP-conjugated secondary antibody used for Western Blot analyses.  

 

6. Transwell Migration Assay 

The Transwell Migration Assay is widely used to assess cell migration when faced with a 

chemoattractant gradient of, for example, chemokines or growth factors. To this end, two 

medium-filled chambers divided by a porous membrane are used to create a gradient of the 

tested chemoattractant (Figure 26). The chemoattractant is diluted in the bottom chamber, and 

the cells are seeded at the top. Following incubation, cells can be detected on the underside of the 

membrane if they acquire a migratory phenotype in response to the chemoattractant gradient.  

 

 
Figure 26: Transwell Migration Assay. A cell culture insert with a porous membrane (highlighted in 

yellow) is inserted into a well in a 24-well culture plate. The top chamber is filled with plain culture 

medium, while the bottom chamber is filled with culture medium containing a chemoattractant. Cells 

are seeded in the top chamber. If they respond to the chemoattractant gradient by acquiring a migratory 

trait, they will be detected on the underside of the membrane after incubation. 

 

Here, this assay was adapted to assess if the cumulus cells i) acquire a migratory 

phenotype in response to an EGF gradient and ii) if this migration requires NMII activity. Thus, 

COCs were collected and submitted to a pre-assay incubation of 4 hours before being thoroughly 

washed and transferred to the top of the standing cell culture inserts (12 µm pore size, Millipore, 

PIXP01250). Each insert containing 20 COCs was placed in a well of 24-well culture plates that 

were then incubated overnight at 37°C and 5% CO2 atmosphere.  
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The basal culture media for all groups was bicarbonate-buffered αMEM supplemented 

with FBS (1%) to supply the expanding COCs with the serum components needed for cumulus 

matrix assembly and to ensure that different groups are submitted to similar culture conditions. 

Table 7 summarizes the complete media composition for the different experimental groups. 

Briefly, to account for random cumulus cell migration that was not stimulated by the EGF 

gradient, the COCs in the negative control (CNP experimental group) were only exposed to the 

basal culture media supplemented with CNP during the pre-assay incubation and in the top and 

bottom chambers. On the other hand, the COCs in the positive control (EGF experimental group) 

were cultured in basal media supplemented with EGF during the pre-assay incubation to trigger 

cumulus layer expansion, then washed to eliminate EGF traces and placed in plain basal media in 

the top chamber. The bottom chamber contained basal media with EGF, the chemoattractant. In 

the further experimental groups, the setting was the same except for the addition of the molecular 

inhibitors targeting NMII and its activators. Therefore, the pre-assay incubation media contained 

EGF and a molecular inhibitor either targeting NMII (PAB), ROCK1/2 (Y27632), MRCK 

(BDP9066) or both ROCK1/2 and MRCK (Y27632 and BDP9066). Similarly, the molecular 

inhibitor was also added to the top and bottom chamber media for these groups to sustain the 

inhibition throughout the experiment. 

After the overnight incubation, cotton swabs were used to scrape the cells remaining at 

the top of the inserts, and the membranes were fixed in 1 ml of chilled methanol for 5 minutes. 

Following fixing, the inserts were moved to a well containing 1 ml of crystal violet solution (2% 

in 20% methanol solution in distilled water) for staining at room temperature. After 5 minutes, 

the inserts were moved to a clean well and washed three times in distilled water for 15 minutes 

each. Finally, the membranes were removed from the inserts, mounted on slides and imaged with 

a brightfield microscope (Leica DMi6000). 
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Experimental 

Group 
Pre-assay incubation Top chamber Bottom chamber 

CNP CNP CNP CNP 

EGF EGF  - EGF 

EGF+PAB EGF + PAB PAB EGF + PAB 

EGF+Y27 EGF + Y27632 Y27632 EGF + Y27632 

EGF+BDP EGF + BDP9066 BDP9066 EGF + BDP9066 

EGF+Y27+BDP EGF + Y27632 + BDP9066 Y27632 + BDP9066 EGF + Y27632 + BDP9066 

Table 7: Media composition for pre-assay incubation, top and bottom chambers in the 

Transwell Migration assay. Basal culture media was bicarbonate-buffered αMEM 

supplemented with FBS (1%). The additional components were added at the following 

concentration: CNP (100 nM), human recombinant EGF (10ng/ml), PAB (100 µM), Y27632 (50 

µM), and BDP9066 (50 µM). 

 

6.1. Transwell Migration assay quantification 

Transwell Migration assays performed after seeding a cell suspension on the top chamber 

usually present a homogenous cell distribution on the underside of the membrane in case they 

acquire the migratory phenotype in the presence of the chemoattractant. Thus, the quantification 

of the cells’ migratory behaviour can be done by measuring the area covered by stained cells on 

three or five random brightfield pictures taken from the underside of the membrane. In this work, 

however, the placement of 20 COCs on the top chamber prevents a homogeneous distribution of 

cumulus cells on the underside of the membrane. Therefore, the quantification of this assay was 

carried out based on 12 individual 5x brightfield pictures taken so they cover almost the whole 

area of the membrane, as illustrated in Figure 27.  

To measure the area covered by the crystal violet-stained cumulus cells, the brightfield 

images were first submitted to a colour deconvolution process. In diagnostic brightfield 

microscopy, this technique is used to decompose RGB images of multiple stained biological 

samples into different images that show individual stains. This is possible when the RGB 

composition of a specific stain is known. Petrachi and colleagues (654) used a similar approach 

to analyze crystal violet stains using Ruifrok and Johnston’s colour deconvolution algorithm,  
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Figure 27: Transwell Migration Assay membrane imaging. The left diagram showcases the membrane 

after it has been fixed and stained. The violet dots indicate the clusters of cumulus cells that have 

migrated to the bottom chamber. On the right, the membrane is overlapped with an image grid consisting 

of 12 fields of view, which was used to capture images of all the membranes from all the replicates. 

 

which describes crystal violet RGB composition to be 0.5 Red, 0.55 Green and 0.65 Blue. 

Therefore, these parameters were applied to decompose the brightfield images obtained and 

isolate the crystal violet staining, as shown in Figure 28. The area covered by the stained cells 

was measured in square micrometres, and each replicate was normalized to their respective 

Positive Control mean value to generate the ‘Relative Migration Index’ metric. 

 

a) 

 

b) 

 
Figure 28: Transwell Migration Assay quantification. Sample brightfield picture from a Transwell 

Migration Assay run (a) was submitted to a colour deconvolution to isolate the crystal violet staining (b). 

The area covered by the crystal violet staining was quantified to make up the Migration Index. 
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7. Sperm Penetration Assay 

The sperm penetration assay was used to analyze the ability of capacitated sperm to 

penetrate the cumulus layer of COCs that were expanded under different conditions. To this end, 

COCs were collected and cultured in expansion media, as described in sections 2 and 3. 

Approximately 6 hours into the COC culture, epididymides of two 5-week-old male mice were 

collected in pre-warmed bicarbonate-buffered αMEM medium. Each epididymis was dissected 

and had its content squeezed into a 300 µl drop of pre-warmed Capacitation Medium 

(bicarbonate-buffered αMEM supplemented with 0.9% BSA) and incubated at 37°C. After 1h, 

the drops were checked under the microscope, and the ones that contained capacitated sperm 

were selected for the experiment. Thirty µl of a HOECHST solution (0.01 mg/ml) was added to 

each drop, and the plates were incubated at 37°C for an additional 10 minutes. During this 

incubation, the COCs were removed from the culture and washed in pre-warmed IVF media 

(bicarbonate-buffered αMEM supplemented with 0.4% BSA) three times to eliminate traces of 

FBS and molecular inhibitors. 

For the assay, groups of 15 COCs for each experimental group were placed in 50 µl drops 

of pre-warmed IVF medium under mineral oil. Ten µl of capacitated sperm was added to each 

drop, and the plates were placed back in the incubator for an hour. At the end of this incubation 

step, the COCs were fixed in freshly prepared Fixative Solution, washed three times for 15 

minutes in Blocking Buffer, stained with Alexa Fluor 555-conjugated Phalloidin and mounted as 

described in section 5.2. The dishes were imaged using an LSM780 Confocal microscope 

(Zeiss), and detailed Z-stacks containing brightfield images, as well as the blue and red channels, 

were captured for each COC (Figure 29). 

7.1. Sperm penetration assay quantification 

The ability of capacitated sperm to penetrate the cumulus layer was defined as the number of 

sperm that reached the zona pellucida. For this quantification, the red (Alexa Fluor 555-

conjugated Phalloidin) and blue (HOECHST) channels of the Z-stacks obtained for each COC 

were compiled into Maximal intensity projections. A circle with a diameter 15% bigger than the 

oocyte was traced on the maximal intensity projection of the red channel (Figure 30a, b). This 

circle was then transferred to the maximal intensity projection of the blue channel (Figure 30c). 

The sperm located inside the circle were considered successful in the goal of reaching the zona.  
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Figure 29: Sperm Penetration Assay imaging. COCs submitted to the Sperm Penetration Assay were 

stained with Alexa Fluor 555-conjugated Phalloidin. At confocal, detailed Z-stacks were taken of each 

COC (left panel), and the stacks were used to obtain maximal intensity projections of the red and blue 

channels to obtain the files used for quantification. 

They were, therefore, counted to obtain the “Number of penetrating sperm” metric. The values 

obtained for each experimental group were normalized by the mean of the positive control group 

(where the COCs were expanded in the presence of EGF and FBS only, control conditions), 

giving rise to the “Relative number of penetrating sperm”. 

 

a) 

 

b) 

 

c) 

 

Figure 30: Sperm penetration assay quantification. A Maximal Intensity Projection was obtained from 

a sample Z-stack from the positive control group. The red channel Maximal Intensity Projection was used 

as a reference to trace a circle with a diameter 15% bigger than the oocyte’s (b). This circle was 

transferred to the blue channel Maximal Intensity Projection, and the sperm located inside it were 

considered successful in penetrating the cumulus layer and reaching the zona pellucida. 
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8. Statistical analyses 

The experiments were repeated a minimum of three times, and the values are expressed 

as mean ± the standard error of the mean (SEM). The quantitative data obtained were analyzed 

using one-way ANOVA followed by Tukey’s Honest Significance Difference post-hoc test using 

GraphPad Prism 10.1.0. Differences were considered statistically significant when P <0.05 and 

are denoted by different letters on the graphs. 
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Chapter 3:  

 

Cumulus matrix production, cumulus cell 

detachment, cytoskeletal rearrangement, and 

displacement during cumulus layer expansion 
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1. Sustained cumulus matrix gene expression depends on oocyte-secreted 

factors, not EGF signalling. 

Cumulus layer expansion has been described to depend on oocyte-secreted factors and 

gonadotropin signalling, which triggers the production of EGF-like factors that propagate the 

gonadotropin stimulation effects inside the follicle. Therefore, to start investigating the relative 

roles of EGF-like and oocyte-derived factors in cumulus matrix production, COCs were initially 

collected and exposed to recombinant EGF in vitro to trigger expansion. At different time points, 

a subpopulation of COCs was processed to assess the transcriptional activation of the genes 

related to producing the cumulus matrix.  

The transcriptional activity of all four genes analyzed – Has2, Tnfaip6, Ptx3 and Ptgs2 – 

rapidly increased during the first 3 hours of culture (Figure 31). Over the next 3 hours, however, 

the mRNA quantity either started to decrease, as observed for Has2, Tnfaip6 and Ptgs2 or 

remained constant as per the data regarding Ptx3 expression levels. Moreover, during the last 3 

hours of culture in the presence of EGF, the mRNA levels of the assessed genes declined. This 

pattern of sharp initial increase during the first hours of expansion followed by a steady decline 

over the following hours has been observed before (310,341,397). 
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Figure 31: EGF exposure triggers the transcriptional activation of the cumulus matrix-related genes 

Has2, Tnfaip6, Ptx3, and Ptgs2 during cumulus layer expansion. COCs were collected from primed 

mice and incubated with recombinant EGF for 9h. At 0, 3, or 6h after initial exposure to EGF, samples 

were collected for quantitative PCR analysis to assess mRNA quantity of cumulus matrix-related genes 

Has2, Tnfaip6, Ptx3 and Ptgs2. 
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These results suggest a more intense production of the cumulus matrix during the first 3 

hours of cumulus layer expansion. Two simple theories could justify the observed subsequent 

drop in the steady-state levels of transcripts. First, assuming synthesis stays relatively constant, a 

shift in transcript degradation could explain the drop in total mRNA quantity. Alternatively, a 

drop in the synthesis rate, assuming degradation stays relatively constant, could also account for 

the data obtained. Even though both scenarios are possible, the nature of the experiment 

performed does not permit such distinction to be made. 

Since oocyte-secreted factors signal through ALK4/5/7 receptors to promote cumulus 

matrix production, we assessed their role in maintaining cumulus matrix-related gene expression 

throughout expansion. To this end, COCs were cultured with EGF and SB431542, a small 

molecule that competes for the ATP binding site and inhibits ALK4/5/7 activity (655). The 

inhibitor was added to the media 0, 3 or 6 hours after the start of the culture, and at the end of 9 

hours, all samples were processed and submitted to qPCR analysis.  

The inhibitor addition from the start of the culture (Figure 32, SB431452 0-9h group) 

completely prevented the upregulation of Has2, Ptx3 and Ptgs2 that was observed in the No 

inhibitor group. Moreover, the transcripts for Has2 and Ptx3 were virtually absent at 9 h, whether 

the ALK4/5/7 blocker was added at 3 or 6 hours after the start of the culture. Similarly, the 

mRNA quantity for Ptgs2 was severely reduced. These results confirm the role of oocyte-driven 

TGFβ signalling in triggering cumulus matrix-related gene expression. Additionally, they also 

indicate that ALK4/5/7 activity is needed throughout the process to maintain this gene 

expression. 

Next, we evaluated the role of EGFR signalling in cumulus matrix production throughout 

expansion. To this end, COCs were cultured with EGF and 0, 3 or 6 hours into the culture, the 

small molecule AG1478 was added to the media. AG1478 binds EGFR and blocks its tyrosine 

kinase activity, preventing its autophosphorylation and activation (656). After a total of 9 hours 

of culture, the samples were collected and submitted to qPCR analysis.  

The COCs cultured in the presence of the inhibitor for 9h (Figure 33, AG1478 0-9h 

group) did not undergo transcriptional activation of the cumulus matrix-related genes observed in 

the No inhibitor group. Surprisingly, adding the EGFR blocker 3 or 6 hours into the start of the 

culture did not have a strong effect as the one observed when the ALK4/5/7 blocker was used 

and only partially prevented the accumulation of transcripts compared to the No inhibitor group. 
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Figure 32: Inhibiting ALK4/5/7 at different times after initial EGF exposure prevents the 

transcriptional activity of cumulus matrix-related genes. COCs were collected from primed mice and 

incubated with recombinant EGF for 9h. At 0, 3, or 6h after initial EGF exposure, the ALK4/5/7 

molecular inhibitor SB431452 was added to the culture medium at a final concentration of 1 µM, and 

samples were harvested at the end of 9h for quantitative PCR analysis to assess mRNA quantity of 

cumulus matrix-related genes Has2, Tnfaip6, Ptx3 and Ptgs2. 

 

Although these experiments measure steady-state mRNA levels and do not distinguish 

between mRNA synthesis and degradation, they suggest differential regulation of cumulus-

matrix production by EGFR and oocyte-secreted factors. The results obtained suggest that once 

EGF triggers cumulus layer expansion and induces matrix-related gene expression alongside 

oocyte-secreted factors, the TGFβ signalling promoted by the oocyte is the primary pathway 

responsible for maintaining their expression throughout the process. 

2. EGF exposure triggers cumulus cell displacement and the extension of 

actin-related cell protrusions. 

Cumulus layer expansion is a process during which the cumulus cells produce and secrete 

copious amounts of an HA-rich extracellular matrix, which is accompanied by cumulus cell 

displacement away from the oocyte. However, how cumulus cells get displaced away from the 

oocyte over time is still unknown. To investigate this, COCs were collected, cultured with EGF 

and live imaged. Starting 1.5h into the culture, a brightfield picture was taken every 5 minutes 

until 8.5h of culture was completed. The images were then used to measure the area covered by  
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Figure 33: Inhibiting EGFR at different times after initial EGF exposure partially prevents transcriptional 

activity of cumulus matrix-related genes. COCs were collected from primed mice and incubated with 

recombinant EGF for 9h. At 0, 3, or 6h after initial exposure to EGF, the EGFR molecular inhibitor AG1478 was 

added to the culture medium at a final concentration of 1 µM, and samples were harvested at the end of 9h for 

quantitative PCR analysis to assess mRNA quantity of cumulus matrix-related genes Has2, Tnfaip6, Ptx3 and 

Ptgs2. 

 

each COC to assess how much the cumulus cells had been displaced away from the oocyte at 

each time point (Figure 34). 

This analysis yielded detailed data, according to which the COC area undergoes small 

cycles of brief expansion and contraction during the first 4 hours of culture (Figure 34b). After 

this period, the COC area increases steadily, indicating that cumulus cell displacement only takes 

place 4 hours after initial exposure to EGF. Therefore, we next focused on this interval.  

To closely analyze cumulus cells during the last few hours of expansion, COCs were 

collected, incubated with EGF, and live imaged between 6.5 and 8.5h after initial EGF exposure, 

this time with greater magnification so cumulus cell morphology could be analyzed (Figure 35). 

Throughout the time analyzed, the cumulus cells maintained a round morphology and were often 

observed to extend membrane blebs, an actin-related cell structure that aids cell migration (511) 

(Figure 35a). The membrane blebbing was dynamic and seemed to stem around the cell’s 

perimeter. Even though most of the cumulus cells elaborated membrane blebs, some were also 

observed to extend membrane ruffles and filopodia, additional cell structures also related to cell 

migration (Figure 35b). These observations, along with our knowledge surrounding actin-related  
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Figure 34: EGF exposure triggers cumulus cell displacement during cumulus layer expansion. 

COCs were collected from primed mice, incubated with recombinant EGF for 8.5, and live-imaged from 

1.5 to 8.5h of culture. Throughout this period, a brightfield image was taken every 5 minutes and used to 

quantify the area covered by the COC to assess cumulus cell displacement. 

 

cell structures like blebs, ruffles and filopodia suggest that cumulus cells undergo extensive actin 

cytoskeletal rearrangement during cumulus layer expansion. 

3. LH and EGF signalling trigger cumulus cell actin cytoskeletal 

rearrangement. 

Throughout the oocyte growth phase, the granulosa and cumulus cells elaborate thin, 

filopodia-like structures called Transzonal Projections (TZPs). These structures traverse the zona 

pellucida and establish cell contact with the growing oocyte (263). After the ovulatory stimulus, 

however, communication between the somatic and the germ compartments is interrupted, and the 

TZPs retract into the cumulus cells’ cell bodies. As TZP’s backbones are mainly constituted of 

actin, we investigated whether the timing of TZP retraction coincides with the onset of cumulus 

cell displacement and the extension of actin-related structures. To do so, 19-day-old female CD1 

mice were primed with eCG, an FSH analog, to promote late follicle development, followed by 

the LH analog, hCG, to stimulate ovulation. Four and eight hours after the hCG injection, the 

COCs were collected, fixed, and stained with Phalloidin so TZPs could be assessed (Figure 36). 
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a) 

 

b)

 
Figure 35: EGF exposure triggers the extension of actin-related cell protrusions by the cumulus 

cells during cumulus layer expansion. COCs were collected from primed mice, incubated with 

recombinant EGF for 8.5h, and live-imaged from 6 to 8.5h of culture. Throughout this period, a 

brightfield image was taken every 5 minutes and used to assess cumulus cell morphology and the 

presence of (a) membrane blebs and (b) membrane ruffles and filopodia during cumulus cell 

displacement observed in cumulus layer expansion. White arrowheads indicate membrane blebs, black 

arrowheads indicate membrane ruffles and black arrows indicate filopodia. 

 

Before the hCG injection, the COCs harboured a vast TZP network connecting the 

cumulus cells to the oocyte (Figure 36a, b). Four hours after the injection, the number of TZPs 

remained stable (1.00 ± 0.25 vs. 1.00 ± 0.13, p ≤ 0.9974). Nonetheless, virtually no TZPs could 

be detected 8h after the injection (0.004 ± 0.007 vs. 1.00 ± 0.13, p < 0.0001). This indicates that 

TZP retraction, and therefore actin cytoskeletal reorganization, occur between 4 and 8h after the 

ovulatory stimulus. 

Cumulus cells do not express LH receptors (LHR) (386). Instead, they express EGFR and 

respond to EGF-like factors, the main mediators of LH signalling inside the preovulatory follicle  
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Figure 36: The ovulatory stimulus triggers TZP retraction during cumulus layer expansion. Forty-

eight hours after being primed with eCG, mice were injected with hCG to trigger ovulation. COCs were 

collected at 0, 4, and 8h after the hCG injection, fixed, and (a) stained with phalloidin. The fluorescent 

images were used to quantify the (b) TZP number. 

 

(276). To investigate if EGF signalling also mediates TZP retraction, COCs were collected and 

cultured with recombinant EGF and AG1478, an EGFR molecular inhibitor (656) (Figure 37). 

The dense TZP network present in the fresh COCs was substantially decreased after 8h of 

culture with EGF (1.00 ± 0.19 vs. 0.14 ± 0.15, p < 0.0001). The COCs exposed to EGF and the 

EGFR blocker, however, still harboured 0.76 ± 0.23 of the initial TZP population (p ≤ 0.0002). 

Therefore, TZP retraction not only temporally coincides with the appearance of actin-related and 

with the onset of cumulus cell displacement, but it is also controlled by EGF signalling. This 

indicates that LH/EGF signalling triggers a wide process of cytoskeletal rearrangement within 

the cumulus cells. 

4. Branched actin is required for cumulus cell actin cytoskeletal 

rearrangement. 

Cytoskeletal rearrangement relies on the coordinated assembly and disassembly of actin 

filaments on specific sites, promoting cell protrusion extension/retraction (464,468). The actin 

polymerization required for this process is usually controlled by the Arp2/3 complex, responsible 

for nucleating branched actin filaments (657). To test if Arp2/3 plays a role in the cumulus cell  
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Figure 37: EGFR signalling is required for TZP retraction during cumulus layer expansion. COCs 

were collected from primed mice and incubated with recombinant EGF for 8h in the presence or absence 

of the EGFR molecular inhibitor AG1478 (1 µM). The COCs were fixed and stained with phalloidin (a) 

so the actin cytoskeletal rearrangement could be assessed by quantifying the TZP number of each COC 

(b). 

 

actin cytoskeletal reorganization, COCs were then expanded in the presence of CK-666, a known 

and widely used Arp2/3 molecular inhibitor (658). After culture, the COCs were fixed, stained 

with Phalloidin, and submitted to TZP quantification to assess actin cytoskeletal reorganization 

(Figure 38). 
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Figure 38: Full cumulus cell actin cytoskeletal rearrangement requires Arp2/3 activity. COCs were 

collected from primed mice and incubated with recombinant EGF for 8h in the presence or absence of the 

Arp2/3 molecular inhibitor CK-666 at a final concentration of 50 or 200 µM. The COCs were then fixed 

and stained with phalloidin (a) so that the actin cytoskeletal rearrangement could be assessed by 

quantifying the TZP number of each COC (b). 
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As expected, the high number of TZPs observed before culture almost completely 

disappeared after the 8-hour incubation with EGF (1.00 ± 0.06 vs. 0.02 ± 0.04, p < 0.0001). 

However, when the Arp2/3 blocker was added to the culture media, this loss decreased dose-

dependently, reaching 0.52 ± 0.19 and 0.70 ± 0.18 at CK-666 final concentration of 50 and 200 

µM, respectively (p < 0.0001 and p ≤ 0.0004).  

Close analysis of the immunofluorescence pictures reveals that, while the TZPs on the 

fresh COCs seem closely associated with the oocyte plasma membrane, the TZPs in the CK-666-

treated COCs seemed slightly shortened and no longer connected to the oocyte, as illustrated in 

Figure 39. Additionally, the actin cortex of the cumulus cells treated with the inhibitor seemed 

virtually absent, apart from a few spots with high actin concentration, as evidenced by the 

phalloidin staining. 

 

 
Figure 39: Cumulus cell actin cytoskeleton after Arp2/3 inhibitor treatment. COCs were collected 

from primed mice and incubated with recombinant EGF for 8h in the presence or absence of the Arp2/3 

molecular inhibitor CK-666 at a final concentration of 200 µM. The COCs were then fixed and stained 

with phalloidin. 

 

To verify if the phenotype observed in the Arp2/3-inhibited COCs was due to impaired 

cumulus matrix production, we cultured COCs with either EGF or EGF plus CK-666 at the final 

concentration of 200 μM. We then evaluated the mRNA levels of key genes related to cumulus 

matrix production. As illustrated in Figure 40, the Arp2/3 blocker addition to the culture media 
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did not impair the transcriptional activation of Has2, Tnfaip6 or Ptgs2, suggesting cumulus 

matrix production is not dependent on Arp2/3 activity.  
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Figure 40: Transcription of the cumulus matrix-related genes does not depend on Arp2/3 activity. 

COCs were collected from primed mice and incubated with recombinant EGF for 8h in the presence or 

absence of the Arp2/3 molecular inhibitor CK-666 (200 µM). Samples were harvested for quantitative 

PCR analysis to assess the mRNA quantity of the cumulus matrix-related genes Has2, Tnfaip6, and 

Ptgs2. 

 

5. Control of cumulus cell attachment is key for actin cytoskeletal 

rearrangement and cumulus matrix production. 

The observation that TZPs did not retract but still lost connection to the oocyte plasma 

membrane after Arp2/3 inhibition suggested that programmed cell detachment precedes 

cytoskeletal rearrangement. In fact, cell detachment is considered the first step in metastasis, 

when cancer cells detach from the primary tumour before migrating and establishing secondary 

tumours in other tissues (659). That is because the cytoplasmic portion of cadherins, the proteins 

that mediate cell-cell attachment, are connected to the actin cytoskeleton, stabilizing it and 

preventing its reorganization (660).  

The link between cadherins and the cytoskeleton is mediated by so-called adaptor 

proteins, such as talin and paxillin (661). The protease Calpain targets adaptor proteins and aids 

in disassembling cell-cell adhesions (662,663). Calpain is expressed in granulosa cells, and its 

activity has been reported to increase after hCG (442). Therefore, we reasoned that Calpain 

activity must be required for cumulus cells and TZP tip detachment so actin cytoskeletal 

rearrangement can occur. To test this hypothesis, COCs were exposed to EGF in combination 
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with Calpain Inhibitor I (CI-I), a small molecule that inhibits Calpain activity. COCs were then 

fixed and stained with phalloidin. The images obtained then were used to quantify the number of 

TZPs to assess the extent of the actin cytoskeletal rearrangement (Figure 41). 
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Figure 41: Full cumulus cell actin cytoskeletal rearrangement requires Calpain activity. COCs were 

collected from primed mice and incubated with recombinant EGF for 8h in the presence or absence of the 

Calpain molecular inhibitor CI-I (5 µM). The COCs were fixed and stained with phalloidin (a), and the 

actin cytoskeletal rearrangement could be assessed by quantifying the TZP number of each COC (b). 

 

The quantification of the TZP number showed that the cumulus cells from the COCs 

incubated solely with EGF underwent cytoskeletal rearrangement and lost their TZPs (1.00 ± 

0.15 vs. 0.13 ± 0.12, p < 0.0001). On the other hand, as predicted according to our hypothesis, 

the COCs cultured with EGF and CI-I retained most of their TZPs until the end of the culture 

(0.56 ± 0.25 vs. 0.13 ± 0.12, p < 0.0001). This result indicates that Calpain activity is required to 

promote cumulus cell detachment and enable actin cytoskeletal rearrangement, which is required 

for their displacement. 

To confirm that the phenotype observed was not due to interference with cumulus matrix 

production, we evaluated the mRNA levels of key genes related to cumulus matrix production 

after culture with EGF and CI-I. As illustrated in Figure 42, the small inhibitor did not block the 

transcriptional activity of Has2, Tnfaip6, Ptx3, and Ptgs2, which were present at the same levels 

as those detected in the control samples.  
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Figure 42: Transcription of the cumulus matrix-related genes does not depend on Calpain activity. 

COCs were collected from primed mice and incubated with recombinant EGF for 8h in the presence or 

absence of CI-I (5 µM). Samples were harvested for quantitative PCR analysis to assess mRNA quantity 

of cumulus matrix-related genes Has2, Tnfaip6, Ptx3 and Ptgs2. 

 

In the first section of this chapter, we investigated the transcription of cumulus matrix-

related genes over the course of an 8-hour incubation with EGF. Almost unanimously, the 

transcript levels steeply increase during the first 3 hours of culture and proceed to decrease over 

the course of the next 6 hours of culture. This result could reflect a gradual decrease in the 

transcription rate for the analyzed genes after the observed 3h peak. It is known that oocyte-

secreted factors signal through ALK4/5/7 receptors, leading to the phosphorylation of SMAD2/3 

(208) that is increased 4 hours after initial EGF exposure and decreased by the 8-hour culture 

mark (664). Despite being regulated by EGFR signalling, the protease Calpain follows the same 

activation pattern, reaching peak activity 8h after initial EGF exposure (442). Given that SMAD2 

phosphorylation and gene transcription decrease as cumulus cells detach from each other and the 

oocyte, we hypothesized that cell attachment is required to maintain high SMAD2 signalling and 

cumulus matrix-related gene transcription. 

To start testing this hypothesis, COCs were collected and cultured with EGF plus CI-I for 

a period of 12h and then submitted to western blot analyses. This was done to examine if 

extended EGF exposure paired with Calpain inhibition could prevent cell-cell detachment and, 

therefore, sustain SMAD2 phosphorylation levels. As illustrated in Figure 43, at the end of a 12-

hour incubation with EGF, pSMAD2 was virtually no longer detectable. However, the COCs 

cultured for 12h in the presence of EGF and 5 or 50 μM of CI-I presented detectable levels of  
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Figure 43: Inhibiting cumulus cell detachment by blocking Calpain activity maintains TGFβ 

signalling. COCs were collected from primed mice and incubated with recombinant EGF for 12h in the 

presence or absence of CI-I (5 or 50 µM). Brightfield images (a) were obtained before samples were 

submitted to western blot analysis (b) for quantification of pSMAD2 levels (c).  

 

pSMAD2 that were significantly elevated compared to the 12h EGF group (2.76 ± 0.40, p ≤ 

0.0252 and 10.00 ± 0.43, p < 0.0001, respectively).  

Next, to further test the role cell-cell attachment in TGFβ signalling and cumulus matrix-

related gene expression, we turned to cadherins. The tethering between cumulus cells and the 

cumulus cells and the oocyte was described to be mediated by cadherins (243,665). Since 

cadherins are calcium-dependent molecules, calcium-free culture media was employed to 

challenge cadherin-based cell contact within the COC. Therefore, COCs were collected and pre-

incubated in either normal or calcium-free culture media, both containing CNP to prevent 

GVBD. After 30 minutes, the complexes were washed and transferred to new dishes containing 

normal or calcium-free culture media supplemented with EGF. The COCs were then cultured for 

3h before being submitted to western blot analyses (Figure 44a, b). 
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Figure 44: Cumulus cell attachment is required for cumulus matrix-related gene expression. COCs 

were collected from primed mice and incubated with recombinant EGF for 3h in normal or Ca-free 

culture media. After culture, samples were submitted to western blot analysis (a) for quantification of 

pSMAD2 levels (b). Samples cultured in the same conditions and harvested for (c) quantitative PCR 

analysis to assess mRNA quantity of cumulus matrix-related genes Has2, Tnfaip6, Ptx3 and Ptgs2. 

 

As expected based on previous results, EGF exposure led to a spike in pSMAD2 levels 

(1.87 ± 0.27 vs. 1.00 ± 0.12, p ≤ 0.0282). However, this increase was not observed in the COCs 

that were cultured in the calcium-free media (0.92 ± 0.04, p ≤ 0.9480 vs. Fresh and p ≤ 0.0196 

vs. EGF in complete media). These results suggest that TGFβ signalling is disrupted when COCs 

are cultured in calcium-free media, impacting cell-cell attachment that depends on Ca2+ ions. 

Therefore, we next assessed the impact of this treatment on SMAD2-driven gene expression. For 

this, COCs were cultured in the same conditions and submitted to quantitative PCR analyses to 

measure the transcript levels of the cumulus matrix-related genes (Figure 44c). In accordance 

with previous results, the COCs exposed to EGF for 3h in complete culture media presented a 

steep increase in transcript levels of Has2, Tnfaip6, Ptx3 and Ptgs2. This increase, however, was 
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virtually absent in the COCs cultured in the calcium-free media, even though it was also 

supplemented with EGF. These results suggest that cell-cell attachment is a prerequisite to 

maintaining the high TGFβ signalling responsible for phosphorylating SMAD2 and promoting 

cumulus matrix-related gene transcription during the early stages of cumulus layer expansion. 

However, as the expansion process advances, cell detachment is required so the actin 

cytoskeletal rearrangement can take place, allowing cumulus cell displacement to take place.  

The results presented in this chapter regard the signalling controlling cumulus matrix 

production, the dynamics of cumulus cell displacement during expansion, and both extension and 

retraction of their cellular structures, which underlines a complex cytoskeletal rearrangement 

process. Collectively, these observations strongly indicate that cumulus cell displacement has an 

active component. Therefore, the molecular mechanisms responsible for cumulus cell 

displacement during expansion will be investigated in the next chapter. 
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Chapter 4:  

 

Molecular mechanisms controlling cumulus cell 

displacement during cumulus layer expansion 
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1. EGF-triggered activation of Non-muscle Myosin II is required for cumulus 

cell displacement during cumulus layer expansion. 

To start investigating the molecular mechanism behind cumulus cell displacement we 

first collected COCs, incubated them with EGF and assessed cumulus cell displacement at 0, 4 

and 8h. This was done by measuring the COC area based on brightfield pictures, as done 

previously (Figure 45a, b). No significant change was observed in the COC area between the 

start of the culture and the 4-hour mark (p ≤ 0.8968, Fresh vs. 4h EGF). However, by the end of 

8 hours of culture, the COC area had increased to 3.18 ± 0.15 (p<0.0001 vs. Fresh 1.00 ± 0.02). 

These results confirm the pattern previously observed after live imaging of expanding COCs 

(Section 2, Chapter 3). 

Cell migration requires actomyosin contractility, which is powered by NMII activity 

(666). Thus, we fixed these samples and stained them with an antibody that recognizes the active 

(phosphorylated) form of Myosin Light Chain (MLC). Before EGF exposure, the cumulus cells 

presented few fluorescent pMLC foci (Figure 45c, d). A similar pattern was observed for the 

samples fixed after 4 hours of culture with EGF. By the end of the 8h culture, however, the 

number of pMLC foci per cumulus cell had increased by a factor of 2.81 ± 0.33 (p < 0.0001 vs 

Fresh).  

Alongside pMLC, the COCs were also stained with Phalloidin to label the cell cortex. 

Closely examining the pictures, it is possible to determine the percentage of cumulus cells 

extending membrane blebs. This ratio remained low and stable for the analyzed COCs at the 0 

and 4-hour time points (Figure 45c, e). However, towards the end of the culture, it increased 

significantly and reached 68.06 ± 5.37% of cumulus cells positive for membrane blebs in the 8h 

EGF group compared to the Fresh samples (p < 0.0001). Therefore, these results indicate that 

NMII activity in the cumulus cells of COCs increases between 4 and 8 hr after initial exposure to 

EGF, which temporally coincides with cumulus cell displacement and an increase in membrane 

blebbing. 
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Figure 45: EGF exposure induces cumulus cell displacement, upregulation of MLC 

phosphorylation and membrane blebbing. COCs were collected from primed mice and incubated with 

recombinant EGF for 8h. At 0, 4 and 8h after initial EGF exposure, brightfield pictures (a) were taken to 

assess cumulus cell displacement by measuring the COC area (b). COCs were fixed and stained with an 

antibody raised against phosphorylated MLC (c) to assess NMII activation levels (d). COCs were also 

stained with phalloidin (c) to assess cell morphology and the percentage of membrane blebbing cells (e). 

DNA is shown in light blue, filamentous actin (F-actin) in red, and pMLC foci are shown in yellow. 

White arrowheads show membrane blebs. 

 

 

To test whether this increase in NMII activity was triggered by EGFR signalling, we 

collected COCs and cultured them with EGF and AG1478, a known EGFR molecular inhibitor 

(656). As illustrated in Figure 46, inhibiting EGFR activity prevents full NMII activation 

compared to the 8h EGF group (1.93 ± 1.06 vs. 3.34 ± 1.66, p ≤ 0.0003). This indicates that 

EGFR activity is partially responsible for NMII activation in the cumulus cells during expansion. 
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Figure 46: Pharmacological inhibition of EGFR partially prevents pMLC upregulation. COCs 

were collected from primed mice and incubated with recombinant EGF for 8h with or without the EGFR 

molecular inhibitor AG1478 at a final concentration of 1M. COCs were fixed and stained with an 

antibody raised against phosphorylated MLC (a) to assess NMII activation levels (b). DNA is shown in 

light blue and pMLC foci are shown in yellow. 

 

Next, we examined whether NMII activity is required for cumulus cell displacement 

away from the oocyte during cumulus layer expansion. To do this, COCs were collected and 

incubated with EGF and Para-amino Blebbistatin (PAB), a permeable molecule that prevents 

actomyosin contraction by binding and inhibiting NMII’s ATPase subunit (667). As PAB acts 

downstream of MLC phosphorylation, immunofluorescence could not be employed to assess the 

efficiency of the treatment. Instead, we analyzed the percentage of blebbing cells since NMII is 

responsible both for their extension and retraction (668). While membrane blebs were identified 

in around 60% of the cumulus cells exposed to EGF, they were virtually absent from the ones 

exposed to EGF and PAB, thus implying that the treatment succeeded in inhibiting NMII activity 

(Figure 47a, b). 

Unexpectedly, the cumulus cells from the COCs exposed to EGF and PAB presented an 

elongated shape, which clashed with the usual round morphology observed for cumulus cells 

both before and after expansion (Figure 47a). To quantify this observation, we used the 

morphological descriptor Cell Elongation Index (CEI) (Figure 47c). The CEI is obtained by 

dividing the cell’s length by its width. While a perfect circle has a CEI of 1, cells with a CEI 

between 0 and 2 are considered to have a round morphology, and CEI values above 2 describe an 

elongated cell. The CEI values for the Fresh and 8h EGF groups did not differ statistically and  
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Figure 47: Non-muscle Myosin II activity is required for full cumulus cell displacement during 

cumulus layer expansion. COCs were collected from primed mice and incubated with recombinant EGF 

for 8h with or without the molecular inhibitor of NMII ATPase Para-amino Blebbistatin (PAB) at final 

concentrations of 10, 50 or 100 µM. COCs were fixed and stained with phalloidin (a) to assess the 

percentage of membrane blebbing cells (b) and cell morphology (c). Cumulus cell displacement was 

assessed by measuring the COC area (d) in brightfield pictures (e) obtained before and after the culture. 

DNA is shown in light blue, and filamentous actin (F-actin) in red. White arrowheads show membrane 

blebs, and dotted lines highlight cell morphology. 

 

stayed below the 2 mark (0.86 ± 0.21 vs. 1.16 ± 0.21, p ≤ 0.2156). The COCs exposed to PAB, 

however, harboured mainly elongated cells, with the highest mean CEI reaching 3.5 ± 1.18 when 

PAB was added to the medium at 50 µM. Besides the elongated shape, the cumulus cells from 

the COCs expanded in the presence of the NMII blocker also failed to fully retract their TZPs, 

which seemed detached from the oocyte (Figure 47a, bottom panel). 
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To assess the effects of decreased NMII on cumulus cell displacement, we measured the 

COC area before and after the treatment (Figure 47d, e). As expected, the mean COC area 

increased in the control EGF group when compared to the fresh COCs (2.91 ± 0.17 vs. 1.00 ± 

0.01, p < 0.0001). This increase was reduced in a dose-dependent manner when PAB was 

present, reaching 1.46 ± 0.07 at 100 µM (p < 0.0001 vs EGF alone), suggesting NMII activity in 

the cumulus cells is required for full expansion.  

It is well known that cumulus layer expansion relies on extensive cumulus matrix 

synthesis. For this reason, we tested whether PAB addition to the culture media affected the 

transcription of key genes involved in producing the cumulus matrix (Figure 48). This analysis 

detected no change in the quantity of the encoded mRNAs between the control and treatment 

groups, implying that the drug did not prevent the cells from producing the cumulus matrix. 

Therefore, these results indicate that NMII activity is required for cumulus cell displacement 

during expansion but not for cumulus matrix production. 
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Figure 48: Non-muscle Myosin II activity is not required for the transcriptional activation of 

cumulus matrix-related genes. COCs were collected from primed mice and incubated with recombinant 

EGF for 3h with or without the molecular inhibitor of NMII ATPase Para-amino Blebbistatin (PAB) at a 

final concentration of 100 µM. COCs were harvested for quantitative PCR analysis to assess mRNA 

quantity of cumulus matrix-related genes Has2, Tnfaip6, Ptx3, and Ptgs2. 
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2. EGF-triggered activation of Non-muscle Myosin II is not mediated through 

ERK signaling. 

The ERK pathway is a key downstream effector of the EGFR signalling. Previous studies 

have demonstrated that cumulus expansion is impaired when this pathway is pharmacologically 

inhibited or genetically disabled (409,410). Therefore, we tested whether ERK signalling 

mediates NMII activation in cumulus cells during expansion. To do this, we collected COCs and 

cultured them with EGF and U0126, a highly specific and noncompetitive inhibitor of MEK1 

and MEK2, the members of the mitogen-activated protein kinase pathway that directly activate 

ERK kinases (669). First, we confirmed that the treatment with U0126 inhibited cumulus cell 

displacement (Figure 49a, b) and prevented the transcriptional activation of the cumulus matrix-

related genes (Figure 49c), as expected. 

Next, samples were cultured in the same conditions, fixed and stained for pMLC so NMII 

activation levels could be assessed (Figure 50a, b). Strikingly, the number of pMLC foci per cell 

in the COCs exposed to EGF and U0126 increased 2.5-fold when compared to the fresh samples 

(2.67 ± 0.24 vs 1.00 ± 0.08, p < 0.0001), while it remained just below what was observed for the 

COCs treated with EGF alone (3.51 ± 0.23, p ≤ 0.02). The same pattern was observed for the 

percentage of blebbing cells that increased in EGF plus U0126-treated COCs when compared to 

the Fresh samples (32.89 ± 6.39 vs 8.64 ± 1.10, p ≤ 0.01) but not to the same extent as what was 

observed for the COCs treated solely with EGF (73.16 ± 1.70, p < 0.0001) (Figure 50c). These 

results do not exclude a partial role for ERK, but they do indicate that there are other signalling 

pathways primarily responsible for promoting NMII activation and membrane blebbing in 

cumulus cells during expansion. 
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Figure 49: Inhibition of ERK signalling prevents cumulus layer expansion. COCs were collected 

from primed mice and incubated with recombinant EGF for 8h with or without the ERK molecular 

inhibitor U0126 at a final concentration of 25 µM. Brightfield images of the COCs (a) were acquired to 

assess cumulus cell displacement by measuring the COC area (b). COCs were harvested for quantitative 

PCR analysis (c) to assess mRNA quantity of cumulus matrix-related genes Has2, Tnfaip6, Ptx3, and 

Ptgs2. 
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Figure 50: EGF-triggered activation of NMII is not mediated through ERK signalling. COCs were 

collected from primed mice and incubated with recombinant EGF for 8h with or without the MEK 

molecular inhibitor U0126 at a final concentration of 25µM. COCs were fixed and stained with an antibody 

raised against phosphorylated MLC (a) to assess NMII activation levels (b). COCs were also stained with 

phalloidin (a) to assess cell morphology and the percentage of membrane blebbing cells (c). DNA is shown 

in light blue, filamentous actin (F-actin) in red, and pMLC foci are shown in yellow. White arrowheads 

show membrane blebs. 

 

3. RhoA signalling triggers Non-muscle Myosin II activation. 

The small Rho GTPase RhoA has been implicated in different cell processes. These 

include cell migration, which is often accompanied by NMII activation and membrane blebbing, 

especially in highly invasive cancer-derived cell lines (616,670). For this reason, and the fact that 

RhoA can be activated by EGFR signalling (671,672), RhoA was considered a good candidate to 

mediate NMII activation in cumulus cells during expansion. To test this hypothesis, COCs were 

collected and cultured with Rho Activator II (RhoA act) in the absence of EGF. RhoA act is a 

small protein that selectively enters the cell and activates RhoA (673), showing the highest 

response 3 hours after initial exposure. Therefore, we incubated the COCs with two different 

doses of RhoA act for 3h in the absence of EGF, and assessed NMII activation levels (Figure 

51). 
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Image analysis revealed a dose-dependent increase in the number of pMLC foci per cell 

in the COCs that were cultured with the Rho activator (1 µg/ml: 4.47 ± 0.55 vs 1.00 ± 0.07, p < 

0.0001). This increase could not be attributed to culturing alone since the COCs incubated for 3h  

a) 

 

b) 

Fresh 0 0.25 1

0

2

4

6

8

10

R
el

at
iv

e 
pM

LC
 fo

ci
/c

el
l

3h RhoA act (ug/ml)

a
ab

b

c

 

Figure 51: RhoA signalling triggers NMII activation. COCs were collected from primed mice and 

incubated with RhoA activator at final concentrations of 0, 0.25 or 1 µg/ml. COCs were fixed and stained 

with an antibody raised against phosphorylated MLC (a) to assess NMII activation levels (b). COCs were 

also stained with phalloidin (a) to assess cell morphology and membrane blebbing. DNA is shown in light 

blue, filamentous actin (F-actin) in red, and pMLC foci are shown in yellow. White arrowheads show 

membrane blebs. 

 

without RhoA act kept pMLC levels comparable to the COCs in the Fresh group (1.140 ± 0.47 

vs. 1.00 ± 0.38, p ≤ 0.9728). Strikingly, the presence of the activator induced an actin 

cytoskeletal rearrangement, underlined by TZP retraction and intense membrane blebbing 

activity, as illustrated by the phalloidin staining in Figure 51a.  

Despite being able to activate NMII and lead to membrane blebbing, the RhoA activator 

did not promote the transcriptional activation of the cumulus matrix-related genes, as verified by 

qPCR (Figure 52). Thus, these results indicate RhoA to be a good candidate for mediating NMII 

activation and membrane blebbing by EGFR signalling. Also, they suggest NMII activation and 

cumulus matrix production to be regulated through distinct pathways downstream of EGFR. 
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Figure 52: RhoA signalling does not trigger transcriptional activation of cumulus matrix-related 

genes. COCs were collected from primed mice and incubated for 3h either in plain media, with 

recombinant EGF or with RhoA activator (1µg/ml) alone. COCs were harvested for quantitative PCR 

analysis to assess mRNA quantity of ECM-related genes Has2, Tnfaip6, Ptx3 and Ptgs2. 

 

4. ROCK signalling partially mediates EGF-triggered Non-muscle Myosin II 

activation and cumulus cell displacement. 

The Rho-associated kinases 1 and 2 (ROCK1/2) are the most well-characterized 

downstream effectors of RhoA (674). Upon activation, these kinases increase actomyosin 

contractility by phosphorylating the MLC subunit of NMII or by inhibiting myosin light chain 

phosphatase (MYPT) (526,527). Therefore, we next tested the role of ROCK1/2 kinase activity 

in cumulus cell displacement during expansion. We collected and cultured COCs for 8h in the 

presence of EGF and Y27632 (Y27), a highly selective small molecule that inhibits ROCK1/2 

activity by competing for the ATP-binding site (675) (Figure 53).  

After culture, the number of pMLC foci per cell in COCs treated with EGF alone 

increased by a factor of 5.13 ± 0.43 (p < 0.0001) when compared to the fresh samples (Figure 

51a, b). The fold increase for the COCs exposed to EGF and Y27 at a concentration of 10 µM 

and 50 µM was only 3.26 ± 0.32 (p ≤ 0.0009 vs EGF alone) and 3.17 ± 0.24 (p ≤ 0.0013 vs EGF 

alone), respectively. Following a similar pattern, intense blebbing was observed in the COCs 

post-EGF treatment, but virtually no cumulus cell in the COCs exposed to EGF and Y27 

presented membrane blebs (Figure 53c). 
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Figure 53: ROCK signalling partially mediates EGF-triggered NMII activation and cumulus cell 

displacement. COCs were collected from primed mice and incubated with recombinant EGF for 8h with 

or without Y27632, a ROCK molecular inhibitor, at final concentrations of 1, 10, or 50µM. COCs were 

fixed and stained with an antibody raised against phosphorylated MLC (a) to assess NMII activation 

levels (b). COCs were also stained with phalloidin (a) to assess the percentage of membrane blebbing 

cells (c) and cell morphology (d). Cumulus cell displacement was assessed by measuring the COC area 

(e) in brightfield pictures (f) obtained before and after the culture. DNA is shown in light blue, 

filamentous actin (F-actin) in red, and pMLC foci are shown in yellow. White arrowheads show 

membrane blebs and dotted white lines show cumulus cell morphology.  
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According to the phenotype observed when NMII activity was inhibited (Figure 47a, c), 

the cumulus cells cultured with Y27 seemed to successfully detach from the oocyte but failed to 

fully retract (Figure 53a, bottom panel). Additionally, they also presented a predominant 

elongated shape. This observation was confirmed by the Cell Elongation Index quantification 

that reached 3.45 ± 1.44 (p < 0.0001 vs. fresh) and 3.86 ± 1.62 (p < 0.0001 vs. fresh) at 10 µM 

and 50 µM of Y27 (Figure 53d). Moreover, cumulus cell displacement, as depicted by the 

relative COC area (Figure 53e, f), decreased in the presence of the inhibitor. 

5. Both ROCK and MRCK signalling are required for full Non-muscle 

Myosin II activation and cumulus cell displacement. 

Even though the treatment with Y27 decreased NMII activation levels and restricted 

cumulus cell displacement, it did not completely impair these processes. As shown in Figure 53b 

and e, pMLC phosphorylation and the Relative COC area were still significantly elevated in 

comparison to the fresh samples when the inhibitor was added at the final concentration of 50 

µM. While these results could indicate an incomplete inhibition of ROCK1/2 by Y27, they could 

suggest that an additional pathway is also contributing to MLC phosphorylation in the cumulus 

cells. In fact, the Myotonic Dystrophy-Related CDC42-binding Kinases (MRCKs), a 

downstream effector of the small Rho GTPase CDC42, phosphorylate NMII and have been 

implicated in cancer cell motility and invasiveness (534,649). Thus, we next tested the role of 

MRCK in cumulus cell displacement during cumulus layer expansion.  

COCs were collected and cultured in the presence of EGF and BDP9066 (BDP), a highly 

selective inhibitor of MRCK (676). After 8h of culture, the pMLC foci per cell increased by a 

factor of 3.81 ± 0.38 in the presence of EGF alone (p < 0.0001 vs. Fresh). In the presence of the 

inhibitor, however, this increase was significantly reduced (10 µM: 1.89 ± 0.16, p < 0.0001 vs. 

EGF alone; 50 µM: 2.08 ± 0.23, p < 0.0001 vs. EGF alone) (Figure 54a, b). Consistently, the 

sharp increase in the membrane blebbing observed in the EGF group was absent when the 

inhibitor was added at 10 or 50 µM (0 hr: 6.62 ± 3.73; 10 µM: 18.59 ± 4.71, p ≤ 0.4846; 50 µM: 

2.22 ± 2.22, p ≤ 0.9689) (Figure 54a, c). Quantification of the Cell Elongation Index showed that 

cumulus cells exposed to 10 or 50 µM of BDP showed they assume an elongated morphology in 

comparison to the post-treatment control (10 µM: 2.00 ± 0.84, p < 0.0001 vs. EGF alone; 50 µM: 

3.15 ± 1.13, p < 0.0001 vs. EGF alone) (Figure 54a, d). Additionally, as observed before, when  
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Figure 54: MRCK partially mediates EGF-triggered NMII activation and cumulus cell displacement. 

COCs were collected from primed mice and incubated with recombinant EGF for 8h with or without 

BDP9066, an MRCK molecular inhibitor, at final concentrations of 1, 10, or 50µM. COCs were fixed and 

stained with an antibody raised against phosphorylated MLC (a) to assess NMII activation levels (b). COCs 

were also stained with phalloidin (a) to assess the percentage of membrane blebbing cells (c) and cell 

morphology (d). Cumulus cell displacement was assessed by measuring the COC area (e) in brightfield 

pictures (f) obtained before and after the culture. DNA is shown in light blue, filamentous actin (F-actin) in 

red, and pMLC foci are shown in yellow. White arrowheads show membrane blebs, and dotted white lines 

show cumulus cell morphology.  
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NMII activity was impaired, the TZPs seemed to detach from the oocyte but failed to fully 

retract into the cumulus cell’s body (Figure 54a, bottom panel). Moreover, the relative COC area 

was significantly reduced, dose-dependently, in all three groups exposed to EGF and the 

inhibitor (Figure 54e, f). 

Since individually inhibiting ROCK and MRCK yields a partial impairment of cumulus 

cell displacement, we next blocked both. Therefore, COCs were exposed to either EGF alone or 

a combination of EGF plus Y27 and BDP at a final concentration of 50 µM each. The increase in 

pMLC observed in the COCs exposed to EGF alone was completely prevented when both NMII 

kinases were inhibited (1.35 ± 0.13 vs. 1.00 ± 0.10, p ≤ 0.3896; p > 0.0001 vs. EGF alone) 

(Figure 55a, b). The same was true for cumulus cell blebbing, which was completely blocked, as 

membrane blebs were virtually absent from the COCs exposed to EGF and both inhibitors 

(Figure 55a, c). As expected, the block in membrane blebbing was accompanied by a lack of 

TZP retraction (Figure 55a, bottom panel) and an elongated morphology, evidenced by the Cell 

elongation Index, which increased more than three-fold in the inhibitor group in comparison to 

the pre-culture control (3.34 ± 0.89 vs. 1.21 ± 0.19; p < 0.0001). Moreover, cumulus cell 

displacement was substantially reduced (3.39 ± 0.13 vs 1.72 ± 0.05, p < 0.0001). Collectively, 

these results show that ROCK and MRCK are the main kinases responsible for phosphorylating 

and activating NMII in the cumulus cells during expansion, further supporting the hypothesis 

that NMII activity is required for cumulus cell displacement. 

6. Non-muscle Myosin II activity is required for EGF-triggered cumulus cell 

migration. 

Next, we investigated whether EGF exposure induces migratory capacity in the cumulus 

cells during cumulus layer expansion. To this end, COCs were submitted to Transwell Migration 

Assays, during which two medium-filled chambers divided by a porous membrane are used to 

create a gradient of the chemoattractant being tested. The chemoattractant is diluted in the 

bottom chamber, and the cells are seeded at the top. Following incubation, cells can be detected 

on the underside of the membrane if they acquire a migratory phenotype in response to the 

chemoattractant. Therefore, COCs were initially incubated with CNP to prevent oocyte 

maturation or with EGF to induce cumulus layer expansion. After 4h, the COCs were transferred 

to the top of cell culture inserts placed in wells containing media supplemented with either CNP,  
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Figure 55: Both ROCK and MRCK signalling are required for full NMII activation and cumulus 

cell displacement. COCs were collected from primed mice and incubated with recombinant EGF for 

8h with or without a combination of Y27632 and BDP9066, a ROCK and MRCK molecular inhibitor, 

respectively, at a final concentration of 50 µM, each. COCs were fixed and stained with an antibody 

raised against phosphorylated MLC (a) to assess NMII activation levels (b). COCs were also stained 

with phalloidin (a) to assess the percentage of membrane blebbing cells (c) and cell morphology (d). 

Cumulus cell displacement was assessed by measuring the COC area (e) in brightfield pictures (f) 

obtained before and after the culture. DNA is shown in light blue, filamentous actin (F-actin) in red, 

and pMLC foci are shown in yellow. White arrowheads show membrane blebs and dotted white lines 

show cumulus cell morphology. 
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or EGF to act as the chemoattractant. As illustrated in Figure 56, the Migration Index obtained 

for the EGF group was substantially increased in comparison to the CNP one (11.02 ± 1.54 vs. 

1.00 ± 0.32, p < 0.0001), indicating that the cumulus cells did acquire the ability to migrate and 

follow the EGF gradient established at the porous membrane during the assay. 

We also used molecular inhibitors to determine the extent to which NMII activity is 

required for this migration. In the presence of each inhibitor, the migration index was 

comparable to the one obtained for the CNP group, ranging from 0.92 ± 0.30 in the presence of 

Y27 (p > 0.9999 vs CNP, p < 0.0001 vs EGF) to 1.46 ± 0.57 in the presence of PAB (p ≤ 0.9972 

vs. CNP, p < 0.0001 vs EGF). These results demonstrate that the cumulus cells’ observed 

migratory behaviour and ability to follow the EGF gradient depend on NMII activity. 
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Figure 56: NMII activity is required for EGF-triggered cumulus cell migration. COCs were 

collected from primed mice and incubated for 4h in one of the following conditions: CNP (100 nM), 

recombinant EGF alone or with the addition of molecular inhibitors targeting either NMII (PAB, 100 

µM), ROCK (Y27632, 50 µM), MRCK (BDP9066, 50 µM), and ROCK+MRCK (Y27632+BDP9066, 50 

µM each). Transwell migration assays were then performed with either CNP or EGF in the bottom 

chamber, as well as the molecular inhibitors according to the experimental group condition. After an 

overnight incubation, the membranes were fixed, stained (a) and the images used to quantify the relative 

migration index for each condition (b). 
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7. Sperm penetration through the cumulus layer requires Non-muscle Myosin 

II activation. 

Expansion of the cumulus layer is considered necessary for fertilization since it might 

facilitate sperm access to the mature oocyte. Thus, we next tested the importance of NMII-

mediated cumulus cell migration in enabling sperm penetration of the cumulus layer. To do so, 

COCs were first collected and cultured with either EGF alone or EGF in combination with the 

different NMII activity inhibitors used in the previous experiments. During this period, sperm 

was collected, capacitated and stained with HOECHST, a live cell DNA fluorescent dye. COCs 

were then washed and incubated with the sperm for 1h, and then the complexes were fixed and 

imaged. That way, images were used to quantify the number of sperm able to penetrate the 

cumulus layer and reach the zona pellucida of COCs cultured in different conditions.  

The number of sperm able to reach the zona pellucida decreased substantially in the 

presence of each inhibitor (Figure 57a, b). Notably, whereas the number of penetrating sperm 

was decreased by a factor of 0.5-fold (Y27: 0.48 ± 0.19 vs. 1.00 ± 0.32, p < 0.0001; BDP: 0.41 ± 

0.32, p < 0.0001) when MLC phosphorylation was partial – e.g., when ROCK or MRCK were 

targeted individually – the decrease was more severe and reached a factor of 0.8-fold when NMII 

was almost completely inhibited (PAB: 0.19 ± 0.19 vs. 1.00 ± 0.32, p < 0.0001; Y27+BDP: 0.14 

± 0.15 vs. 1.00 ± 0.32, p < 0.0001) (Figure 55b). These results demonstrate that compromising 

expansion of the cumulus cell layer by blocking NMII activity and, therefore, cumulus cell 

migration substantially reduced the number of sperm that were able to reach the zona pellucida. 
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Figure 57: Sperm penetration through the cumulus layer requires NMII activation. COCs were 

collected from primed mice and incubated for 8h in one of the following conditions: recombinant EGF 

alone or with the addition of molecular inhibitors targeting either NMII (PAB, 100 µM), ROCK (Y27632, 

50 µM), MRCK (BDP9066, 50 µM), and ROCK+MRCK (Y27632+BDP9066, 50 µM each). COCs were 

washed and incubated with nuclei-stained and capacitated sperm. After 1h, the complexes were fixed, 

stained with phalloidin and imaged (a).  The images were used to quantify the number of sperm at the zona 

pellucida (b). 
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 Discussion 
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1. Thesis rationale 

During the early phases of folliculogenesis, the granulosa cells are organized around the 

oocyte in dense layers. As they proliferate, small fluid-filled cavities start to appear within the 

cell layers. Each cavity grows up to the point where they merge, creating one antrum that 

separates the granulosa cells into cumulus and mural granulosa. The cumulus cell layers remain 

tightly packed around the oocyte in a configuration that will only change after the LH surge. This 

event, besides triggering oocyte maturation and ovulation, will also trigger cumulus layer 

expansion. This process encompasses extensive extracellular matrix production and secretion, 

which is accompanied by cumulus cell displacement away from the oocyte. Therefore, the new 

cumulus matrix envelops the mature oocyte and the now displaced cumulus cells, forming an 

expanded cumulus-oocyte complex, which will soon be ovulated.  

After ovulation, the cumulus matrix mediates the uptake of the ovulated complex by the 

oviduct. Once it reaches the ampulla, the fertilization site within the oviduct, the cumulus cells 

and the cumulus matrix play crucial roles in attracting and guiding the sperm to the mature 

oocyte. Therefore, cumulus layer expansion is essential for female fertility. However, little is 

known about how the cumulus cells become displaced away from the oocyte during expansion. 

Previous work has described changes in the cumulus cell actin cytoskeleton, which involve 

intense F-actin assembly and the appearance of actin-related cellular structures, like membrane 

ruffling and blebbing  (319,351,434,435,441,442). The fact that membrane ruffling and blebbing 

are usually observed in migratory cells prompted studies to characterize cumulus cells’ 

behaviour during expansion. In fact, Akison et al. (444) determined that cumulus cells do assume 

a highly invasive and migratory phenotype after the LH surge. Moreover, it was found that 

cumulus layer expansion fails upon inhibition of calpain, a protease known for degrading cell 

adhesions and promoting cell migration (442,663). Even though these results suggest cumulus 

cell displacement could be an active migration process, the mechanism behind this displacement 

is still elusive. Therefore, we used an in vitro cumulus layer expansion system to first investigate 

the link between cumulus matrix production, cumulus cell displacement and actin cytoskeletal 

rearrangement during expansion (Chapter 3). Then, the use of molecular inhibitors targeting the 

cellular contractile machinery allowed us to address the question of whether cumulus cell 

displacement depends on the same cellular mechanisms that control cancer cell migration inside 

soft 3D extracellular matrices (Chapter 4). 
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2. Key findings 

2.1. TGFβ signalling and cell-cell contact are essential for cumulus matrix production 

Cumulus layer expansion depends on two different signalling pathways: i) TGFβ 

signalling promoted by oocyte-secreted factors, and ii) gonadotropin signalling, which triggers 

the production of EGF-like factors that propagate the gonadotropin stimulation effects within the 

follicle. These promote the transcriptional activity of genes related to producing the cumulus 

matrix, an essential event for cumulus layer expansion. According to our results, cumulus cells 

within COCs exposed to recombinant EGF in vitro rapidly accumulated transcripts for Has2, 

Tnfaip6, Ptx3 and Ptgs2 during the first 3 hours of culture. Over the next 6 hours, however, the 

steady-state level of the assessed mRNAs decreased. This pattern of sharp increase followed by a 

steady decline has been described by others using in situ hybridization (341,397) and semi-

quantitative RT-PCR (310,397). These techniques, as well as the qPCR employed in this thesis, 

measure the steady-state mRNA quantity, that is, the balance between synthesis and degradation. 

A decrease in synthesis or an increase in degradation could explain the drop in the relative 

mRNA levels observed after the 3-hour culture mark. However, cumulus matrix-related genes 

are not expressed before the ovulatory stimulus (310,341,397), and SMAD signalling generally 

triggers a specific response that involves transcriptional gene activation (210). Therefore, it is 

more plausible that the observed drop in mRNA levels reflects a drop in synthesis and not an 

increase in degradation. 

The cumulus matrix production requirement for TGFβ signalling, previously described 

elsewhere (208,411), was confirmed by us. Moreover, by inhibiting this pathway at different 

times after the start of the culture, we showed that TGFβ signalling is also required throughout 

the expansion process to maintain cumulus matrix-related transcriptional activity. However, 

when EGFR signalling was targeted similarly, the effect in inhibiting cumulus matrix-related 

gene expression was not as pronounced. These results suggested differential regulation of 

cumulus matrix-related gene transcription by TGFβ and EGFR signalling.  

Work done by Sasseville et al. (677) showed that oocyte-induced expression of Has2 by 

cultured granulosa cells can be completely prevented by inhibiting TGFβ signalling but only 

partially affected when EGFR is blocked. In fact, after further exploring the interaction between 

EGFR and TGFβ signalling, they proposed a model to explain the interaction between TGFβ and 
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EGFR signalling during folliculogenesis. In addition to the key phosphorylation of the C-

terminal portion of SMAD2/3 proteins by the ALK receptors mediating TGFβ signalling, 

additional phosphorylation of the SMAD2/3 linker region can be promoted by EGFR 

downstream effectors. This additional phosphorylation of the SMAD2/3 linker region can boost 

TGFβ signalling (678). Therefore, throughout cumulus layer expansion, ALK receptors would 

mediate C-terminal SMAD2/3 phosphorylation to activate them and maintain cumulus matrix-

related transcriptional activity, while EGFR would promote phosphorylation of the linker region 

of SMAD2/3, boosting the expression of the same genes.  

Next, we showed that TGFβ signalling depends on cell-cell contact within the expanding 

COC. Phosphorylated SMAD2 levels, a result of oocyte-induced TGFβ signalling in the cumulus 

cells, start decreasing in expanding COCs around 8 hours after the start of the process (664). This 

coincides with the peak of calpain activity, a protease involved in degrading cell-cell adhesions 

(442). In fact, we showed that inhibiting calpain activity, and therefore preventing cell 

detachment, promoted high pSMAD2 levels that were not observed in the control without the 

calpain inhibitor. While this result supports the hypothesis that cell-cell contact is required for 

TGFβ signalling, an alternative explanation could also apply: as calpain inhibition prevents 

cumulus layer expansion, cumulus cell proximity to each other and to the oocyte could account 

for readily accessible oocyte-secreted ligands that would bind their receptors on the cumulus 

cells and lead to the increased pSMAD2 levels observed. Therefore, we employed calcium-free 

culture media to disturb cadherin-based cell-cell adherens junction within COCs cultured with 

EGF. Using a shorter time interval, we showed that, even though the cells were kept in 

proximity, disrupting cadherin-mediated cell-cell contact prevented both the increase in 

pSMAD2 and the transcriptional activity of cumulus matrix-related gene expression.  

Even though this result further suggests that TGFβ signalling requires cell-cell 

attachment, it should be interpreted cautiously. That is because a wide spectrum of cell signalling 

is sensitive to Ca2+ concentration fluctuation (679), and the culture of COCs in a calcium-free 

medium could disrupt any of these processes and consequently disturb TGFβ signalling and 

cumulus matrix production. However, these results suggest a model for further investigation in 

which cell adherens junctions play a role in receptor availability, thus controlling TGFβ 

signalling. Although not vast in the literature, an example of a similar model can be found in the 

work done by Rudini et al. (680). The authors determined that membrane clustering of the 
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adhesion molecule VE-cadherin promotes their assembly into an active complex, a key step in 

enabling TGFβ signalling-induced effects in endothelial cells.  

2.2. EGFR signalling triggers cumulus cell detachment and actin cytoskeletal 

rearrangement during cumulus layer expansion 

Cytoskeletal rearrangement reflects the balance between coordinated assembly and 

disassembly of actin filaments at specific sites as well as actomyosin contractility. These 

activities can promote the extension and/or retraction of cellular structures (464,468). 

Accordingly, we have determined that both Transzonal Projection (TZP) retraction and 

membrane blebbing can be first observed in the interval between 4 and 8 hours after cumulus 

layer expansion has been triggered. This observation suggests cumulus cell cytoskeletal 

reorganization takes place in the same interval. As the TZP number is a readily accessible and 

quantifiable metric, we explored this correlation and utilized TZP number measurement as a 

marker to assess cumulus cell cytoskeletal rearrangement during expansion and investigate the 

machinery controlling it. This approach allowed us to determine that EGFR signalling, triggered 

downstream of the ovulatory stimulus, initiates cumulus cell actin cytoskeletal rearrangement 

during expansion. 

Following the same approach, we showed cumulus cell cytoskeletal reorganization to 

depend on branched actin synthesis as well as on actomyosin contractility. That is because 

inhibition of branched actin synthesis almost completely prevented TZP retraction and, 

consequently, actin cytoskeletal rearrangement. Moreover, we observed that interference with 

cumulus cell contractile machinery - which includes NMII, ROCK and MRCK - also prevented 

TZP retraction. In fact, actomyosin contractility is intimately related to actin cytoskeleton 

rearrangement because it aids in directing cytoskeleton components and guiding the formation of 

actin bundles or networks (681). Conversely, we have also shown that inducing actomyosin 

contraction by activating the small Rho GTPase RhoA also triggers actin cytoskeletal 

rearrangement, denoted by membrane blebbing and TZP retraction. Finally, it is important to 

point out that this phenotype arose in the absence of EGF, solely as a result of stimulating RhoA 

activity in the COCs over the course of a 3-hour incubation.  

When associated with initiation of cell migration, actin cytoskeletal reorganization is 

preceded by cell detachment (635–637). That is because cell adherens junctions, such as the ones 
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mediated by cadherins, for example, are linked to the cytoskeleton and stabilize it (660). So, in 

order to modify their cytoskeleton and migrate, cells must first detach from their substrate, be it 

the extracellular matrix or other cells. Therefore, we reasoned that cumulus cells must undergo 

programmed cell detachment prior to rearranging their cytoskeleton and moving. In support of 

this principle, when actin synthesis or actomyosin contractility was impaired, the non-retracted 

TZPs often were no longer connected to the oocyte. This phenotype was most apparent after 

inhibition of branched actin synthesis by the Arp2/3 complex. Finally, we showed that 

preventing cumulus cell detachment prevented cytoskeletal rearrangement, as indicated by the 

TZP number that remained high in the COCs cultured with EGF and the inhibitor.  

2.3. Cumulus cell migration during cumulus layer expansion depends on Non-muscle 

Myosin II 

The displacement of the cumulus cells observed during cumulus layer expansion has been 

mainly described as a passive process that happens due to the intense cumulus matrix production, 

secretion and assembly into the intercellular space (682). However, evidence provided here and 

elsewhere (442,444) suggests that cumulus cells actively migrate inside the cumulus matrix and 

away from the oocyte. In other tissues, single cells navigate complex tridimensional ECMs by 

one of two modes: amoeboid or mesenchymal. These migration modes reflect different levels of 

certain characteristics, such as adhesion to the substrate, actin protrusion, and actomyosin 

contraction. In fact, mesenchymal migration is characterized by high adhesion to the substrate, 

high actin protrusion, and low actomyosin contractility, which translates into a lamellipodium-

driven migration. On the other hand, amoeboid migrating cells present low adhesion to the 

substrate, low actin protrusion and high actomyosin contractility. The high actomyosin 

contractility on the cell cortex mediates a round cell morphology and promotes a membrane 

bleb-based movement.  

 Utilizing the Transwell Migration Assay, we confirmed that cumulus cells from 

expanding COCs do have the ability to migrate in response to EGF, as shown previously (444). 

Moreover, by adding a specific NMII inhibitor to the culture media during the experiment, we 

determined that this migration depends on NMII activity. Despite assessing cell motility, this test 

is not designed to distinguish between migration modes. Nevertheless, we showed that cumulus 

cells conserve their round morphology and undergo intense membrane blebbing during 
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expansion. These are strong indicators that they utilize the amoeboid migration mode to move 

inside the cumulus matrix. Additional evidence supporting this claim was obtained, for instance, 

by inhibiting NMII during in vitro cumulus layer expansion. This experiment yielded COCs 

containing cumulus cells that were completely devoid of membrane blebs and displayed an 

unusual, elongated morphology. Work done by Wilkinson et al. (649) investigates the behaviour 

of the melanoma cancer cell line A375m2. This amoeboid cell line lost its ability to extend 

membrane blebs and sustain their round morphology in a dose-dependent way when cultured in 

the presence of an NMII blocker. These phenotypes are compatible with changes in actomyosin 

and actin protrusive activities, which could be interpreted as an Amoeboid-to-Mesenchymal 

Transition, or AMT. In an AMT process, cells that originally displayed round morphology and 

membrane blebbing - both sustained by high actomyosin contractility - shift to an elongated 

morphology and lamellipodia-based motility mode, driven by actin protrusive forces. Therefore, 

due to the similarity of how cumulus cells and A375m2 cells react to the different doses of the 

NMII blocker, it can be reasoned that the cumulus cells also adapt to the decreased actomyosin 

contractility by switching from an amoeboid to a mesenchymal migration mode.  

2.4. Non-muscle Myosin II activity required to support cumulus cell migration is 

promoted by MRCK and ROCK signalling 

After determining that NMII activity is required for cumulus cell migration during 

cumulus layer expansion, we investigated the molecular pathway controlling its activation. We 

showed that ERK signalling, a key EGFR downstream effector and cumulus layer expansion 

mediator (409,410), plays a minor role in promoting NMII activation. Consistently, NMII 

activity is controlled by Small Rho GTPases such as RhoA in other cell types (616,670). In fact, 

we showed that induction of RhoA activation in the cumulus cells of freshly collected COCs 

promoted NMII activation and membrane blebbing without EGF present in the system. These 

results suggest RhoA as the main mediator of NMII activation in the cumulus cells during 

expansion. Indeed, EGFR has been described to activate RhoA (671,672) and constitutes a good 

candidate to control NMII activation in the cumulus cells during cumulus layer expansion.  

ROCK, a Serine/Threonine kinase, is a downstream effector of RhoA and aids in 

controlling actomyosin contractility by regulating NMII activity (526,527). Here, we showed that 

ROCK inhibition during cumulus layer expansion led to a phenotype characterized by elongated 
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cells devoid of membrane blebs. This phenotype resembles the one observed when NMII activity 

was gradually impaired by increasing concentrations of the NMII blocker. However, the 

similarities stop there: the cells whose NMII activity was blocked had their migration restricted, 

which was denoted by the decreased COC area. On the other hand, ROCK inhibition led to a 

mild reduction in cumulus cell displacement, which was the same across all different inhibitor 

doses.  

Studying the mesenchymal colorectal carcinoma cell line BE, Wilkinson and colleagues 

(649) determined that ROCK or the serine/threonine kinase MRCK, a downstream effector of the 

small Rho GTPase CDC42, could supply the low actomyosin levels required for mesenchymal 

migration. They initially showed that BE cell migration was impaired when exposed to an NMII 

inhibitor, which indicates that mesenchymal migration relies on actomyosin contractility. 

However, BE cells would migrate at their normal speed when they singularly inhibited ROCK or 

knocked MRCK down with small interference RNA technology. It was only when they 

simultaneously inhibited ROCK and knocked down MRCK that the cells failed to migrate and 

mimicked the migratory phenotype observed when NMII activity was blocked. Therefore, it can 

be inferred that the cumulus cells, once deprived of ROCK activity, underwent an AMT and 

relied on MRCK to promote the NMII activity required to fuel mesenchymal migration. This 

work led to the development of small molecule inhibitors aiming to block both ROCK and 

MRCK with the goal of preventing tumour cell migration and dissemination, e.g. metastasis 

(651). Therefore, work done by Kale and colleagues (683) identified and tested the small 

molecule inhibitor DJ4 that inhibits ROCK and MRCK by competing for their ATP-binding 

sites. When tested with multiple highly invasive cancer cell lines, DJ4 inhibited cell migration 

and invasion in a dose-dependent manner. Similar results were observed for BDP5290, a small 

molecule inhibitor developed by Unbekandt et al. (684) that also targets ROCK and MRCK, 

decreasing MLC phosphorylation, cell invasion and migration. 

The partial effect observed after ROCK inhibition and the results found in the literature 

prompted us to test the role played by MRCK in cumulus cells during expansion. We showed 

that MRCK inhibition induces an elongated membrane bleb-free cell morphology that is 

accompanied by reduced migratory capacity. When ROCK and MRCK were simultaneously 

inhibited, the cumulus cells had their displacement severely affected besides the change in 

morphology and blebbing capacity. Thus, based on these results and the cited literature, a model 
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to explain the contributions of ROCK and MRCK to actomyosin contractility in cumulus cells 

during expansion can be created. Under normal in vitro culture conditions, where culture media 

has been supplemented with recombinant EGF and FBS to support expansion, ROCK and 

MRCK cooperate to produce the high levels of actomyosin required to sustain cumulus cell 

amoeboid migration away from the oocyte. If ROCK or MRCK are blocked, cumulus cells 

undergo an AMT and adapt to the lower actomyosin contractility levels. After this process, the 

activity of either ROCK or MRCK should generate enough actomyosin contractility to support 

cumulus cell mesenchymal migration away from the oocyte. However, if both ROCK and 

MRCK are blocked, cumulus cells have even lower actomyosin contractility that is not enough to 

sustain amoeboid or mesenchymal migration. Therefore, in this case, as well as when NMII is 

directly inhibited, cell migration is severely impaired. 

2.5. Amoeboid cumulus cell migration during cumulus layer expansion is required for 

the sperm to reach the oocyte 

After the LH surge, a complex containing the oocyte and the dispersed cumulus cells 

enveloped by the cumulus matrix is ovulated. Thus, before the sperm can breach the zona 

pellucida and fertilize the oocyte, it must first penetrate the cumulus layer. Here, we showed that 

decreased NMII activity - which translates into impaired cumulus cell migration during 

expansion - affects sperm’s ability to penetrate the cumulus layer and reach the oocyte. We also 

showed this effect to be proportional to NMII inhibition levels: when NMII inhibition was partial 

due to targeting ROCK or MRCK individually, the number of sperm reaching the zona pellucida 

decreased by 50%; but if NMII activity was targeted directly or by inhibiting ROCK and MRCK 

simultaneously, the number of penetrating sperm dropped 80% in comparison to the control 

group.  

The literature regarding sperm penetration of the cumulus layer describes the roles played 

by sperm-bound hyaluronidases. In mice, the hyaluronidases PH-20 and HYAL5 are expressed 

as glycosylphosphatidylinositol (GPI)-anchored membranous proteins and mediate the digestion 

of the hyaluronan backbone of the cumulus matrix, facilitating sperm penetration (685,686). 

However, we have evidence that cumulus matrix production is unaffected when either NMII 

activity, actin cytoskeletal rearrangement or cumulus cell detachment are inhibited. So, 

impairment of the interaction between the sperm hyaluronidase and the cumulus matrix 
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hyaluronan backbone is probably not the factor impeding sperm penetration of the cumulus layer 

of COCs with lower actomyosin contractility.  

Closely examining the images obtained from the sperm penetration assay - a 

representative one for each group can be found in Figure 57a - it is possible to notice a negative 

correlation between the number of sperm close to the zona pellucida and the number of cumulus 

cells around the oocyte. That is because when the number of cumulus cells surrounding the 

oocyte is low, the number of sperm reaching the zona pellucida is high, as observed in the 

control EGF group. Conversely, when the number of cumulus cells is high, sperm reaching the 

zona pellucida is low. This analysis is in agreement with our key finding that cumulus cell 

displacement during cumulus layer expansion is, at least partially, due to active cumulus cell 

migration. Thus, it can be reasoned that, in normal conditions, the cumulus cells migrate away 

from the oocyte, which creates spaces between the cumulus cells and the cumulus cells and the 

oocyte. These spaces are filled up with the cumulus matrix, and before fertilization, sperm can 

swim through them with the help of their hyaluronidases and successfully make their way to the 

oocyte. However, when NMII activity is reduced, and cumulus cell migration is impaired, sperm 

can no longer swim between the cumulus cells and reach the oocyte.  

This model generally applies to all the experimental groups analyzed, whether cumulus 

cell migration was partially affected – when ROCK or MRCK were targeted individually – or 

when cumulus cell migration was severely impaired – when NMII or ROCK+MRCK were 

inhibited. However, a specific distinction must be made: according to our results and 

interpretations, cumulus cells from COCs expanded in the presence of either ROCK or MRCK 

inhibitor were still able to migrate, even though they did not have the high actomyosin 

contractility to sustain the amoeboid migration and underwent an AMT process. This distinction 

is relevant because, even in these situations where the cumulus cells could migrate in a 

mesenchymal way, the average number of sperm able to reach the zona pellucida surroundings 

decreased by 50% in comparison to the control. It can be argued that the elongated cell tails of 

the mesenchymal migrating cumulus cells would constitute a physical barrier to the sperm, in 

opposition to the compact and round amoeboid cumulus cell’s bodies that would be present in 

normal conditions. Therefore, this analysis suggests that sperm penetration is not simply 

facilitated by cumulus cell migration but, more specifically, by amoeboid cumulus cell 

migration. 
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3. Limitations 

The main limitation of the work presented in this thesis is the prevalence of in vitro 

treatments to test the raised hypotheses. In vitro cumulus layer experiments are limited because 

culture conditions do not closely recreate the preovulatory follicle environment for various 

reasons. Firstly, some key components present in the preovulatory follicle are missing in the 

tissue culture plate, such as mural granulosa or theca cells. These different cell types produce and 

secrete different components, known or unknown, that accumulate in the follicular fluid and 

could play a role in the process of cumulus layer expansion and be relevant to fertility. For 

example, the expression of Versican, a proteoglycan that integrates the cumulus matrix, and 

ADAMTS1, a metalloproteinase that participates in Versican’s processing right before ovulation, 

is limited to the mural granulosa cells (349,687). Thus, COCs expanded in vitro in the absence of 

mural granulosa cells present cumulus matrices with altered composition (688). Secondly, even 

though the expansion culture media can induce cumulus layer expansion, it means that the COCs 

are exposed to a constant concentration of recombinant EGF, which differs from the varying 

expression pattern of the three EGF-like factors expressed in the periovulatory follicles (406). 

Similarly, the required FBS addition to the culture media could also misrepresent the blood 

serum components that enter the follicle upon the thinning of the follicular walls.  

Perhaps equally important is the limitation of utilizing small-molecule inhibitors to test 

the hypotheses and models. Even though the straightforward pharmacological approach allowed 

us to target various proteins, it is not without flaws. For example, small molecule inhibitors 

usually have off-targets whose inhibition could contribute to the phenotype and make results 

hard to interpret. Moreover, due to the possibility of off-targets, the usage of small molecule 

inhibitors is usually done in different concentrations, in an approach called titration. While this 

allows phenotype confirmation, it also calls for more experimental groups, implicating a higher 

number of animals per replicate so a higher number of COCs can be collected.  

Concerning other technical limitations, obtaining enough freshly collected COCs for each 

replicate was challenging. That is because there is a limited amount of full COCs that can be 

collected from an ovary without compromising sample quality. Thus, we aimed for every 

experimental group to have between 15-25 COCs, which limited the amount of protein or RNA 

extracted. However, after running some tests, we determined that some experiments required an 
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unattainably high number of COCs. For example, the relative quantification of pMLC by western 

blot was unsuccessful even with 100 COCs per group - hence why pMLC quantification was 

performed based on immunofluorescence experiments. Moreover, the type of samples employed 

also limited the utilization of other techniques, such as Small Interfering RNA (siRNA). For the 

siRNA-driven knockdown, the samples must be incubated with the siRNA for a period of 5 days, 

which impaired the tridimensional structure and developmental capacity of the COCs.  
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Chapter 6:  

 

Conclusion 
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1. General conclusion 

This thesis aimed to determine if cumulus cell displacement during expansion is mediated 

by active cumulus cell migration. Based on the literature, this migration would depend on Non-

muscle Myosin II (NMII) activity, which would power the rearrangement of the actin 

cytoskeleton and the extension of actin-related cellular protrusions. To investigate this central 

hypothesis, we devised two research objectives. The first aimed to investigate cumulus matrix 

production and how it relates both to cumulus cell displacement and regular hallmarks of cell 

migration, such as cell detachment and actin cytoskeletal rearrangement. The second objective 

sought to determine the molecular mechanism behind cumulus cell migration during cumulus 

layer expansion.  

The results obtained are summarized in Figure 58. According to them, cumulus cells 

remain attached to each other and the oocyte during the first few hours of cumulus layer 

expansion. This attachment plays a role in maintaining high cumulus matrix production. 

However, after 4 hours of the start of the process, cumulus cells begin to display signs of 

migratory behaviour. For instance, they undergo an actin cytoskeletal reorganization, start 

extending actin-related cell structures such as membrane blebs and progressively become 

displaced away from the oocyte. Closely investigating this displacement, we confirmed that it 

does have an active cell migration component. Based on cumulus cell morphology, intense 

membrane blebbing and response to the molecular inhibitors targeting actomyosin contraction, 

we have determined that cumulus cells migrate using the amoeboid migration mode under 

normal in vitro culture conditions. This proved especially relevant when sperm penetration of the 

cumulus layer was investigated. We showed that sperm will not reach the oocyte at the same rate 

when cumulus cells assume an elongated morphology and migrate mesenchimally. In fact, sperm 

penetration is further affected if cumulus cell migration is impaired altogether. 

2. Future work 

The work presented in this thesis has established the foundations of a new molecular and 

cellular model for cumulus layer expansion. Future work can be proposed to further expand it 

and its potential clinical applications. Given that this model was established by employing an in 

vitro culture system for cumulus layer expansion, we would like to propose a series of 

experiments to validate it in vivo. For instance, cumulus pMLC levels could be measured before  
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a)  

b)  

Figure 58: Molecular and cellular mechanisms controlling cumulus layer expansion. a) During the 

first few hours of the cumulus layer expansion process, cumulus cells remain attached to each other and 

the oocyte. This attachment aids in maintaining high TGFβ signalling that, paired with the boost provided 

by EGFR and ERK1/2 signalling, promotes the expression of genes related to producing the cumulus 

matrix - Has2, Tnfaip6, Ptx3 and Ptgs2. b) After the 4-hour mark, cumulus cells start to exhibit 

phenotypical signs of migratory behaviour, such as actin cytoskeletal rearrangement, extension of actin-
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related cellular protrusions and displacement away from the oocyte. According to the culture conditions 

and the level of Non-muscle Myosin II (NMII) activation, three different scenarios are possible. I: In 

normal culture conditions in which the media is supplemented with recombinant EGF and FBS, both 

NMII kinases - ROCK and MRCK - are active. Therefore, the cumulus cells are provided with the high 

actomyosin contractility required to sustain amoeboid migration, which creates enough space between the 

cumulus cells and the oocyte, facilitating sperm penetration of the cumulus layer. II: When either ROCK 

or MRCK is inhibited, NMII is only partially activated. This induces an Amoeboid to Mesenchymal 

Transition (AMT) in the cumulus cells that assume an elongated bleb-free morphology. This change in 

migration mode decreases the ability of the sperm to penetrate the cumulus layer and reach the oocyte. III: 

When NMII or both NMII kinases - ROCK and MRCK - are directly inhibited, actomyosin levels are too 

low to sustain even mesenchymal migration. Therefore, cumulus cells remain close to the zona pellucida, 

which impairs the ability of the sperm to penetrate the cumulus layer and reach the oocyte. The cumulus 

matrix, depicted in pink around the oocyte, is not affected by decreased NMII activity. 

 

and after an exogenous ovulation stimulus to confirm that NMII also becomes activated during in 

vivo cumulus layer expansion.  

NMII has three main isoforms – NMIIA, NMIIB, and NMIIC – that present slightly 

distinct kinetics, regulation and cell localization (603). Therefore, it could be advantageous to 

determine if a single isoform is the most predominant in cumulus cells during expansion. This 

information could facilitate the development of a conditional knockout model for NMII. 

Conditional deletion can be achieved by employing the Cre/Lox system, a site-specific 

recombinase technology based on the targeted expression of the Cre recombinase that recognizes 

specific Lox sequences and catalyzes the deletion of the region flanked by them (689). A 

granulosa cell-specific conditional knockout could be achieved by expressing the Cre 

recombinase under the control of the Fshr promoter, as done by Wang and colleagues (427), or 

under the control of the Cyp19 promoter, as done by Fan and colleagues (274). This genetic 

model could be used to validate the in vitro findings presented here and also to further 

investigate the roles of NMII activity in the cumulus cells on ovulation and fertilization. 

Lysophosphatidic acid (LPA) is a derivative phospholipid molecule that is found in the 

blood serum and has strong bioactive functions (690). After the ovulatory stimulus, the thinning 

of the follicular walls causes LPA to become enriched in the follicular fluid (691). This fact 

prompted studies to evaluate if the supplementation of In Vitro Maturation (IVM) culture media 
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with LPA could enhance oocyte development. In fact, it has been shown that adding LPA to 

culture media improves oocyte maturation, fertilization and blastocyst formation rates (692). As 

LPA main downstream signalling leads to the activation of RhoA and activation of NMII 

(690,693), we reason that LPA follicular fluid enrichment could play a role in enhancing NMII 

in vivo and further guaranteeing high NMII in the cumulus cells to support amoeboid migration 

during expansion. Moreover, it has been shown that LPA supplementation to denuded oocytes 

has a negative effect on maturation (694). Thus, the beneficial results observed after LPA 

addition to the IVM culture medium must be mediated by the cumulus cells, which suggests a 

role for cumulus cells' NMII activity in oocyte developmental competence. Therefore, the 

granulosa cell conditional knockout of NMII could also be employed to study oocyte 

developmental competence without granulosa cell NMII activity. 

3. Clinical implications  

The work presented in this thesis ties cellular and ovarian biology by determining a key 

role for active cumulus cell migration in the cumulus layer expansion process. In the broad 

scientific landscape, these results help expand the growing body of evidence supporting recently 

found key biological functions for MRCK (695). Regarding the ovary biology field, the 

knowledge herein described can hopefully be applied to clinical innovations in the future. 

Despite advances in diagnosis and treatments, unexplained infertility afflicts approximately 30% 

of infertile couples despite having had their ovulation and sperm quality confirmed (42). 

Therefore, unveiling this new molecular pathway that controls cumulus layer expansion and 

influences sperm penetration of the cumulus layer may offer new possibilities for further 

diagnosis and treatment of unexplained infertility. 

Recent advances in Assisted Reproductive Techniques (ARTs) have helped infertile 

couples, single persons, and members of the LGBTQIA community achieve pregnancy. They 

have also aided young and adult women preserve their ovarian reserve while undergoing cancer 

treatment or natural aging processes. However, techniques such as IVM that require little to no 

exogenous hormonal stimulation still present low success rates. Therefore, effort has been put 

towards improving the culture conditions employed in IVM protocols in order to increase their 

similarity to physiological conditions and, therefore, improve overall success rates. The results 

presented here, alongside the proposed future work, offer the molecular basis to further support 
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the testing of culture media supplements that contribute to increasing NMII activity, such as 

LPA. Moreover, identified candidates responsible for boosting cumulus cells NMII during in 

vivo expansion, if produced in sufficient amounts in bodily fluids such as blood, for instance, 

may be employed as a fertility marker. Alternatively, further supplementation of these 

components could configure a less invasive and less costly approach to treating unexplained 

infertility cases. 
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