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ABSTRACT 

INHIBITION OF HIPPO SIGNALING PATHWAY DURING BOVINE GRANULOSA CELL 
PROLIFERATION, CUMULUS OOCYTE COMPLEX MATURATION AND EMBRYONIC 

DEVELOPMENT

Jyoti Sharma 
University of Guelph, 2021

                            Advisor: 
                  Dr. Pavneesh Madan

The Hippo signaling pathway plays an essential role during various ovarian physiological 

processes, with a significant role in granulosa cell proliferation, oocyte maturation and lineage 

segregation during the formation of a blastocyst in the mouse model. Even though our lab and a 

few other reports have recently established the presence of the Hippo signaling pathway 

components in bovine granulosa cells and embryos, the role and regulation of these components 

largely remains unknown in the cow.  Thus, the aim of the present study was to establish the role 

of Hippo signaling pathway components during early bovine embryogenesis, using chemical 

inhibition and GapmeR specific knockdown methods. Using Cerivastatin and XMU-MP-1 

treatment, significant differences were observed in the regulation of Hippo signaling pathway 

during the pre-compaction and post-compaction stages of bovine embryogenesis. During the pre-

compaction stages, regulation of YAP1-TAZ was dependent on MST-LATS1 components of 

Hippo pathway, suggesting a potential role of these components in Maternal to Embryonic 

Transition (MET). Conversely, during the post compaction stages, YAP1 and TAZ are regulated 

independent of MST1-LATS1 components, suggesting blastocyst formation to be regulated in 

part by other cell signaling pathways in addition to the Hippo pathway effectors (YAP1 and 

TAZ). Additionally, the results from the Cerivastatin inhibition study suggest that bovine 

granulosa cell proliferation and Cumulus oocyte complex (COC) development are dependent on 

LATS1-YAP1/TAZ signalling molecules. However, no specific effect of Cerivastatin was 



observed on MST1/2, suggesting a significant role of LATS1-YAP1/TAZ signaling in bovine 

COC development and granulosa cell proliferation. Furthermore, a pivotal role of MST1 in 

maintaining granulosa cell viability and blastocyst formation in the bovine model was validated 

using the GapmeR specific method. The presence of Hippo signaling pathway components can 

thus be used to ascertain mechanisms of bovine granulosa cell proliferation, oocyte development 

and blastocyst formation, and in turn our improved knowledge can be used to produce healthy 

bovine embryos. Since cows are also an excellent model for humans, knowledge gained from 

these studies will also help us improve human embryo production techniques. 
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1 Introduction 

Infertility is a major concern in North America with one in six couples being infertile in 

Canada (Canada, 2019). Thus, artificial methods of fertilization, such as artificial insemination 

(AI) and in vitro fertilization (IVF) are of utmost importance in the present scenario (Niakan et 

al., 2012; Perkel et al., 2015). Early embryonic death is also a major cause of economic loss in 

the agriculture industry, where, for example, dairy production systems are largely reliant on 

successful pregnancies to continue to be efficient and profitable (Parmar et al. 2016). With the 

rise in assisted reproductive technologies (ARTs), these industries are relying on processes such 

as in vitro fertilization (IVF) to produce offspring. However, approximately only 40% of in vitro 

derived embryos make it to the blastocyst stage of development, due to our inability to 

effectively replicate the in vivo environment (Cimadomo et al., 2018). One of the most important 

milestones during in vitro development of embryos is the successful formation of a blastocyst 

(Watson, 1992; Watson et al., 1992; Yamanaka et al., 2006). In order to make a healthy 

blastocyst, proper granulosa cell proliferation and oocyte maturation are required. Oogenesis 

takes place in parallel to the process of folliculogenesis. Follicles are the functional units of an 

ovary, consisting of oocytes with surrounding granulosa cells supporting the growth and 

development of the oocytes (McGee & Hsueh, 2000). The process of follicle development 

comprises of multiple complex development processes where small immature primordial 

follicles develop into large preovulatory (antral/Graafian) follicles (Channing et al., 1980). 

Various factors, including intra and intercellular cell signaling pathways, play an essential role in 

granulosa cell proliferation, cumulus oocyte Complex (COC) maturation and blastocyst 

formation (Plewes et al., 2019a; Yu et al., 2016). Identifying and understanding possible 

mechanisms that contribute to early embryonic death would strengthen our knowledge regarding 
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granulosa cell proliferation and henceforth embryonic development, thereby aiding in 

progressing the field of ARTs. 

The Hippo signaling pathway plays an essential role during granulosa cell proliferation, 

COC development and blastocyst formation in the murine model (Kodaka & Hata, 2015; Plewes 

et al., 2019a; Sharma et al., 2021). YAP1 (Yes Associated Protein 1), the downstream effector of 

the Hippo signaling pathway, plays a pivotal role during mouse oocyte maturation and granulosa 

cell proliferation (Lv et al., 2019; Yu et al., 2016). In addition to the critical role of YAP1 in 

granulosa cell proliferation, this Hippo signaling pathway component also plays a significant role 

in regulating the formation of blastocyst. Various chemical inhibition studies (using Statins and 

Verteforin) have established a YAP1-dependent role of the Hippo pathway in mouse blastocyst 

formation. YAP1 is also characterized to be present and functional in the bovine blastocyst 

(Negron-Perez & Hansen, 2018; Sharma & Madan, 2020). These studies suggest the localization 

of the Hippo pathway components to be different than that established in the mouse model 

(Sharma et al., 2021; Sharma & Madan, 2020). Thus, the goal of the present study was to 

establish: 1) gene expression and protein localization of the Hippo pathways components, 2) the 

role of MST1, YAP1 and other Hippo signaling pathway components and 3) gene expression and 

protein localization of Hippo pathway components in knock-down experimental models. First, 

studies were used to evaluate the role of YAP1 and MST1 (Mammalian Sterile Twenty Like 1) 

components of the Hippo pathway, using Statins and XMP-MU-1 mediated chemical inhibition 

methods, respectively, during bovine embryogenesis up to the formation of the blastocyst. 

Second, the role of YAP1 and other components of Hippo pathway was evaluated during in vitro 

bovine granulosa cell proliferation and/or COCs maturation using protein expression, gene 

expression and protein localization studies. Third, the gene expression and protein localization of 
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Hippo pathway components was established following the GapmeR inhibition of MST1, the 

upstream regulator of the Hippo pathway. 

2 Folliculogenesis and Oogenesis 

2.1 Folliculogenesis 

            Follicles are the basic functional units of the mammalian ovary (Hsueh et al., 2015). 

Follicles consists of the innermost oocytes, surrounded by the outer granulosa cells and the 

outermost layer of theca cells (Dieleman & Bevers, 1993). Formation of follicles, both for the 

cattle and human, commences at the fourth month of gestation (Van den Hurk et al., 2000), 

whereas in the rodents folliculogenesis is initiated synchronously during the first few days after 

birth (Thomas & Vanderhyden, 2006). The initiation of the formation of follicles is marked by 

somatic cell proliferation and thereby the formation of a single layer of flattened cells 

surrounding the undifferentiated oocytes. The structures thus formed are termed as the 

primordial follicles (Van den Hurk et al., 2000). At the time of birth, the mammalian ovary 

consists of the maximum number of primordial follicles, termed as the “ovarian reserve” 

(Findlay et al., 2015). The amount of ovarian reserve is different between species as well as 

among individuals in each species (Findlay et al., 2015). The average number of primordial 

follicles at birth ranges from 100-150 x 103 in cattle to 1-2 million in humans (Findlay et al., 

2015; Palma et al., 2012; Reynaud et al., 2004). Follicles are broadly classified as: resting 

follicles (primordial and primary stage follicles), growing follicles (secondary and the preantral 

follicles), selectable (antral follicles) and selected (dominant) follicles (Gougeon, 1996). The 

primordial follicles gradually and continuously leave the resting stage and transition from 

primordial to primary follicles (Palma et al., 2012). Primary follicles are morphologically 
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characterized by a single layer of cuboidal granulosa cells surrounding a growing (active) oocyte. 

Primary follicles then undergo rapid mitotic multiplication leading to the formation of secondary 

follicles (Findlay et al., 2015). The secondary follicles consist of multiple layers (2-8 layers) of 

cuboidal granulosa cells, a glycoprotein layer known as the zona pellucida established in 

between the oocytes and the inner most layer of the granulosa cells and a layer of theca cells 

peripheral to the basal lamina (Takagi et al., 1989). One of the most important functions of zona 

pellucida is to prevent polyspermy by regulating the interaction between the free flowing sperm 

and the oocyte and it also supports interaction between oocyte and follicular cells (Wassarman et 

al., 1999). As the secondary follicles continue to grow, a clear fluid begins to accumulate in 

between the granulosa cells and forms a fluid filled cavity, known as the antrum (Koering, 1983). 

At this stage the follicles are termed as the Graafian (or antral) follicles (Thomas & 

Vanderhyden, 2006). The granulosa cells present in the Graafian follicles are separated into two 

distinct populations, namely 1) mural granulosa, entailing the cells lining the inner wall of the 

follicle and 2) cumulus cells, comprising of the cells surrounding the oocyte (Clarke, 2018). An 

important step that occurs at this stage of folliculogenesis is theca cells’ differentiation, where a 

subpopulation of cells present in the growing follicle become epithelial-like and function as 

steroid secreting cells (Lee et al., 2009). At the Graafian/antral stage the majority of the follicles 

undergo atresia, whereas some of the follicles enter the preovulatory phase under the influence of 

cyclic gonadotrophin stimulation that occurs at puberty (McGee & Hsueh, 2000). The factors 

contributing to the recruitment of the follicles to the ovulatory phase comprises of, but are not 

limited to, cell proliferation and fluid formation, resulting in basal growth and selection. The 

selected follicles (known as the dominant follicles) become larger than others in the wave, which 

enables them to escape atresia and achieve ability to ovulate (Van den Hurk et al., 2000). In 
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humans and other primates, the dominant follicles are formed only during the follicular phase, 

whereas for cattle, two or three waves of follicular development take place during each oestrous 

cycle (Betteridge & Rieger, 1993). In response to the preovulatory gonadotrophin surges during 

each reproductive cycle, the dominant Graafian follicles release the mature oocyte for 

fertilization. The remaining theca and granulosa cells transform to luteal cells and form the 

corpus luteum (Channing et al., 1980). These luteal cells are involved in the production of 

estrogen and progesterone (Kwintkiewicz & Giudice, 2009), the latter of which is required for 

the maintenance of pregnancy. 

3 Oogenesis 

            The process of follicular growth occurs in parallel to another important physiological 

process of oocyte maturation (termed as oogenesis) (Monniaux, 2016; Sanchez & Smitz, 2012; 

Thomas & Vanderhyden, 2006) (Figure 1).  
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Figure 1. Various stages of folliculogenesis and oogenesis. The primordial follicles consist of a 
single layer of flattened granulosa cells. The flattened granulosa cells develop into a cuboidal 
layer of cells as the primordial follicles transition into primary follicles. When the follicles 
consist of two to three layers of granulosa cells they are called secondary follicles. The antral 
follicles are marked by the fluid filled antrum cavity. The oocytes attain meiotic resumption and 
in the final stages of folliculogenesis, the oocytes undergo GVBD (breakdown of germinal 
vesicle membrane around the nucleus) and progress to metaphase I. After completion of MI the 
first polar body is extruded, and the oocytes are arrested at MII until after fertilization. (Adapted 
from Clarke, 2017). 

Maturation of the oocytes is an important step to attain their competence, which is 

required for successful fertilization and henceforth the formation of healthy embryos (Keefe et 

al., 2015; Sen & Caiazza, 2013).The oocytes (Cumulus oocyte complexes, COCs) present in 
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antral follicles are immature and meiotically arrested at the diplotene stage of first meiotic 

division. At this stage, nuclei of the oocytes are enclosed in a round centrally located germinal 

vesicle (GV) (Van den Hurk et al., 2000). Luteinizing hormone (LH) surge triggers the 

resumption of meiosis in fully grown and meiotically competent oocytes from the dominant 

(preovulatory) follicles. For the period in between the LH surge and ovulation, the oocytes 

undergo numerous changes in the nuclei (nuclear maturation) and the cytoplasm (cytoplasmic 

maturation), hereafter leading to maturation of the oocytes (van den Hurk & Zhao, 2005). The 

prolonged period of oocyte growth within the follicle (growth phase) is followed by a brief 

period of meiotic maturation, which coincides with ovulation (Clarke, 2018). 

3.1 The growth phase – Nuclear Maturation and Cytoplasmic maturation 

          The growth phase in humans (Homo sapiens) spans for 3-4 months, approximately 12 

weeks in cattle (Bos taurus) and about 3 weeks in mice (Mus musculus) (Clarke, 2018; 

Lunenfeld & Insler, 1993; Van den Hurk et al., 2000). 

3.1.1 Nuclear maturation 

            Nuclear maturation comprises of resumption of meiosis I (also called germinal vesicle 

breakdown – GVBD), polar body extrusion and cell cycle progression (Fan & Sun, 2019).  At 

the initial stages of folliculogenesis, namely the primordial follicles, oocytes are arrested at 

diplotene stage of prophase I (Bowles & Koopman, 2007). As the follicular growth continues, 

the surrounding granulosa cells present in the follicles continue proliferating until the formation 

of antrum cavities, where the oocytes acquire the ability to undergo maturation (Gougeon, 1996). 

By the antral stages of follicular development the oocytes fully grow to a species-specific size: 
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~75 µM in the mouse, ~100 µM in the humans, whereas for the cattle the competence of the 

oocytes during in vitro maturation is dependent on the follicles from which the oocytes are 

isolated (Fair et al., 1995). The oocytes even after achieving a specific size remain arrested in 

prophase I until the LH surge (Mehlmann, 2005; Sen & Caiazza, 2013).  

After the LH surge, the mammalian oocytes overcome the meiotic arrest and undergo 

meiotic maturation (resumption of meiosis). During this stage a visible nucleus, namely the 

germinal vesicle, is present inside the individual oocytes. The GV then undergoes germinal 

vesicle breakdown (GVBD), where the nuclear membrane is terminated. The duration of GVBD 

upon stimulation varies significantly between species, ranging from ~6-8 hours in the cattle, ~6.5 

hours in humans, and ~8 hours in mouse (Escrich et al., 2012). LH acts on GV through various 

signaling pathways and protein molecules, including gap junctions and cyclic adenosine 

monophosphate (cAMP) (Bornslaeger et al., 1986). High levels of cAMP, sustained by a protein 

kinase A (PKA) pathway, are essential to maintain the oocytes under meiotic arrest (Bornslaeger 

et al., 1986). These observations are further supported by using the PKA inhibitors as well as 

using pharmacological agents to increase the cAMP levels in mammalian oocytes (Bornslaeger 

et al., 1986; Conti et al., 1998). LH acts primarily on the outermost mural granulosa cells; 

whereas no effect of LH is observed on the cumulus cells and oocytes, as oocytes and the 

cumulus cells lack the presence of LH receptors (Peng et al., 1991). Thus the signals for the 

maturation of oocytes are transmitted from the outer granulosa cells to the oocytes with the help 

of gap junctions (Edry et al., 2006).  

GVBD is followed by meiosis I spindle assembly and chromosome migration. This 

causes the formation of cortical actomyosin. The eccentric position of the spindle leads to 
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asymmetric cell division. This leads to the reduction of chromosome number through extrusion 

of the first polar body, as the oocytes eliminates half of the chromosomes into the polar bodies. 

Recent studies suggest a potential role of F-actin in the spindle architecture and positioning 

(Almonacid et al., 2014; Duan & Sun, 2019). 

3.1.2 Cytoplasmic maturation 

             Along with nuclear maturation, the quality of oocytes is also dependent on cytoplasmic 

maturation. The cytoplasmic maturation includes: (i) synthesis and degradation of maternal 

mRNA and proteins and (ii) re-arrangement of the organelles (Schellander et al., 2007; Yu et al., 

2016). 

3.1.2.1 Synthesis and degradation of maternal mRNA and proteins 

            The activation and degradation of maternal mRNAs is dependent on the stage of 

development (Schellander et al., 2007). As the follicles continue to grow, the gene transcripts 

essential for the growth of the oocytes and meiosis resumption keep on accumulating and are 

stored in the cytoplasm. Following accumulation of large amounts of maternal transcripts in the 

GV oocytes for various genes, the transcripts are continuously translated into proteins (Chen et 

al., 2011; Piccioni et al., 2005). These molecules regulate various key processes pertaining to 

nuclear maturation, namely meiotic spindle assemble, MII arrest maintenance, and mRNA 

clearance during maternal zygotic transition (MZT). These maternal mRNAs are degraded by 

either the maternal or zygotically encoded machineries (Walser & Lipshitz, 2011). 
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3.1.2.2 Arrangement of organelles 

            Cytoplasmic maturation of oocytes comprises of maturation of various organelles, such 

as mitochondria, endoplasmic reticulum and cortical granules (He et al., 2021). The structural 

and cytoskeletal reorganization that occurs during maturation of the oocytes requires a 

significant amount of ATP for these repositioning activities. Oxidative phosphorylation 

supported by mitochondrial function is the primary source of ATP, thus during maturation, the 

mitochondria undergo major changes leading to the redistribution of mitochondria, such that 

appropriate levels of ATP can be made available during crucial steps of development (Motta et 

al., 2000). A significant difference in the structure of endoplasmic reticulum (ER) is also 

observed between the mouse GV and MII oocytes (Mehlmann et al., 1995). For the mouse GV 

oocytes, no well-defined organs were visible in the ooplasm, whereas for the MII oocytes ER is 

present in the form of reticular network spread all over the cell (Mehlmann et al., 1995). 

Furthermore, the arrangement of ER was also different in the cows, where for the GV oocytes 

ER was found at the cortical position, while it was more homogenously dispersed as small 

clusters in the mature (MII) oocytes (Payne & Schatten, 2003).  

4 Oocyte competence  

 The developmental competence of the oocytes can be defined as the ability of the oocytes to 

resume meiosis (undergo maturation), ability to fertilize and successfully support all the stages of 

preimplantation embryonic development (Thomas & Vanderhyden, 2006). In order for the 

oocytes to be developmentally competent, they should comprise of all the required factors, such 

as follicular size, GVBD, hormonal stimulation, spindle assembly, chromosome migration, 

expression and degradation of maternal mRNA as well as proteins and arrangement of organelles 
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(Palma et al., 2012). Desired competence of the oocytes thus is a very complex and intricate 

process comprising of multiple underlying steps. The understanding of cellular signaling 

pathways functional between the granulosa cells and oocytes, as well as among granulosa cells 

themselves is of paramount importance to comprehend as well as improve the developmental 

competence of the oocytes during the in vivo as well as the in vitro treatments. The bidirectional 

communication between the COCs and cumulus cells and cumulus cells and mural granulosa 

cells plays an essential role in promotion of cell growth, proliferation, differentiation, and 

suppression of luteinization (Hussein et al., 2011; Li et al., 2000; Sutton-McDowall et al., 2012). 

For the past decade morphological assessment and biochemical assays were used to assess the 

oocytes as well as embryonic competence. Morphological assessment of the oocytes (COCs) is 

based on the number of layers of cumulus cells surrounding the oocytes and homogeneity of the 

ooplasm/extrusion of the first polar body, whereas the biochemical assays are based on the 

G6PDH activity (decrease in activity for the oocytes that have completed the growth phase and 

achieved developmental competence) (Torner et al., 2008; Verma et al., 2018). Even though 

these morphological and biochemical approaches are widely used as a method to select 

competent oocytes for in vitro embryonic development, other proteomic and metabolomic 

approaches should be utilized for recognizing proper developmental competence of the oocytes. 

Numerous molecular markers have been investigated, however no specific markers to assess 

competency of the oocytes have been identified (Bhardwaj et al., 2016; Sirard et al., 2003). Thus, 

more studies focussed towards identifying transcriptomic and proteomic markers are required to 

understand and enhance the developmental competence of the oocytes. One possible method is to 

study the intra-cellular and inter-cellular signaling pathways associated with COCs, cumulus 

cells and between granulosa cells and oocytes. 
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5 Granulosa Cell Proliferation, Differentiation and Luteinization 

 Granulosa cells are of paramount importance for ovarian development. These cells undergo 

numerous morphological and physiological changes in the ovary during the processes of 

follicular differentiation, ovulation, luteinization and atresia (May et al., 1990; Thomas & 

Vanderhyden, 2006). Granulosa cells produce specific peptides, such as inhibin, activin, and 

follistatin required for the regulation of follicular development. Inhibin (ability to inhibit) and 

activin (ability to stimulate) function as the antagonists and agonists, respectively, of Follicle 

Stimulating Hormone (FSH) (Hillier & Miro, 1993). Inhibin production decreases follicular 

growth, whereas the production of activin increases follicular growth (Eramaa et al., 1993; 

Roberts et al., 1993). Follistatin was first isolated from the follicular fluid and was initially 

identified as the inhibitor of FSH (similar to Inhibin), however later it was described as the 

Activin binding protein. Negative correlation between follistatin levels and progesterone levels 

in the follicular fluid, suggests follistatin to be a luteinizing agent as well as an important atretic 

factor (Chang et al., 2006). Follistatin inhibits the stimulatory actions of activin, thereby directly 

affecting the progesterone metabolism by granulosa cells and leading to the luteinization of the 

granulosa cells (Chang et al., 2006; Hillier & Miro, 1993).  

  Progesterone plays an important role in controlling the number of human luteal cells, via the 

autocrine and paracrine functions, eventually leading to the formation of corpus luteum 

(Chaffkin et al., 1993). An increase in the percentage of granulosa cells as well as a decrease in 

the luteal cell percentage, upon addition of progesterone, indicates an essential role of 

progesterone in maintaining the viability of granulosa cells, as well as their proliferation and 

differentiation. In addition to progesterone, PTX3 is yet another glycoprotein known to be 

elevated during luteinization of the granulosa cells. Even though the role of PTX3 was well 
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established in other species, the novel role of this glycoprotein molecule has been recently 

discovered in the cattle. PTX3 works in collaboration with interferon-tau (IFNT – pregnancy 

recognition signalling molecule in cattle) in the luteinization and henceforth the maintenance of 

corpus luteum (Basavaraja et al., 2020). 

  Interaction between oocytes and granulosa cells, among granulosa cells, and between 

granulosa and theca cells plays a crucial role in the regulation of follicular development and 

oogenesis. This interaction is mainly established through gap junctions, which consists of the 

connexin (Cx) family proteins. Other cellular and molecular signaling pathways associated with 

granulosa cell proliferation are p38MAPK pathway (Mitogen activated protein kinase pathway), 

PI3K/AKT pathway, and ERK1/2 (Extracellular signal-regulated Kinase) pathway. ERK and p38 

specific chemical inhibitors inhibit the FSH mediated follicular development, suggesting a 

significant role of both ERK and p38 for FSH dependent survival of granulosa cells (Tamura et 

al., 2004). PI3K-AKT plays an important role in the activation of primordial follicle regulation in 

the mouse model (Fan et al., 2008; John et al., 2008). 

6 The Hippo Signaling Pathway During Ovarian Development and Folliculogenesis 

       Various cell signaling pathways have been investigated to play an essential role in granulosa 

cell proliferation and differentiation (Kranc et al., 2017; Yu et al., 2005). Recently, the role of an 

important cell signalling pathway, known as the Hippo signalling pathway, has been established 

in follicular growth and in maintaining ovarian physiology. Hippo signalling pathway plays an 

essential role in the regulation of organ size and development (Kodaka & Hata, 2015). Various 

studies elucidate the effect of actin-polymerization dependent effects of Hippo pathway 

components in the regulation of follicle development. The stiffness of the matrix (or the tissue) 
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promotes cell proliferation and cell invasion (Paszek et al., 2005). The primordial follicles are 

located in the cortex of the ovary, which is more rigid than the inner medulla of the ovary. The 

Hippo signalling pathway is disrupted in the primordial follicle present in the cortex due to the 

stiffness, whereas the cell signaling pathway is activated in the inner medullar region, as the 

follicle continues to grow and is recruited to the inside of the ovary (Hsueh et al., 2015). 

6.1 MST1/2 Kinase During follicular Development and Cellular Proliferation 

       Mammalian sterile twenty like 1 (MST1 or STK4) and Mammalian sterile twenty like 2 

(MST2 or STK3) are the mammalian orthologs for the Drosophila Hpo protein kinase (Praskova 

et al., 2008). MST protein kinase was first discovered in fruit fly (Drosophila melanogaster) and 

termed as ‘Hpo’, as deletion of this gene lead to tissue overgrowth, thereby gaining the 

phenotype of a hippopotamus (Staley & Irvine, 2012; Valero et al., 2015). In addition to tissue 

overgrowth, loss of Hpo in Drosophila also resulted in cell cycle defects, suggesting an essential 

role of these components in cell growth and proliferation (Harvey et al., 2003; Wu et al., 2003). 

Furthermore, an increase in the rate of apoptosis was also observed in the Hpo deficient/mutant 

clones (Wu et al., 2003). Hippo deficiency in Drosophila can be complemented by human 

MST2. Deficiency of Hpo in the developing eye leads to tissue overgrowth due to an increase in 

the rate of proliferation and decrease in apoptosis (Wu et al., 2003). MST1/2 have been 

demonstrated to be expressed in the bovine granulosa as well as theca cells, however the role of 

these components in mammalian granulosa cell development and folliculogenesis is still 

unknown. Further studies using MST specific chemical inhibitors and/or MST-specific siRNAs 

or GapmeRs are required to elucidate the role of these components during bovine granulosa cell 

proliferation, oocyte development and embryogenesis. XMU-MP-1 is a dose dependent selective 
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inhibitor for MST1 and MST2 (Fan, He, Kong, Chen, Yuan, Zhang, Ye, Liu, Sun, Geng, Yuan, 

Hong, Xiao, Zhang, Sun, et al., 2016).  

6.2 LATS1/2 Kinase During Follicular Development and Cellular Proliferation 

          Large Tumor suppressor 1 and 2 (LATS1 and 2) are the two mammalian homologs of 

WARTS (Wts) protein kinase of Drosophila. LATS1 and 2 are characterized as tumor 

suppressor genes, as disruption of LATS1 in mice leads to ovarian tumors and soft tissue 

sarcoma (Chan et al., 2005; St John et al., 1999). In Drosophila embryos, LATS1 and 2 are 

known to play an important role in cell cycle progression and regulation of cellular apoptosis 

(Tapon et al., 2002). LATS1 and 2 have also been identified in bovine granulosa and theca cells 

(Plewes et al., 2019b), however the role of these core cascade components of Hippo pathway in 

bovine granulosa cells and embryonic development requires further validation. In human 

embryonic kidney cell lines, MST2 phosphorylates LATS1, thereby activating the Hippo 

signaling pathway and henceforth potentially affecting cell growth and proliferation (Wu et al., 

2003). Furthermore, human LATS1 and 2 components are known and are implicated in the 

regulation of cell cycle progression, induction of apoptosis, and cytokinesis. However, their 

functions need to be further validated. LATS1/2 also play an essential role in the growth, 

proliferation as well as differentiation of bone marrow derived mesenchymal stem cells 

(BMSCs). Increase in LATS1 and LATS2 expression causes a corresponding increase in the 

phosphorylation of downstream effectors of Hippo pathway, thereby activating the Hippo 

pathway and inhibiting cell growth and proliferation (Stefano Piccolo et al., 2014). Contrary to 

these observations, a significant decrease in the phosphorylation of the downstream effectors and 

subsequent cell growth and proliferation were observed, upon low expression (inhibition) of 
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LATS1 and 2 (Ehmer & Sage, 2016). The Hippo pathway-dependent regulation of cell 

proliferation and differentiation varies among cell types and culture conditions (Yu & Guan, 

2013). Tsoi et al. reported that LATS1/2 have a key role in maintaining proper granulosa cell 

genetic expression, protecting their morphology and function. Disruption of LATS1/2 resulted in 

significant morphological, functional, and genetic changes in the ovary, creating an unsuitable 

environment for fertility (Tsoi et al. 2019). 

6.3 YAP1 and TAZ – Downstream Effectors of Hippo Pathway 

6.3.1 Role of YAP1 during granulosa cell proliferation, oocyte development and 

folliculogenesis 

            The role of YAP1 and TAZ (Transcriptional Co-Activator with PDZ Binding Domain) 

has been studied during oocyte development, folliculogenesis, and granulosa cell proliferation in 

various organisms. YAP1 is present in the cytoplasm during all the stages of oocyte maturation 

and granulosa cell proliferation (Abbassi et al., 2016). Phosphorylation of YAP1 at S112 enables 

association of YAP with 14-3-3 proteins, leading to the cytoplasmic retention of YAP throughout 

multiple stages of development of the oocyte (Abbassi et al., 2016). Furthermore, maternal 

knockdown of YAP1 in the oocyte showed no significant effects on its maturation (Yu et al., 

2016). This cytoplasmic retention of YAP1 suggests nuclear YAP1 does not play a physiological 

role in oocyte maturation, and it is not required for the process of its maturation in mice.  

Several reports suggest the paramount importance of YAP1 in granulosa cell proliferation 

(Lv et al., 2019). Two crucial steps associated with folliculogenesis are 1) granulosa cell 

proliferation and 2) estrogen synthesis (Palma et al., 2012). Inhibition of YAP1 significantly 
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reduces FSH dependent production of Estrogen, suggesting a potential role of the Hippo pathway 

in ovarian steroidogenesis required for successful folliculogenesis (Plewes et al., 2019b). YAP1 

has been demonstrated as an essential regulator of granulosa cell proliferation, without which 

proper follicular development and subsequent successful reproduction cannot occur (Lv et al., 

2019; Plewes et al., 2019b). YAP1 is thus a promising target for the treatment of subfertility 

problems associated with granulosa cell proliferation (Lv et al., 2019). YAP1 has also been 

shown to play a critical role in normal follicular development through mediating growth and 

proliferation of granulosa cells and the ability of cells to contribute to steroid biosynthesis 

(Plewes et al. 2019). Sun and Diaz in 2019 also concluded that YAP1-mediated mechanism is 

responsible for differentiation of granulosa cells and their survival during ovulation (Sun and 

Diaz 2019). The same study also shed light on the complex signalling interactions between 

granulosa cells and oocytes, which involved YAP1 (Sun and Diaz, 2019).  

6.3.2 Role of TAZ during granulosa cell proliferation, oocyte maturation and folliculogenesis 

            Even though YAP1 and TAZ have been paired as the paralogs of one another in the 

literature, significant differences in the function of these two components have been observed 

during granulosa cell proliferation and development of ovarian follicles (Plewes et al., 2019b). 

The protein expression levels of YAP1 remain consistent through all the stages of 

folliculogenesis, whereas a decrease in the levels of TAZ was observed with an increase in the 

size of follicles (Plewes et al., 2019a). YAP1 is predominantly present in the cytoplasm however 

TAZ is present in the nucleus (Sun et al., 2015). Contrary to TAZ, a decrease in the levels of 

YAP1 was also observed in the luteal cells (Plewes et al., 2019b). These results are similar to 

those observed in various other cell lines and tissues where YAP1 and TAZ play different roles 
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in cellular growth and proliferation (Reggiani et al., 2021; Sharma et al., 2021). In addition to 

multiple similarities, various structural and functional differences have been reported between 

YAP1 and TAZ components of Hippo pathway. TEAD1-4 and SMADs are the common targets 

for YAP1 and TAZ transcription, however inhibitory functions of SMAD-7 are only regulated by 

YAP1, but not TAZ (Ferrigno et al., 2002). Furthermore, in human cell lines, YAP1 has been 

shown to play a more important role in the regulation of proliferation and volume of cells. For 

instance, deletion of YAP1 impairs glucose reuptake by the cells, thereby arresting the process of 

cellular proliferation. On the contrary no such effects have been observed on deletion of TAZ 

(Kodaka & Hata, 2015; Plouffe et al., 2018). 

7 Preimplantation embryonic development until blastocyst formation  

       The preimplantation period of development is broadly classified as the time from 

fertilization to mammalian blastocyst formation. The time required for blastocyst development 

varies among multiple species, ranging from 4.5 days in mice, 6-7 days in humans to 7-9 days in 

cattle (Gao et al., 2017; Niakan et al., 2012; Perkel et al., 2015; Schultz & Heyner, 1992). 

Blastocyst formation is one of the most critical steps during the period of preimplantation 

embryogenesis (Watson, 1992).  

        Successful fertilization of an oocyte with sperm leads to zygote formation (Niakan et al., 

2012; Schultz & Heyner, 1992; Wei et al., 2017). The zygote then undergoes multiple mitotic 

divisions, thereby progressing to later stages of embryogenesis. These cell divisions, intrinsically 

driven by multiple cell signalling pathway and polarity protein complexes, subsequently lead to 

the process of embryonic lineage specification leading to the formation of morphologically 
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distinct structures, namely the morula and the blastocyst (Alarcon, 2010; Jedrusik et al., 2008; 

Wicklow et al., 2014; Yadav et al., 1993). 

        In the case of mouse embryos, the process of compaction is initiated at the 8-cell stage 

(approximately day 2.5 post insemination) when the blastomeres compact and adhere to each 

other to develop into the morula (Suwinska et al., 2008; White & Plachta, 2015). By comparison, 

in bovine embryos compaction is initiated at the 16-cell stage (approximately day 5 post 

insemination) of preimplantation embryogenesis, thereby leading to the formation of the morula 

(Peippo et al., 2011). The nature and type of cells within an embryo changes as embryonic 

development proceeds (Zernicka-Goetz et al., 2009). Until the 2-cell stage of mouse 

embryogenesis, the blastomeres are totipotent and apolar in nature (Condic, 2014). However, 

during the subsequent stages of preimplantation embryogenesis some of the blastomeres become 

polarised in nature. By the morula stage, the majority of the mouse blastomeres become 

pluripotent (Condic, 2014). Polarisation of the blastomeres can be attributed to a number of 

apical-basal and basal-lateral polarity protein complexes.  

The process of compaction is followed by the formation of blastocoel cavity, known as 

cavitation which occurs during the formation of blastocyst (A. Den Hollander et al., 1999) . In 

addition to cavitation, blastocyst formation is characterized by the establishment of two 

important cell lineages, known as trophectoderm (TE) and inner cell mass (ICM) (Bolmberg et 

al., 2008; Fleming, 1987). Multiple classic models, such as “the pre-pattering model”, “the 

inside-outside theory” and “the cell polarity theory” can be used to explain the formation of 

trophectoderm (TE) and inner cell mass (ICM).  
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According to the “pre-patterning theory” cell fate specification depends on the molecular 

determinants that are asymmetrically localized in the oocyte during maturation and upon 

fertilization. These determinants are differentially segregated during the cleavage events 

following fertilization and the cell fate decision depends on the molecular determinant received 

by the daughter cell (Wennekamp et al., 2013).  

According to the “inside outside theory” postulated by Tarkowski & Wroblewska, the 

blastomeres present on the outside of a totipotent embryo become the trophectoderm/placenta, 

whereas the blastomeres present inside the embryo become inner cell mass/fetus (Wroblewska & 

Joanna, 1967). This theory focuses on the position of blastomeres at the 8-cell stage and suggests 

that position of the blastomeres dictates the formation of trophectoderm and inner cell mass 

during the formation of a blastocyst (Wroblewska & Joanna, 1967).  

The “cell polarity theory” postulated by Johnson & Ziomek suggests that at the 8-cell 

stage the polarization of cells is initiated. Polar cells form the outer Trophectoderm (TE) whereas 

the apolar cells become the inner cell mass (ICM) (Johnson & Ziomek, 1981). Each of these 

three classic models and their combinations have been used to interpret the results related to the 

process of cell fate specification during blastocyst formation. However, neither of these models 

can be successfully used to explain the recent advances observed regarding cell fate specification 

during mouse blastocyst formation (Dietrich & Hiiragi, 2007; Ralston & Rossant, 2008).  

Recently, another theory known as the “self-organization theory” postulated by Nodal 

and Lefty has been shown to explain the new observations made about the process of lineage 

segregation during mouse blastocyst formation. According to this theory also known as the 

“reaction-diffusion pattern mechanism”, the process of cell fate specification is not just 
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dependent upon one single factor, but is dependent on multiple variables such as cell division 

pattern, cell shape, cell adhesion and lineage specific gene expression (Nakamura et al., 2006; 

Wennekamp et al., 2013).  

Numerous cell signaling pathways, such as the Wnt, Notch, MAPK and Hippo signaling 

pathways play a significant roles in cell fate specification and therefore are involved in the 

formation of blastocysts (Denicol et al., 2013; Madan et al., 2005; Nishioka et al., 2009; Teresa 

Rayon & Miguel, 2014).  

8 Hippo Signaling Pathway – Major components and their localization  

       The Hippo signaling pathway is known to be an important regulator of cell growth and 

development. The components of this cell signaling pathway can be broadly categorised as 

follows: upstream regulators, core cascade components and downstream effectors of the pathway 

(Sharma & Madan, 2020).  

8.1 Upstream regulators of the Hippo Signaling Pathway  

8.1.1 Cell-cell contact and cell polarity  

            Various studies conducted in the mouse model demonstrate that cell-cell contact and 

AMOT (Angiomotin)-NF2-PARD6B mediated cell polarity are the key mediators activating the 

Hippo signaling pathway (Anani et al., 2014; Cockburn et al., 2013; Hirate et al., 2013). During 

early mammalian embryogenesis, cell polarisation and compaction are initiated at the 8-cell 

stage (Johnson et al., 1986). This apical-basal and basolateral polarisation of blastomeres, during 

the post compaction stages, provide clues for lineage segregation during blastocyst formation in 

preimplantation embryonic development (Sasaki, 2017).  



 

 

23 

8.1.2 How does cell-cell contact, and cell polarity affect the Hippo signaling pathway?  

            The mouse model is the most widely studied model to illustrate the effects of cell-cell 

contact on the Hippo signaling pathway components and the subsequent formation of the 

blastocyst (Nishioka et al., 2009). Inhibition of E-cadherin mediated cell-cell contact has been 

shown to inactivate the Hippo signaling pathway (Nishioka et al., 2009; Stephenson et al., 2010). 

Inactivation of this cell signaling pathway, as a consequence of E-cadherin mediated cell-cell 

contact inhibition, interferes with lineage segregation and, in turn, proper blastocyst development 

during mouse preimplantation embryogenesis (Nishioka et al., 2009; Stephenson et al., 2010).  

E-cadherin is expressed during all the post compaction stages of bovine embryogenesis 

(Zeng et al., 2013). E-cadherin, along with other catenins, has been shown to play an essential 

role in establishing cell-cell contact in early bovine embryogenesis. However, the role of E-

cadherin mediated cell-cell contact in the initiation of the Hippo signaling pathway during 

bovine embryogenesis is yet to be explored.  

In addition to cell-cell contact, cell polarity is another important upstream regulator of 

the Hippo signaling pathway. AMOT (Angiomotin) and Nf2 (neurofibromin type 2) apical 

polarity proteins, are known to be significant regulators of this cell signaling pathway in mouse 

and bovine embryos (Hirate et al., 2013; Negron-Perez & Hansen, 2018).  

AMOT family protein components have been shown to play an important role in the 

activation of the Hippo signaling pathway during mouse preimplantation embryo development 

(Hirate et al., 2013). During mouse blastocyst formation, knockdown of AMOT protein represses 

the Hippo signaling pathway in the apolar ICM blastomeres, whereas the Hippo signaling 
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pathway still remains active in the polar TE blastomeres (Hirate et al., 2013). However, in the 

case of bovine embryogenesis, no effect was observed on the gene expression of YAP1 (Yes 

Associated Protein 1) and TEAD4 (TEA Domain Transcription Factor 4), the major downstream 

effectors of Hippo signalling pathway (Negron-Perez & Hansen, 2018).  

Although the presence of AMOT has been established both in mouse and bovine 

embryos, the role of these cell signaling pathway components in bovine embryogenesis and in 

the subsequent cell fate specification is still unknown (Negron-Perez & Hansen, 2018; Sharma & 

Madan, 2020). In addition to the AMOT polarity protein, RHOA, a small molecule G protein is 

known to play a significant role in TE differentiation during bovine blastocyst formation (Kohri 

et al., 2020). Specific chemical inhibition of this protein molecule inhibits YAP1, thereby 

playing an important role in TE differentiation during bovine blastocyst formation (Kohri et al., 

2020).  

Nf2 is another membrane bound protein known to play a significant role in embryonic 

cell fate specification (Cockburn et al., 2013). Inhibition of Nf2 causes differences in YAP1 

localization, thereby aiding in the segregation of TE and ICM during mouse blastocyst formation 

(Cockburn et al., 2013; Hirate et al., 2013). This suggests that Nf2 plays a vital role as an 

upstream regulator of the Hippo signaling pathway in mouse embryogenesis (Figure 2). 
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Figure 2. Schematic illustration of the differences in the localization of the upstream regulators 
and the core cascade components of Hippo signaling pathway during murine and bovine 
embryogenesis. (a) Organization hierarchy of upstream regulators (AMOT and NF2) and core 
cascade components (MST1/2 and LATS1/2 protein kinases) of Hippo signaling pathway during 
pre-compaction stages (2-cell to 8-cell stages) of mouse embryogenesis. Arrows represent the 
direction of activation of the protein kinase components. (b) Protein localization of the upstream 
regulators (AMOT and NF2) and the core cascade components (MST1/2 and LATS1/2) of Hippo 
signaling pathway during pre-compaction stages of bovine embryogenesis. Dotted arrows 
represent potential link in the activation of the protein kinase components. (c and d) Localization 
of AMOT, NF2, MST1/2 and LATS1/2 in TE (Trophectoderm) and ICM (Inner Cell Mass) 
during blastocyst formation in murine and bovine models, respectively. (c-i) Hippo signaling 
pathway is inactive (Hippo “Off”) in the outer polar TE cells where AMOT causes the nuclear 
retention of YAP1. (c-ii) Hippo signaling pathway is active (Hippo “On”) in the apolar ICM cells 
where AMOT causes the phosphorylation of LATS1/2 and henceforth the cytoplasmic retention 
of p-YAP1. (d-i and ii) Protein localization of upstream regulators (AMOT) and core cascade 
components (MST1/2 and LATS1/2) of Hippo signaling pathway components in TE and ICM 
during bovine blastocyst formation. Dotted lines represent proposed mechanism of functioning 
of Hippo signaling pathway during (i) TE and (ii) ICM formation. 
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8.2 Core components of the Hippo signaling pathway – MST and LATS protein kinase  

8.2.1 MST protein kinase  

            The core components of the Hippo signaling pathway include MST1/2 (Mammalian 

Sterile Twenty like 1 and 2) and LATS 1/2 (Large tumor Suppressor 1 and 2) (Meng et al., 

2016).  

MST protein kinase plays a significant role in inhibiting cell proliferation and promoting 

apoptosis during mouse embryogenesis (S. Oh et al., 2009). Studies of mouse embryonic stem 

cells and embryos, suggest that MST1 and 2 can functionally compensate for each other (Li et 

al., 2013). Mst 1 or 2 single knockout mice were fertile and showed normal embryonic 

development with no significant developmental or immunological defects (S. Oh et al., 2009). In 

contrast, Mst1/2-/- double knockout mice died in utero with severe developmental defects, after 

8.5 days of embryonic development (S. Oh et al., 2009).  

Similarities have been observed in the localization of MST1 and 2 in bovine and mouse 

embryos (Oh et al., 2009; Li et al., 2013). In both species, MST 1 and 2 are localised in the 

cytoplasm, suggesting a similar role of these components in both mouse and bovine early 

embryo development (Figure 2). 

8.2.2 LATS protein kinase  

In addition to MST protein kinase, the core cascade of the Hippo signaling pathway 

consists of LATS1 and 2 (Chan et al., 2005; Kodaka & Hata, 2015; Oka et al., 2008). LATS 

protein kinase plays a significant role in cell fate specification and the subsequent formation of 
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the inner cell mass during mouse blastocyst development (Chanchao Lorthongpanich et al., 

2013). LATS protein kinase regulates the nuclear-cytoplasmic shutting of YAP1 and TAZ. 

During early mouse embryonic development, LATS protein kinase is known to phosphorylate 

YAP1 and retain the protein in the cytoplasm of the inner cells of the blastocyst (Chanchao 

Lorthongpanich et al., 2013). Knockdown of LATS1/2 protein kinase, at the zygote stage, 

increases nuclear YAP localisation in the inner cells during preimplantation mouse 

embryogenesis (Nishioka et al., 2009). Nuclear localization of YAP1 causes inactivation of the 

Hippo signaling pathway in the inner cells of the mouse blastocyst, whereas in the outside cells 

LATS protein kinase causes YAP1 phosphorylation leading to increased cytoplasmic retention of 

p-YAP in the outside cells.  

Even though the localization and role of LATS1 and 2 are well understood in early 

mouse embryos, no such information is available regarding preimplantation bovine 

embryogenesis (Figure 2). Future experiments should focus on inhibiting LATS1/2 to establish 

the mechanism of action of the Hippo pathway during bovine embryogenesis.  

8.2.3 How do the core cascade components of the Hippo signaling pathway affect mammalian 

embryo development?  

LATS protein kinase has been suggested to be the inter-mediatory link relaying signals 

between E-cadherin mediated cell-cell contact and YAP1. During mouse preimplantation 

embryogenesis, LATS protein kinase acts as a key regulator in the transmission of E-cadherin 

mediated cell-cell contact cues to the activation of the Hippo signaling pathway (Sasaki, 2015). 

During mouse blastocyst formation, LATS-mediated Hippo signaling is inactive in the outer 

cells (TE), whereas this cell signaling is active in inner cells (ICM) due to phosphorylation of 
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LATS (p-LATS), thereby leading to activation of the Hippo signaling pathway (Hirate et al., 

2013; Sasaki, 2015) (Figure 2).  

8.3 Downstream effectors of the Hippo signaling pathway  

8.3.1 YAP1 and TAZ  

Recently, various studies have suggested that YAP1 and TAZ (or WWTR1) are key 

regulators of numerous other cell signaling pathways in addition to the Hippo signaling pathway 

(Piccolo et al., 2013) and therefore could be an important conduit for the cross talk between 

various other signaling pathways during early embryogenesis.  

In the mouse model, translocation of Hippo signaling pathway co-activators, YAP and 

TAZ, between the nucleus and cytoplasm cause the activation or inactivation of this signaling 

pathway (Nishioka et al., 2009). When the cell signaling pathway is active (ON), YAP and TAZ 

are present in the cytoplasm in their phosphorylated forms (p-YAP and p-TAZ), whereas when 

this cell signaling pathway is inactive (OFF) YAP/TAZ enter the nucleus and cause activation of 

TEAD family transcription factors. During preimplantation mouse embryogenesis, YAP and 

TAZ are present in the cytoplasm during the pre-compaction stages but are localized in the 

nucleus during the post compaction stages.  

Localization of the co-activators of the Hippo signaling pathway is different between 

mouse and bovine embryos (Le Bin et al., 2014; Nishioka et al., 2009; Sharma & Madan, 2020). 

During mouse embryogenesis, p-YAP1 is present in the cytoplasm at stages of preimplantation 

embryo development. During bovine embryogenesis, TAZ is present in the cytoplasm during the 
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pre-compaction stages; after the 8-cell stage, however, TAZ is localised in the nucleus in some 

of the blastomeres (Sharma & Madan, 2020).  

In addition to TAZ, YAP1/p-YAP1 is another important downstream regulator of the 

Hippo signaling pathway. Similar to mouse embryos, YAP1 is localized in the nucleus during 

pre- and post-compaction stages of development (Negrón-Pérez and Hansen 2017). By contrast, 

localization of p-YAP has been shown to be distinct in bovine embryos in comparison to mouse 

embryos (Sharma & Madan, 2020). In the pre-compacted bovine embryos, p-YAP has been 

shown to be present in both the nucleus and cytoplasm, whereas in the post compaction stages of 

bovine preimplantation embryogenesis, p-YAP is predominantly present only inside the nucleus 

(Sharma & Madan, 2020) (Figure 3). This distinct localization of the downstream effectors of the 

Hippo signaling pathway in early bovine embryogenesis suggests that this pathway is 

differentially activated in bovine embryos as compared to mouse embryos. Further chemical 

inhibition and/or siRNA knockdown studies are required to validate the role of the Hippo 

signaling pathway components in bovine embryos. 

8.3.1.1 How do the downstream effectors of the Hippo signaling pathway affect mammalian 

preimplantation embryo development?  

YAP1 and TAZ are the major downstream effectors of the Hippo signaling pathway. 

Nuclear-cytoplasmic localization of these co-activators affects cell growth and proliferation. 

Recently, various pharmacological inhibitors, such as Statins and Verteporfin, and functional 

studies/experiments, such as using GapmeR treatment and siRNA knockdown, have been 

performed to inhibit Hippo signaling pathway co-activators, YAP1 and TAZ, in multiple human 

cell lines and mammalian embryos (Alarcon & Marikawa, 2016; Sorrentino et al., 2014). 
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Chemical inhibition, such as Statin treatment has been shown to diminish the size of the 

blastocoel cavity and decrease the nuclear expression of YAP1 in mouse embryos, however no 

such information is available in the bovine model. Recent reports suggesting differences in the 

localization of the downstream effectors (p-YAP1 and TAZ) of Hippo signaling pathway 

components in bovine embryos as compared to the established hierarchy of the signaling 

pathway in the mouse embryos. Further inhibition studies are required to investigate the role of 

nuclear p-YAP1 (Sasaki, 2015; Strumpf et al., 2005). These inhibition studies will demonstrate 

the role of these cell signaling pathway components in cell fate specification and the subsequent 

differentiation of TE and ICM.  

8.3.2 TEAD family as the downstream effectors of YAP1 and TAZ  

TEAD4 induces the transcription of CDX2 (Caudal type Homeobox 2), SOX2 (SRY-

related HMG box 2) and OCT4 (Octamer binding transcription Factor 4, also known as 

POU5F1), which have been established as the important biomarkers for TE and ICM 

specification (Keramari et al., 2010; Le Bin et al., 2014). During preimplantation mouse 

embryogenesis, CDX2 has been established as the significant maker for the TE cells, whereas 

SOX2 and OCT4 are important ICM markers (Keramari et al., 2010; Nishioka et al., 2008).  

During mouse embryogenesis, interaction of TEAD family transcription factors 

(especially TEAD4) with YAP1 plays an essential role in the formation of TE (Nishioka et al., 

2009; Nishioka et al., 2008). TEAD4 transcripts are present during all the stages of mouse 

embryogenesis; however, the nuclear localization of TEAD4 is initiated at the 8-16 cell stage. 

When present inside the nucleus TEAD4 causes the transcription of CDX2. Inhibition of TEAD4 

decreases the expression of CDX2; however no such effect was observed on the ICM 
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transcription factors (Keramari et al., 2010). Another study further validated these results by 

elucidating that the overexpression of TEAD4 has been shown to cause a parallel increase in the 

expression of CDX2. This finding suggests that TEAD4 is an important regulator of TE 

formation (Nishioka et al., 2009). SOX2 is expressed in the nucleus during all the stages of 

mouse preimplantation embryo development (Frum et al., 2019). During the formation of a 

blastocyst, SOX2 is exclusively present in the nucleus of apolar ICM cells (Frum et al., 2019). 

SOX2 is the first pluripotency marker known to be expressed in the inner cells of the mouse 

blastocyst (Frum et al., 2018; Wang et al., 2004). Similar to SOX2, another ICM marker, OCT4, 

has been shown to be universally present during all the stages of mouse embryogenesis, however 

the expression peaks at the 16-cell stage and the nuclear presence of OCT4 is restricted to the 

ICM during blastocyst formation (Niwa et al., 2005). Another study suggests that the role and 

expression of OCT4 is dependent on the ability of OCT4 to form a complex with CDX2, where 

CDX2 is responsible for the inhibition of OCT4 expression in the TE cells during the formation 

of blastocyst (Sakurai et al., 2017) (Figure 3).  
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Figure 3. Schematic illustration of the differences in the localization of downstream effectors of 
Hippo signaling pathway during murine and bovine embryogenesis. (a) Mechanism of activation 
of TEAD4 and other transcription factors (CDX2, SOX and OCT4) of Hippo signaling pathway 
during pre-compaction stages (from 2-cell to 8-cell stage) of mouse preimplantation 
embryogenesis. The arrows represent the inhibitory mechanism between CDX2 and OCT4 in 
murine model. (b) Protein localization of downstream effectors (p-YAP1, TEAD4 and SOX2) of 
Hippo signaling pathway. p-YAP1 is localized in the nucleus and untraceable amounts of 
TEAD4 and SOX2 detected during pre-compaction stages of early bovine embryogenesis. (c and 
d) Localization of p-YAP1 and TEAD4 transcription factors (CDX2, SOX2 and OCT4) in TE  
(trophectoderm) and ICM (Inner Cell Mass) during blastocyst formation in murine and bovine 
models, respectively. (c-i) In the outer polar TE cells (Hippo “Off”) YAP1 in collaboration with 
TEAD4 causes the transcription of CDX2. OCT4 expression is thus inhibited by CDX2, aiding 
in the process of TE differentiation. (c-ii) In the apolar ICM cells Hippo signaling pathway is 
active (Hippo “On”) SOX2 and OCT4 are exclusively present in the nucleus. In the ICM, OCT4 
supresses the expression of CDX2 and facilitates the formation of ICM. (d-i and ii) Protein 
localization of downstream effectors (p-YAP1) and TEAD4 transcription factors (CDX2, SOX2 
and OCT4) of Hippo signaling pathway in TE and ICM during bovine blastocyst formation. 
Dotted line represents proposed mechanism of TEAD4 and CDX2 interaction during bovine TE 
differentiation. 
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In the case of bovine embryos, TEAD4 did not significantly affect gene expression of 

CDX2 or other TE/ICM transcription factors such as OCT4 and SOX2 (Keramari et al., 2010). In 

contrast to mouse embryos, where SOX2 expression was initiated at the 2-cell stage, the protein 

expression of SOX2 was initiated at the 16-cell stage of embryogenesis (Gorlich & Kutay, 1999). 

These conflicting reports suggest potential differences in the mechanism of TE and ICM 

formation as well as differentiation during early mouse and bovine embryonic development 

(Goissis & Cibelli, 2014b) (Figure 4).  

9 Unanswered questions about the Hippo signaling pathway during embryogenesis  

            Is the activation of the Hippo signaling pathway dependent on cell-cell contact or cell 

polarity in early bovine embryos? Although, the presence of the AMOT polarity protein has been 

established during both mouse and bovine embryogenesis, further studies are required to reveal 

the role of this polarity protein in the activation of Hippo signaling pathway during bovine 

blastocyst formation (Negron-Perez & Hansen, 2018). A second question that remains to be 

answered is about the role of MST1 and 2 during bovine embryogenesis. The localization of 

MST1 and 2 have been established to be the same as mouse embryos, however the function of 

this protein kinase during bovine embryogenesis remains unknown (Sharma and Madan, 2019). 

A third question pertains to the core cascade components (LATS1/2) of the Hippo signaling 

pathway. Is the function of LATS1/2 during bovine embryogenesis dependent on the signal 

received from MST1/2 protein kinase or does it act independent of MST kinase and receive 

direct signals from the AMOT polarity protein, in a manner similar to that established during 

mouse embryogenesis (Chanchao Lorthongpanich et al., 2013; Nishioka et al., 2009)? This 

information will fill the existing gaps in our knowledge pertaining to the mechanism of Hippo 

signaling pathway activation during early bovine embryo development and will shed more light 
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on the process of blastocyst formation. Lastly, why is p-YAP1 translocated to the nucleus during 

all the stages of early bovine embryogenesis (Sharma & Madan, 2020)? Further studies about p-

YAP1 and other downstream effectors (YAP1, TAZ, p-TAZ, TEAD4, CDX2, SOX2 and OCT4) 

of the Hippo signaling pathway will help us better understand the process of cell fate 

specification and the concept of lineage segregation during the formation of a blastocyst. 
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RATIONALE 

The role of the Hippo pathway was first discovered in Drosophila, where the components 

of this cell signaling pathway play essential roles in cell growth and proliferation (Harvey et al., 

2003). The components of this cell signaling pathway are also conserved among mammalian 

species, such as cows, humans, pigs and mice (Emura et al., 2020; Sharma & Madan, 2020; 

Teresa Rayon & Miguel, 2014; Yu et al., 2012). Hippo signaling pathway components play an 

essential role during granulosa cell proliferation, oocyte maturation and blastocyst formation in 

the mouse model (Lv et al., 2019; Yu et al., 2016).  

In the mouse model, the activation of Hippo signaling by various upstream regulators, 

such as cell-cell contact and cell polarity, phosphorylates the core cascade components (MST1/2 

and LATS1/2) of the pathway. This phosphorylation leads to the activation of the downstream 

effectors (YAP1 and TAZ). When YAP1 and TAZ are present in the cytoplasm the pathway is 

inactive (or turned “off”), whereas when YAP1 and TAZ are present in the nucleus, the pathway 

is active (turned “on”). The nuclear localization of YAP1 and TAZ leads to an increase in cell 

growth and proliferation. Even though the organizational hierarchy and functions of these cell 

signaling pathway components have been well established in the mouse model, no such 

information about the role of these components is available during bovine granulosa cell 

proliferation and embryonic development.  

Recently several reports have established the roles for YAP1 in folliculogenesis and 

granulosa cell proliferation in the bovine model (Plewes et al., 2019b). These results suggest that 

nuclear localization of the downstream effector of Hippo signaling pathway (YAP1 and TAZ) is 

inversely correlated to granulosa cell density (Plewes et al., 2019b). These results also suggest 
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that YAP1 and TAZ play an essential role in granulosa cell proliferation and estradiol synthesis, 

thereby regulating follicular development (Plewes et al., 2019b). In addition to the granulosa 

cells, YAP1 also plays an essential role in bovine blastocyst formation (Negron-Perez & Hansen, 

2018; Yamamura et al., 2020). Chemical inhibition and/or GapmeR specific inhibition of YAP1 

has been shown to decrease the number of blastocysts formed in the treatment group in 

comparison to the control group (Negron-Perez & Hansen, 2018). Another study suggests YAP1 

nucleocytoplasmic shutting to be controlled by actin cytoskeletal organization (Yamamura et al., 

2020). Even though the role of YAP1 has been partly studied in the bovine embryos, no such 

information is available about the regulation of YAP1 during the pre-compaction and the morula 

stages of bovine embryogenesis. In addition to YAP1, no information is available about the role 

of the core cascade components (MST1 and LATS1) of the pathway during bovine 

preimplantation embryonic development. 

Hypothesis 

Disruption of the Hippo signaling pathway proteins MST1 and YAP1, via chemical inhibitors 

and GapmeR specific knockdown, obstructs bovine granulosa cell proliferation, COC maturation 

and blastocyst development in the bovine. 

Objectives 

1.  Evaluate the effect of cerivastatin and XMU-MP-1 mediated chemical inhibition during the 

pre-compaction and post-compaction stages of embryonic development. 
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• These studies will identify the roles of YAP1 (downstream effector of the pathway) 

during all the stages (pre-compaction and post-compaction) of bovine preimplantation 

embryonic development. 

2.  Elucidate the roles of Hippo-YAP1 signaling during bovine granulosa cell proliferation in 

vitro. 

• These studies will clarify the roles of LATS1 and YAP1 during bovine granulosa cell 

proliferation. 

3.  Determine the roles of MST1 during bovine granulosa cell proliferation and blastocyst 

development. 

• These studies will establish the role of MST1, a core cascade component of Hippo 

signaling pathway- during bovine granulosa cell proliferation and blastocyst formation. 
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Chapter Two 

 

 

Hippo Signaling Pathway is Differentially Regulated During the Pre-Compaction and 
Post-Compaction Stages of Bovine Preimplantation Embryogenesis 
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Abstract 

Background 

The Hippo signaling pathway is an important regulator of lineage segregation (Trophectoderm-

TE and Inner Cell Mass-ICM) during blastocyst formation in mouse embryos. However, the role 

of these components during bovine embryonic development requires further investigation. This 

study was thus designed to interpret the role of Hippo pathway components using two different 

chemical inhibitors (Cerivastatin and XMU-MP-1). 

Results 

Hippo signaling pathway components play an essential role during the pre- and post-compaction 

phases of bovine embryogenesis; however, the regulation of the components is different between 

the two stages. During the pre-compaction stages, YAP1 (Yes Associated Protein 1), pYAP1 and 

TAZ (Transcriptional Co-Activator with PDZ binding domain) are regulated by Mst1-Lats1 

(Mammalian Sterile Twenty Like 1; Large Tumor Suppressor 1) signaling molecules, whereas 

during the post-compaction stages regulation of YAP1, pYAP1 and TAZ is independent of Mst1-

Lats1 signaling molecules. Specific chemical inhibition of Mst1 at the blastocyst stage, also 

suggests functional differences in Yap1 and Taz at the blastocyst stage, in the bovine. 

Conclusion 

Hippo signaling pathway components are differentially regulated during the pre-compaction and 

post-compaction stages of bovine embryogenesis. These components of the Hippo cell signaling 
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pathway appear to play an essential role in the formation of the blastocyst during bovine 

preimplantation embryo development. 

1 Introduction 

1.1 Formation of Blastocyst 

        Success of Assisted Reproductive Technologies (ARTs) is primarily dependent on 

the formation of a healthy and viable blastocysts (Manzanares & Rodriguez, 2013; Watson, 

1992; Watson et al., 1992). Four significant morphological changes precede blastocyst 

formation: fertilization, maternal to embryo transition (MET), compaction and cavitation (Graf et 

al., 2014; Meirelles et al., 2004; Sharma et al., 2021; Sharma & Madan, 2020). Fertilization 

refers to the syngamy of an oocyte with the sperm. After fertilization, embryo undergoes mitotic 

cell divisions leading to the formation of different cell stages from zygote (1-cell) to blastocyst 

(approximately 200-300 cells). (Sharma et al., 2021).  

At the 8-cell stage in bovine, an important event known as Maternal to Embryonic 

Transition (MET) occurs. This event marks the stage of embryonic development where the 

further development of the embryo relies primarily on the transcription of its own genome 

(Meirelles et al., 2004; Memili & First, 2000; Misirlioglu et al., 2006; Sirard, 2010a). In addition 

to MET, establishment of cellular polarity and increased cell-cell contact is also initiated at the 8-

cell stage (Sharma et al., 2021; Sirard, 2010a). MET is followed by the processes of compaction 

and cavitation.  

The process of compaction occurs at the morula stage during bovine embryogenesis. 

During this process, the blastomeres lose their individual cell boundaries and compact together 
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by increasing the intercellular contact, thereby leading to the formation of the morula (Bolmberg 

et al., 2008; Sharma et al., 2021; Sharma & Madan, 2020). The process of compaction is 

followed by cavitation. Cavitation basically refers to the formation of the blastocoel cavity, first 

steps in the formation of the blastocyst (Watson, 1992). During the formation of blastocyst two 

distinct cell lineages, trophectoderm (TE) and inner cell mass (ICM) are established. Numerous 

cell signaling pathways such as Hippo, Mevalonate, RAS homolog family member A (RHOA) 

and RHO associated protein kinase (ROCK), Canonical and non-canonical Wnt, p38, Mitogen 

activated protein kinase (MAPK 1/2) and notch signaling pathways play a significant role in 

lineage segregation and subsequently the formation of the blastocyst (Denicol et al., 2013; 

Madan et al., 2005; Negrón-Pérez et al., 2018). 

1.2 Role of Hippo Signaling Pathway during embryonic development and blastocyst   

formation 

          Hippo signaling pathway components play a significant role in lineage segregation thereby 

leading to the formation of mouse blastocyst (Anani et al., 2014; Sasaki, 2015; Wu et al., 2010). 

The components of this cell signaling pathway in response to the upstream signals, such as cell-

cell contact and cell polarity, cause the inside-outside shuttling of the downstream effectors of 

the pathway, YAP1 (Yes Associated Protein 1) and TAZ (Transcriptional Co-activator with PDZ 

Binding Domain, also known as WWTR1). The outer polarized cells of blastocyst (TE cells) turn 

the pathway “Off” resulting in the nuclear localization of YAP1/TAZ thereby leading to the 

transcription of TEA Domain Transcription Factor 4 (TEAD4). However, the non-polar cells 

present inside the blastocyst (ICM cells) turn the pathway “On” resulting in the cytoplasmic 

retention of p-YAP1 (Anani et al., 2014; Negron-Perez & Hansen, 2018; Sharma et al., 2021). In 
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case of bovine embryos, Hippo pathway components, primarily YAP1, Angiomotin (AMOT) 

and RHOA have been shown to play an important in TE differentiation and blastocyst formation 

(Kohri et al., 2020; Negron-Perez & Hansen, 2018). However, the role of other components of 

Hippo signaling pathway and their organizational hierarchy during bovine preimplantation 

embryonic development requires further investigation. Numerous chemical inhibitors and gene 

silencing techniques have been used to elucidate the role of the components of this cell signaling 

pathway during early stages of bovine embryonic development. 

1.3 Chemical inhibitors of Hippo signaling pathway components 

          Several chemical compounds such as Statins and Verteporfin, have been extensively used 

to inhibit and elucidate the role of the downstream effectors, YAP1 and TAZ, of Hippo signaling 

pathway, in both mouse and bovine preimplantation embryos (Alarcon & Marikawa, 2016; 

Negron-Perez & Hansen, 2018). Statins are widely used cholesterol lowering drugs and have 

been classified as pregnancy risk category X drugs by USFDA (V. B. Alarcon & Marikawa, 

2016; Schachter, 2005). They reduce the Low Density Lipoprotein (LDL) cholesterol levels by 

acting on the rate-limiting enzyme, HMG-Co Enzyme A Reductase (3-hydroxy-3-methy-

glutaryl-coenzyme A) (Climent, Benaiges, & Pedro-Botet, 2021). These chemical compounds 

are further classified on the basis of (1) method of production and (2) their physiochemical 

properties (Stancu & Sima, 2001). Some statins, such as Lovastatin, are obtained using fungal 

fermentation and have a half-life of 1-3 hours, whereas other statins namely Cerivastatin are 

fully synthetic compounds (Schachter, 2005). Even though both Cerivastatin and Lovastatin are 

lipophilic in nature, they have significantly different bioavailability (Schachter, 2005). 
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Lovastatin has a circular distribution of 5%, contrary to the 60% bioavailability of Cerivastatin 

(Stancu & Sima, 2001).  

Statins have been known to have detrimental effects on fertility by affecting the formation 

of blastocyst (Surani, Kimber, & Osborn, 1983). These HMG-Co Enzyme A reductase inhibitors 

block mevalonate synthesis which acts as the upstream regulator of YAP1 component of the 

Hippo signalling pathway (V. B. Alarcon & Marikawa, 2016). Additionally, they have been 

demonstrated to decrease the nuclear localization of YAP1, thereby inhibiting the Hippo 

signaling pathway (V. B. Alarcon & Marikawa, 2016). Numerous studies suggest significant 

differences in the regulation of Hippo signaling pathway components in between the mouse and 

bovine embryos (Rossant, 2011; Sharma et al., 2021; Sharma & Madan, 2020), thus present 

study was designed to evaluate the role and regulation of Hippo signaling pathway components 

during bovine preimplantation embryogenesis, using chemical inhibition methods (Statins and 

XMP-MU1).  To our knowledge this is the first report establishing the differences in the 

regulation of Hippo signaling pathway during the pre-compaction and the post-compaction 

stages of bovine preimplantation embryonic development. These results will help us better 

understand the process of bovine blastocyst formation, thereby improving the process of in vitro 

fertilization and greatly benefiting the cattle and the beef industry.  

2 Experimental Procedures 

All chemicals were obtained from Sigma Aldrich, Burlington, Canada unless otherwise stated.  

2.1 In vitro oocyte collection and production of bovine embryos 

Bovine embryos were produced in vitro as per the previously described lab protocols 

with slight modifications (Sharma & Madan, 2020). After successful fertilization, the 
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presumptive bovine zygotes were randomly sub divided into 5 treatment groups, Control 

(untreated Synthetic Oviductal Fluid media or SOF media), Vehicle (0.1% Dimethyl 

Sulphoxide), and three doses of either Cerivastatin (SML0005) or Lovastatin (PHR1285) 

(0.5µM, 1µM and 5µM). The three doses of statins are same as those used in the mouse embryos 

(Alarcon & Marikawa, 2016). 4-well plates were used to culture the embryos as Statins are 

lipophilic in nature and thus the conventional oil-based culture system could not be used for the 

statin treatment of bovine zygotes (Alarcon & Marikawa, 2016; Lennernäs & Fager, 1997; 

Schachter, 2005). The embryos were then allowed to grow for 1 day and ratio of the number of 

embryos that cleaved over the total number of presumptive zygotes was defined as % of cleaved 

embryos (i.e., the cleavage rate). These embryos were then subsequently allowed to develop until 

the blastocyst stage (8 days) to calculate the ratio of embryos that successfully progressed to the 

blastocyst stage over the total number of cleaved embryos. Thereafter, the size of the blastocoel 

cavity was measured using the ImageJ software (1.52q: Java 1.8.0).  

2.2 Collection of single bovine embryos for gene expression analysis 

          Bovine embryos (Control, vehicle, 0.5µM and 1µM) were collected for the 4 different 

groups at the timed stages of development, as described previously (Perkel & Madan, 2017; 

Sharma & Madan, 2020; Wei et al., 2017). Single 2-cell (24-36 hours post fertilization or h.p.f.), 

8-cell (48-64 h.p.f), morulae (82-107 h.p.f) and blastocysts (107-142 h.p.f) were collected from 

each treatment group and washed twice in PBS/PVA. Embryos were then placed in 0.6ml 

Eppendorf tubes, snap frozen in liquid nitrogen and stored in -80ºC, until further use. 



 

 

45 

2.3 Single embryo RNA extraction and cDNA synthesis  

          RNA was extracted from single 2-cell, 8-cell, morula and blastocyst stage embryos (n=6), 

using the Arcturus PicoPure RNA isolation kit, as per modified manufacturer’s protocol with 

slight modifications to the buffer’s volumes (Thermo Fisher Scientific, KIT0204). Briefly, single 

embryos from all the groups, Control, vehicle, 0.5µM Cerivastatin and 1µM Cerivastatin 

treatments were lysed by incubation for 30 min at 42ºC in 5µls of extraction buffer. At the same 

time, columns were conditioned with conditioning buffer and centrifuged at 16 000 xg for 1 min 

at 22ºC. After incubation, 5µl of 70% ethanol was mixed with the lysed embryos and was then 

added to the preconditioned purification column. These columns were then centrifuged at 100 xg 

for 2 min at 22ºC to bind the genomic DNA. The purification column was then washed with 

Wash Buffers I and II, followed by DNase treatment using RNase-Free DNase Set (Qiagen, 

79254). The RNA was then eluted into elution buffer and reverse transcribed using iScript 

reverse transcription super mix (Bio-Rad, 1708840) according to the manufacturer’s instructions. 

Then, the final 20 µl aliquots of cDNA samples from all the single embryos were stored at 20ºC 

until further use. 

2.4 Gene expression analysis using Droplet Digital PCR (ddPCR)  

          ddPCR (Bio-Rad Laboratories) was used to quantify the differences in the gene expression 

of Mst1, Lats1, Yap1, Taz and Tead4 in single 2-cell, 8-cell, morula and blastocyst stage 

embryos. At least five biological replicates (n=5) comprising of 3 embryos per group for each 

cell stage were analyzed for each biological replicate. The gene expression of these components 

was normalized with respect to tyrosine 3-monooxygenase/tryptophan 5- monooxygenase 

activation protein zeta (YWHAZ), as the geNorm analysis determined YWHAZ and 
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peptidylprolyl isomerase A (PPIA) to be the most stable reference candidates under these 

treatment conditions (Supplementary data, figure A5) (Sharma & Madan, 2020).  

Gene expression of these components was quantified using the custom designed TaqMan 

probe assays (Thermo Fisher Scientific, Supplementary table 1). In order to limit the effects of 

biological variability,  duplex assays were used to analyze the differences in gene expression 

between control and treatment groups, as these assays allow simultaneous amplification of two 

targets from the same reaction (Whale et al., 2016). Probes for the genes of interest were custom 

designed with a FAM label (Supplementary table 1), whereas the probe for the housekeeping 

gene was VIC labelled. The assays were performed as per the manufacturer’s instructions (Bio-

Rad, ddPCR Super mix for Probes [No dUTP]). The PCR cycle was as follows: enzyme 

activation for 10 min at 95°C, 45 cycles of denaturation for 30 s at 95°C then 

annealing/extension for 90 s at 58°C, followed by 10 min at 98°C and a subsequent 10 min at 

4°C. 

2.5 Immunofluorescence (IF) Analysis 

         Bovine embryos for were stained as previously described (Madan et al., 2005; Sharma & 

Madan, 2020). The antibody information is described in the Table 1 in the supplementary 

section. To study the localization of Hippo signaling pathway components during a specific cell 

stage, every group was comprised of 5 embryos/group, with at least three biological replicates 

(5x3=15 embryos/treatment group). The XMP-MU-1 treated embryos at the blastocyst stage, 

were also analyzed for the total cel count and the differences in the size of the blastocoel cavities 

after treatment using the Image J software. 
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2.6 Differential staining of the bovine blastocysts 

Differential staining was performed as previously described (Selokar et al., 2012; Thouas 

et al., 2001). Briefly, bovine embryos at the blastocyst stage (5 blastocysts/treatment group; for 3 

biological replicates) were collected and washed three times using PBS/PVA. These blastocysts 

were placed in 45ul drops of PBS/PVA followed by the addition of 5ul of RNAse solution/5 

blastocysts (Thermo Fisher Scientific, 12091021) for 1 hours at 38.5°C. Blastocysts were then 

placed in a 50µl drop of Propium Iodide (PI) (ThermoFisher Scientific, P1304MP) for exactly 30 

seconds. Prior to the addition of the blastocysts, PI solution (prepared in 0.2%v/v of Triton X-

100) was warmed for 10 minutes on a slide warmer. After 30 seconds in PI solution, blastocysts 

were washed three times in phosphate buffered saline (PBS) supplemented with 0.1% polyvinyl 

alcohol (PBS/PVA). Embryos were then placed in 50µl drops of Hoechst stain (Thermo Fischer 

Scientific, 62249) for 15 minutes at room temperature, followed by 3 washes with PBS/PVA. 

These blastocysts were then placed in a drop of Vetashield antifade mounting medium (Vector 

laboratories, H-1000-10) and analyzed at a magnification of 40x using laser confocal microscope 

(Olympus Fluoview Laser Scanning Confocal System FV 1200 on an IX81 inverted microscope 

equipped with a computer running Olympus Fluoview v.4.3). The total cell count and the TE 

versus ICM ratio was calculated using the ImageJ software. 

2.7 Statistical Analysis 

GraphPad Prism 6 software (https://www.graphpad.com/ company/) was used to conduct 

statistical analysis. The significance of difference in the total and TE/ICM ratios was analyzed 

using one-way analysis of variance (ANOVA). Further, linear regression analysis was used to 

analyze data to be normally distributed and Bartlett’s test was used to evaluate homogeneity of 
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variance. ANOVA was also used to identify the difference in the gene expression of Hippo 

signaling pathway components, between control and treatment groups during all the stages of 

bovine embryogenesis. When statistically significant differences were observed (p value < 0.05), 

Turkey’s multiple comparison tests was used to evaluate differences among each treatment 

group. Two-sided (p value < 0.05) was considered significant. 

3 Results 

3.1 Dose response curve upon Cerivastatin and XMP-MU-1 treatment for bovine 

embryos 

         Cleavage and blastocyst rates were recorded after chemical inhibition with different doses 

(0.5µM, 1µM and 5µM) of both Lovastatin and Cerivastatin (Figure 4). The average cleavage 

rate for the control group was 74.5% and blastocyst rate was 39.9%. Following Lovastatin 

treatment, no significant differences in the cleavage rate were observed between control and 

Lovastatin treated embryos (Figure 4a). However significant differences were observed in the 

blastocyst rates between the control and treatment groups (Figure 4b, supplementary data figure 

A4). The blastocyst rate was observed to be 1.8 times lower in the 1µM Lovastatin treatment 

group and 2.3 times lower in the 5µM Lovastatin treatment group, as compared to the control 

group.  

          Upon treatment with Cerivastatin, a significant difference was observed in the cleavage 

rates of embryos between control and Cerivastatin treatment groups (1µM and 5µM) (Figure 4c). 

Similar to the cleavage rates, a significant difference was also observed in the blastocyst 

formation rates between control and treatment groups (0.5µM) (Figure 4d). Furthermore, no 

blastocysts were formed in the 1µM and 5µM Cerivastatin treatment groups. 
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Figure 4. Percentage of cleavage and blastocyst rates for the five experimental groups (Control; 
0.1% of DMSO, Vehicle; 0.5µM, 1µM and 5µM of either Lovastatin or Cerivastatin treatment 
groups). (a and c) Cleavage rate. 48 hours after fertilization the number of 2-cell bovine embryos 
were assessed over the total number of presumptive zygotes added for each group. 8 biological 
replicates (n=8) consisting of approximately 35 zygotes/group were analyzed. (b and d) 
Blastocyst rate. 8 days after fertilization the number of blastocysts developed over the total 
number of cleaved embryos was recorded. 8 biological replicates consisting of approximately 24 
cleaved embryos/group were analyzed. Bars represent mean ± SEM. Different letters on each bar 
graph represent statistical significance. 

Since significant changes were observed after treatment with Cerivastatin as compared to 

Lovastatin, Cerivastatin was used as the drug of choice for the following set of experiments. 

Addition to Cerivastatin, the effect of XMU-MP1, a dose specific MST 1 and 2 inhibitor was 

evaluated on the bovine embryos (Fan, He, Kong, Chen, Yuan, Zhang, Ye, Liu, Sun, Geng, 

Yuan, Hong, Xiao, Zhang, Li, et al., 2016). No significant differences in the cleavage rate were 

observed between the treatment groups (p value = 0.086) (Figure 5a). On the contrary, a 
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significant decrease in the blastocyst rate was observed between the control and the lower dose 

of 0.03µM whereas a significant increase in the blastocyst rate was observed at higher dose of 

3µM) (p value < 0.0001) (Figure 5b), suggesting a dose-dependent effect of XMU-MP-1 on 

bovine blastocyst development.  

Figure 5. (a and b) Percentage of cleavage and blastocyst rates for the six experimental groups 
(Control; 0.1% of DMSO, Vehicle; 0.01µM, 0.03µM, 1µM and 3µM of XMP-MU-1 treatment 
groups). (c, d and e) Gene expression analysis of the Hippo signaling pathway components for 
single blastocyst stage embryos for the six experimental groups, Control; 0.1% of DMSO, 
Vehicle; 0.01µM, 0.03µM, 1µM and 3µM of XMP-MU-1 treatment. RNA was extracted from 
single blastocyst stage embryos collected for each treatment group and then reverse transcribed 
to analyze the differences in the mRNA expression of (c) Mst1, (d) Yap1 and (e) Taz between the 
treatment groups. 4 blastocysts/treatment group were analyzed. Circles represent raw data, and 
the lines least square mean ± SEM. *p < 0.05. (f and g) Bar graphs representing the total cell 
count and percentage change in the size of the blastocoel cavity among all the treatment groups. 
Bars represent mean ± SEM. Different letters on each bar graph represent statistical significance. 
(h) MST1 protein localization for all the experimental groups at blastocyst stage of bovine 
preimplantation embryo development. Blue, Green and Red colors in each picture indicates 
nuclei (DAPI; 4,6-diamidino-2-phenylindole), positive staining for the primary MST1 antibody 
and F-actin (rhodamine phalloidin). Each scale bar represents 20 µm. 
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3.2 Gene expression of Hippo signaling pathway components in single 2-cell, 4-cell, 8-cell, 

morula and blastocyst stages of embryonic development 

3.2.1 Gene expression of Mst1, Lats1, Yap1, Taz and Tead4 in single 2-cell embryos 

            A significant decrease in the gene expression of Lats1 was observed between the control 

and the treatment groups (1µM) (Figure 6). In contrast, no significant differences were observed 

in the gene expression of Mst1, Yap1, Taz and Tead4 at the 2-cell stage among groups 

(Supplementary data, figure A2). 
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Figure 6. Gene expression analysis of the Hippo signaling pathway components for single 2-cell, 
8-cell, morula, and blastocyst stage embryos for the four experimental groups, Control; 0.1% of 
DMSO, Vehicle; 0.5µM and 1µM of Cerivastatin treatment. RNA was extracted from single 
embryos collected for each treatment group and then reverse transcribed to analyze the 
differences in the mRNA expression of (a) Lats1, (b) Mst1, (c) Taz, (d) Yap1 and Tead4 in 
between the treatment groups. n= 3 to 6 embryos/treatment group. Circles represent raw data, 
and the lines represent average mean ± SEM. (*p < 0.05). 
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3.2.2 Gene expression of Mst1, Lats1, Yap1, Taz and Tead4 in single 8-cell embryos 

            Significant differences were observed in the gene expression of Mst1 and Lats1 at the 8-

cell stage of bovine embryogenesis (Figure 6). A significant decrease (p<0.001) in the gene 

expression of Mst1 and Lats1 was observed between the control and treatment groups (1µM).  

            Similarly, a significant difference was observed in the gene expression of the downstream 

effectors of the Hippo signaling pathway, Yap1, Taz and Tead4. A significant decrease (p<0.001) 

in the gene expression of the downstream effectors, Yap1, Taz and Tead4, was observed between 

control and treatment groups (1µM). (Figure 6) 

3.2.3 Gene expression of Mst1, Lats1, Yap1, Taz and Tead4 in single morula stage embryos 

            A significant difference (p value <0.003) was observed in the gene expression of Yap1 

between control and treatment groups (1µM) (Figure 6). Conversely, no significant differences 

were observed in the gene expression of Mst1 and Lats1 between control and treatment groups 

(0.5µM and 1µM) (Supplementary data, figure A2). Similarly, the gene expression of the 

downstream components Taz and Tead4, remained unaltered (p value = 0.513 and p value = 

0.158, respectively) (Supplementary data, figure A2).  

3.2.4 Gene expression of Mst1, Lats1, Yap1, Taz and Tead4 in single blastocyst stage embryos 

Significant differences in gene expression for Yap1 and Taz (p values = 0.009 and 

<0.001, respectively) were observed between control and treatment groups (0.5µM) (Figure 6). 

Conversely, no significant differences were observed in the gene expression of Mst1, Lats1 and 

Tead4 (p values = 0.15, 0.3 and 0.6, respectively) (Supplementary data, Figure A2).  
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Upon treatment with XMU-MP-1, a significant decrease in the gene expression of Mst1 

was observed between the control and the 0.03 µM XMU-MP-1 treated blastocysts (p value < 

0.0001) (Figure 5c). Contrary to the trend observed in the gene expression of Mst1, no significant 

changes were observed in the gene expression of Yap1 between the control and the treatment 

groups (p value = 0.160) (Figure 5d). However, a significant decrease in the gene expression of 

Taz was observed between the control and the XMU-MP-1 treated blastocysts (1µM) (p value = 

0.001) (Figure 5e). No significant changes were observed between the control and vehicle groups 

(p value = 0.1617); however, significant differences were observed between the vehicle and 

0.03µM as well as the 1µM treatment groups (p values = 0.001). 

3.3 Differences in the localization of protein localization of Hippo signaling pathway 

components at 2 cell, 8-cell, and blastocyst stage embryos on chemical treatment with 

Cerivastatin and XMU-MP-1 

3.3.1 Protein localization of MST1, LATS1, YAP1, p-YAP1 and TAZ at 2-cell stage of bovine 

embryogenesis 

            At the 2-cell stage, MST1 was present in the cytoplasm for the control as well as the 

vehicle groups (Figure 7). No differences were observed in the protein localization of MST1 

upon treatment with Cerivastatin (0.5µM and 1µM). LATS1 was localized in the cytoplasm for 

control and treatment groups (0.5µM and 1µM) at the 2-cell stage. Similar to MST1, no 

significant differences were observed in the protein localization of LATS1 (Figure 7).  

 

 



 

 

55 

 

Figure 7. MST1, LATS1, YAP1, pYAP1 and TAZ protein localization for all the experimental 
groups at 2-cell stage of bovine preimplantation embryo development. Blue, Green and Red 
colors in each picture indicates nuclei (DAPI; 4,6-diamidino-2-phenylindole), positive staining 
for the primary MST1 antibody and F-actin (rhodamine phalloidin). Each scale bar represents 20 
µm. 

 

             As with the protein localization of MST1 and LATS1, no significant differences were 

observed in the protein localization of YAP1, p-YAP1 and TAZ (Figures 7) at the 2-cell stage. 

YAP1 and the phosphorylated counterpart (pYAP1) were both present in the nucleus at the 2-cell 
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stage. However, both pYAP1 and YAP1 were excluded from the nucleus for the treatment 

groups (0.5µM and 1µM) (Figures 8). TAZ was localized in the cytoplasm in the control as well 

as the treatment groups (Figure 7). However, no differences were observed in the localization of 

TAZ, also known as the paralog of YAP1, after treatment with Cerivastatin (0.5µM and 1µM). 

No significant differences were observed in the expression pattern of Phalloidin, which stains for 

the F-actin filament. 

3.3.2 Protein localization of MST1, LATS1, YAP1, pYAP1 and TAZ at the 8-cell stage of 

bovine embryogenesis 

            At the 8-cell stage, the protein localization of the core cascade components of the 

pathway, MST1and LATS1, remained unaffected by the Cerivastatin treatments (Figure 8).  

MST1 was present in the cytoplasm of control and treatment groups (Figure 8). Similar to the 

localization of MST1, LATS1 was also present in the cytoplasm in all the groups (Figure 8).  
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Figure 8. MST1, LATS1, YAP1, pYAP1, and TAZ protein localization for all the experimental 
groups at 8-cell stage of bovine preimplantation embryo development. Blue, Green and Red 
colors in each picture indicates nuclei (DAPI; 4,6-diamidino-2-phenylindole), positive staining 
for the primary MST1 antibody and F-actin (rhodamine phalloidin). Each scale bar represents 20 
µm. 

               The downstream effectors of the pathway, pYAP1, YAP1 and TAZ, were localized in 

the nucleus in the control group (Figure 8). Similar localization of these components was 

observed in the 0.1% DMSO (vehicle) group. However, these components were excluded from 

the nucleus after treatment with Cerivastatin for both the treatment doses (0.5µM and 1µM). 
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Similar to the 2-cell stage embryos, no significant differences were observed in the expression 

pattern of F-actin at the 8-cell stage (Figure 8). 

3.3.3 Protein localization of MST1, MST2, LATS1, YAP1, pYAP1 and TAZ at the blastocyst 

stage of bovine embryogenesis 

            At the blastocyst stage, MST protein kinase components (MST1 and MST2) were present 

in the cytoplasm (Figures 9). The localization of MST1 and MST2 remained unchanged in all the 

treatment groups (vehicle and 0.5µM). Similar to MST1/2, LATS1 was present in the cytoplasm 

at the blastocyst stage for the control group. No significant effects of Cerivastatin treatment were 

observed on the protein localization of LATS1 in any of the treatment groups (vehicle and 

0.5µM) (Figure 9).  
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Figure 9. (a) MST1, MST2, LATS1, YAP1, pYAP1, and TAZ protein localization for all the 
experimental groups at blastocyst stage of bovine preimplantation embryo development. Blue, 
Green and Red colors in each picture indicates nuclei (DAPI; 4,6-diamidino-2-phenylindole), 
positive staining for the primary pYAP1 antibody and F-actin (rhodamine phalloidin). (b) 
Enlarged images of YAP1 localization in the control and 0.5µM treatment groups. (c) Enlarged 
images of p-YAP1 localization in the control and 0.5µM treatment groups. (d) Enlarged images 
of TAZ localization in the control and 0.5µM treatment groups. Each scale bar represents 20 µm 

              By contrast, after treatment with Cerivastatin, significant differences were observed in 

the localization of the downstream effectors of the pathway, YAP1, pYAP1 and TAZ (Figures 9 

a, b, and c). YAP1 was present in the nucleus both for the control as well as the vehicle groups. 

However, it was excluded from the nucleus in the 0.5µM treatment group (Figure 9a). Like 

YAP1, the phosphorylated counterpart of the native protein (pYAP1), was present in the nucleus 

for the control as well as the vehicle groups and was omitted from the nucleus on treatment with 

Cerivastatin (Figure 9b). Similar to its paralog, TAZ was localized within the nucleus for control 

and vehicle groups. After Cerivastatin treatment, differences in the protein localization of TAZ 

were observed in the 0.5µM treatment group. TAZ was excluded from the nucleus for the 0.5µM 

Cerivastatin treated blastocysts (Figure 9c). A relative decrease in the protein expression pattern 

of Phalloidin was observed between control and Cerivastatin treated blastocysts (Figure 9). 

Upon treatment with XMP-MU-1, no significant changes were observed in the 

protein localization of MST1 (Figure 5f). MST1 was localized in the cytoplasm of control and all 

the XMU-MP-1treated blastocysts. 

3.4 Bovine embryos arrested at the 8-cell and the morula stage after Cerivastatin 

treatment 

          After the treatment of bovine zygotes with Cerivastatin, one noteworthy finding was that 

the embryos in the 1µM and 5µM treatment groups arrested at the 8-cell or the morula stage of 
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embryonic development. There was a significant increase (5 folds) in the number of arrested 

embryos between control and 1µM treatment groups (Supplementary data, Figure A1). 

3.5 Difference in the size of the blastocoel cavity of the blastocyst on Cerivastatin 

treatment 

          Upon measuring the size of the blastocoel cavity using the Image J software (1.52q: Java 

1.8.0), significant differences were observed between control blastocysts and 0.5µM Cerivastatin 

treated blastocysts (Supplementary data, Figure A1). 

3.6 Differential staining of Cerivastatin treated bovine blastocyst 

3.6.1 Total cell count of the control and Cerivastatin treated blastocysts 

             Differential staining was performed to observe the differences between ICM, stained in 

Blue and TE, stained in Pink (Supplementary data, Figure A3). No significant differences were 

observed between control and vehicle groups (p value = 0.974). A significant decrease was 

observed in the total cell counts between the control and the treatment groups (0.5µM) (p value = 

0.0229).  

3.6.2 Differences in the TE/ICM ratio for the Control and Cerivastatin treated blastocysts 

A significant decrease in the TE/ICM ratio was observed between control and treatment 

groups (0.5µM) (p value = 0.023). No significant differences were observed between control and 

vehicle groups (Supplementary data, Figure A3). Significant differences in the distribution of the 

number of cells in the TE was observed between control and treatment groups (0.5µM) (p value 

= 0.0161); no significant differences were observed between control and vehicle groups (p value 
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= 0.931). Even though a significant decrease was observed in the distribution of TE cells, no 

significant differences were observed in the number of ICM cells (p value = 0.320).  

4 Discussion 

To our knowledge this is the first study showcasing the differences in the role of the Hippo 

signaling pathway components during all the stages (pre and post compaction stages) of bovine 

preimplantation embryonic development, using chemical inhibition methods (Cerivastatin and 

XMU-MP-1 treatments). The present study highlights the role of the MST1 and LATS1 

components of Hippo signaling pathway during bovine preimplantation embryogenesis. 

Statins have been classified as pregnancy risk category X drugs and have been shown to 

have embryo toxic effects, affecting the blastocyst formation in mouse embryos (Alarcon & 

Marikawa, 2016; Surani et al., 1983). However, no such information about the effects of statins 

on bovine embryos is available. Both the statins tested, namely Lovastatin and Cerivastatin, 

treatment lead to a decrease in the blastocyst rates (Figure 4). Our present findings are consistent 

with the previous reports in the mouse model suggesting statins to be embryotoxic as they 

prevent blastocyst formation (Alarcon & Marikawa, 2016, 2018).  

The decrease in gene expression of Lats1 with no corresponding change in the protein 

localization, suggests that Cerivastatin treatment decreases transcription and has no effect on 

translation changes, such as methylation, ubiquitination and acetylation associated with the 

protein expression of LATS1 (Figure 5 and 6). On the contrary, a change in the localization of 

YAP1 and pYAP1 was observed in the cerivastatin treated embryos, suggesting Hippo signaling 

pathway to be inactivate due to the nuclear exclusion of YAP1/pYAP1 (Figures 8 and 9). This 

difference in the nuclear cytoplasmic localization of YAP1 and pYAP1 was similar to that 
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observed in the human cancer cells (Latz et al., 2016). Altogether, the gene expression and 

protein localization studies suggest that Cerivastatin treatment might be acting through Lats1 

independent of Mst1, affecting the localization of the downstream effector (YAP1) of the 

pathway. 

 An important cellular event, knows as the MET, occurs at the 8-cell stage during early 

bovine embryogenesis (Graf et al., 2014; Meirelles et al., 2004; Memili & First, 2000; Vigneault 

et al., 2009). At the 8-cell stage, a significant decrease in the gene expression of all the Hippo 

signaling pathway components, Mst1, Lats1, Yap1, Taz and Tead4 with no corresponding 

decrease of Mst1, Lats1 and Tead4 during the post compaction stages, suggest these Hippo 

signaling pathway components to be maternally derived (Figure 6). Furthermore, the gene 

expression pattern of these Hippo signaling pathway components is similar to that observed for 

PRD61, MATER and ID1, that are established to be maternally derived transcripts in the bovine 

model, implying these transcripts to be maternally derived. (Sirard, 2010b; Thélie et al., 2007; 

Vigneault et al., 2009). Additionally, a significant decrease in the gene expression of the core 

cascade components (Mst1 and Lats1) as well as the downstream effectors (Yap1, Taz and 

Tead4) of the pathway suggests that Cerivastatin inhibits the downstream effectors of the 

pathway (YAP1, pYAP1 and TAZ) through the Mst1-Lats1 components of the Hippo pathway, 

at the 8-cell stage. These results contrast with those observed for the 2-cell stage embryos, where 

Cerivastatin primarily acts through Lats1 independently of Mst1. This difference may be due to 

the distinct cell signaling pathways regulating Mst1 transcription in 2-cell embryos versus the 8-

cell embryos in bovine.  
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YAP1/pYAP1 were excluded from the nucleus turning the pathway off for both the 

treatment groups and leading to a corresponding decrease in cell growth and proliferation (Figure 

9). However, these findings are not in agreement with the morphological assessment of the 8-cell 

bovine embryos, as no significant differences in the individual size and growth of the 

blastomeres were observed in the Cerivastatin treated bovine embryos, as compared to the 

control and the vehicle groups (Supplementary material). One possible explanation is that the 

morphological differences due to the inactive Hippo signaling pathway are seen post the 8-cell 

stage, suggesting a possible explanation for the absence of blastocysts formed in the 1µM 

Cerivastatin treatment group. A second possible explanation for the inactive (Off) Hippo 

signaling pathway at the 8-cell stage can be the reduced cell-cell contact at this cell stage of early 

embryogenesis compared to the post compaction stages (Lee et al., 1987; Van Soom et al., 1997; 

Van Soom et al., 1992; Watson, 1992; Watson et al., 1992).  Several studies performed in the 

mouse model suggest cell-cell contact and cell position-dependent cell polarity to be the key 

regulators for the activation of Hippo signaling pathway (increase in the cytoplasmic retention of 

pYAP1) (Anani et al., 2014; Hirate et al., 2013; Sasaki, 2010, 2015). Our present findings 

pertaining to the Cerivastatin inhibition studies, coupled with the results from the mouse model 

along with some limited studies in the bovine model, suggest cell-cell contact to be an important 

mediator of Hippo signaling pathway activation, however these results require further 

investigation (Gumbiner & Kim, 2014; Nishioka et al., 2009; Sharma et al., 2021; Zhao et al., 

2007). Thirdly, the absence of significant morphological differences observed maybe be due to 

the compensation of the role of the Hippo pathway components by other related cell signaling 

pathways (Denicol et al., 2013; Kohri et al., 2020; Lee et al., 2014; Madan et al., 2005). Several 

cell signaling pathways such as the canonical WNT, the NOTCH, the AKT signaling pathways 
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and the Mitogen Activated Protein Kinase (MAPK) pathway play an essential role during bovine 

preimplantation embryogenesis(Ashry et al., 2018; Denicol et al., 2013; Li et al., 2021; Madan et 

al., 2005) and it remains possible that some sort of cross talk exists between these pathways.  

Compaction occurs during the development of bovine morula, accompanied by increased 

cellular contact and cell polarity (Reijo Pera & Prezzoto, 2016; Sharma et al., 2021; Thompson et 

al., 1998; Van Soom et al., 1997; Van Soom et al., 1992). Significant increases in the embryo 

arrest at the 8-cell or morula stages observed for the 0.5µM and 1µM treatment groups, suggests 

embryotoxic effects of Cerivastatin on the successful formation of morula (Supplementary data). 

These observations are slightly different than what observed in the mouse model, where intact 

morulae with no signs of fragmentation were observed in all the statin treatment groups (Alarcon 

& Marikawa, 2016). One possible explanation for this disparity in results may be due to the 

difference in the time of compaction of the mouse embryos (day 2.5 post fertilization) compared 

to the bovine (day 5 post fertilization) (Buehr et al., 1987; Ducibella & Anderson, 1975; Peippo 

et al., 2011; Reijo Pera & Prezzoto, 2016; Van Soom et al., 1997; White et al., 2016; Ziomek & 

Johnson, 1980). Second, this can be attributed to the differences in the cell signaling pathways 

and cell polarity molecules, such as angiomotin (AMOT), SRY- Sex determining region Y box 2 

(SOX2), caudal type homeobox 2 (CDX2) and atypical protein kinase C (aPKC) associated with 

the morula development in the mouse versus the bovine (Gerri et al., 2020; Goissis & Cibelli, 

2014a; Negron-Perez & Hansen, 2018; Rossant, 2011; Sasaki, 2015; Sharma et al., 2021).  

AMOT acts on YAP1 by both Hippo-independent and Hippo-dependent pathways in mouse 

embryos. Our findings suggest a Hippo-independent role of AMOT in the bovine morula 

development (Leung & Zernicka-Goetz, 2013). Similar to AMOT, the downstream effector of 

the pathway, SOX2, is expressed in both the inside as well as the outside cells at the morula 
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stage in bovine embryos, whereas the expression of SOX2 is restricted to the inside cells of the 

mouse morula, suggesting potentially different roles of SOX2 in the morula (Gerri et al., 2020).  

A significant decrease observed in the gene expression of Yap1 in Cerivastatin treated 

morulae, with no such differences observed in the gene expression of the other Hippo signaling 

pathway components, (Mst1, Lats1, Taz and Tead4), suggests a primary role of Yap1 in the 

process of compaction and thereby the formation of morula in bovine (Figure 3 and 

supplementary data). Timely expression of YAP1 in the mouse morulae is essential for lineage 

segregation (C. Lorthongpanich et al., 2013). No blastocysts formed in the 1 µM cerivastatin 

treatment group suggests a similar role of this component during bovine embryogenesis. It can 

be speculated that Cerivastatin-dependent decrease in gene expression of Yap1 might be 

mediated through other cell signaling pathways, such as the Mevalonate, RHO/ROCK (Rho-

associated kinase) and the Notch signaling pathways as YAP1 is also established as a 

downstream effector for these pathways, both in the mouse and in the bovine (Kohri et al., 2020; 

Li et al., 2021; Teresa Rayon & Miguel, 2014).  

Formation of the blastocyst comprises of the segregation of the outer polar cells (TE) 

which give rise to the placenta, inner apolar cells (ICM) forming the fetus and the development 

of the blastocoel cavity (Bolmberg et al., 2008; Cockburn & Rossant, 2010; Sharma et al., 2021; 

Wei et al., 2017).  Our morphological assessment studies suggest a significant decrease in the 

size of blastocoel cavities in the Cerivastatin treated blastocysts (0.5µM), compared to the 

control (untreated) and vehicle treated blastocysts (*p value <0.001) (Supplementary data). 

Similar effects of statins have been observed in the mouse, where a significant decrease in the 

size of the blastocoel cavities was observed in the statin treated blastocysts. Our present results 
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together with the findings from the mouse model, confirm Cerivastatin to be embryotoxic, 

significantly affecting blastocyst formation (Alarcon & Marikawa, 2016; Surani et al., 1983). We 

observed a significant decrease in the total number of blastomeres in the Cerivastatin treated 

blastocysts, in comparison to control and vehicle groups. Likewise, a significant decrease in the 

TE/ICM ratios and the number of TE cells was observed in the 0.5µM Cerivastatin treated 

blastocysts as compared to control and vehicle blastocysts (Supplementary data). TE (outer cells 

of the blastocyst) leads to the formation of placenta, thus a significant decrease in the number of 

TE blastomeres in the Cerivastatin-treated blastocysts, suggests potential toxic effects of 

Cerivastatin on the placenta formation; however, this requires further investigation in vivo.  

YAP1, the downstream effector of the Hippo signaling pathway, is known to play an 

essential role in the formation of blastocyst during mouse embryogenesis (Hirate et al., 2013; 

Negron-Perez & Hansen, 2018; Sasaki, 2015). A significant decrease was observed in the gene 

expression of Yap1 and Taz in the Cerivastatin treated bovine blastocysts (Figure 5). In contrast 

no significant changes were recorded in the gene expression of Mst1, Lats1 and Tead4, 

suggesting a potential role of Yap1 and Taz during the formation of the blastocyst in bovine. 

Together, these results suggest that Cerivastatin might be affecting the formation of bovine 

blastocyst, via Yap1 and Taz components of the Hippo signaling pathway, independent of the 

Mst1 and Lats1.  Our present results in combination with the observations in the mouse suggest 

YAP1 to be an important regulator of blastocyst formation (Alarcon & Marikawa, 2016). A 

species difference detected in the bovine is the significant decrease in the gene expression of Taz 

and no corresponding changes observed in the gene expression of Tead4 in the bovine blastocyst, 

suggesting both Yap1 and Taz to be the paralogs of one another and playing an essential role in 

the bovine blastocyst formation. A decrease in the gene expression of Yap1/Taz with no 
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consequent changes in the gene expression of Tead4, suggests that Yap1/Taz might be acting 

through a different pathway in TE differentiation in the bovine model as compared to the mouse 

embryos (Alarcon, 2010; Nishioka et al., 2009; Ralston et al., 2010; Sasaki, 2010). Furthermore, 

these results also suggest a potential link, between YAP1/TAZ and other cell signaling pathways 

and polarity molecules, such as the Mevalonate pathway, AMOT, MAPK 1/2 and Notch cell 

signaling pathways (Alarcon & Marikawa, 2016; Li et al., 2021; Negron-Perez & Hansen, 2018; 

Sasaki, 2015; Teresa Rayon & Miguel, 2014).  

Similar to the gene expression studies, a significant effect of Cerivastatin was observed 

on the localization of YAP1, pYAP1 and TAZ (Figure 10 a, b, c). No significant effects of 

Cerivastatin were observed on the protein localization of the core cascade components of the 

pathway, MST1, MST2 and LATS1 as these were present in the cytoplasm of control as well as 

treatment groups. The downstream effectors of the pathway, YAP1, pYAP1 and TAZ, were 

present in the nucleus in control and vehicle blastocysts. YAP1/pYAP1 and TAZ were excluded 

from the nucleus in the 0.5µM Cerivastatin treated blastocysts (Figure 10 a, b, c). Inhibition of 

pYAP1/YAP1 inactivates the Hippo signaling pathway, thereby reducing cell growth and 

proliferation dependent on the YAP1 related transcription of Tead4.  However, the effect of 

Cerivastatin on the localization of YAP1 and TAZ was not complemented by the localization of 

MST1 and LATS1, as no significant variation was observed in their protein localization upon 

treatment with Cerivastatin. This suggests that Cerivastatin dependent inhibition of 

pYAP1/YAP1 nuclear localization is independent of MST1 and LATS1. It can be speculated that 

MST1/LATS1 independent nuclear exclusion of YAP1 maybe due to the involvement of 

Mevalonate and/or RHO-ROCK signaling pathways acting as the upstream regulators of YAP1 
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in the bovine blastocyst formation, similar to the mouse model (Alarcon & Marikawa, 2016, 

2018).  

To further validate the cellular mechanism of bovine blastocyst formation, the MST 

specific chemical inhibitor XMU-MP-1 was employed (Faizah et al., 2020; Fan, He, Kong, 

Chen, Yuan, Zhang, Ye, Liu, Sun, Geng, Yuan, Hong, Xiao, Zhang, Li, et al., 2016; Tian et al., 

2020; Triastuti et al., 2019). A significant decrease in the blastocyst rate at the lower doses 

(0.01µM, 0.03µM and 1µM) suggests dose-dependent effects of this chemical inhibitor on the 

development of bovine blastocysts (Figure 6b). A significant decrease in the gene expression of 

Mst1 and Taz (but not Yap1) suggests that the function of Mst1 might not be dependent on Yap1, 

but instead requires Taz component of the Hippo signaling pathway during bovine blastocyst 

formation (Figure 6 c, d, and e). These results suggest that Yap1 and Taz might not be acting as 

the paralogs of one another and are potentially activated by different cell signaling pathways in 

the bovine blastocysts. This difference in the function of YAP1 and TAZ is similar to that 

reported in the human cell lines (S. Piccolo et al., 2014; Plouffe et al., 2018). Altogether, these 

results suggest a significant role of MST1 via Taz during the bovine blastocyst formation. 

In conclusion, in the present study we validated the differences in the organizational 

hierarchy as well as the roles of the Hippo signaling pathway components during the pre-

compaction and the post-compaction stages of early bovine embryogenesis. During the pre-

compaction stages, Mst1-Lats1-dependent inhibition of Yap1 and Taz were observed, whereas 

during the post-compaction stages the decrease in the gene expression of Yap1 and Taz was 

independent of Mst1 and Lats1. Furthermore, specific chemical inhibition of Mst1, suggested an 

essential role of Mst1 through Taz in the bovine blastocyst formation.  
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Chapter Three 

Cerivastatin mediated LATS1-YAP1/TAZ inhibition of hippo signaling pathway 
diminishes bovine granulosa cell proliferation and cumulus oocyte maturation in vitro 
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Abstract 

Granulosa cells play an essential role in supporting the growth and maturation of COCs and 

ovarian follicle development. Numerous cell signaling pathways, including Hippo signaling 

pathway, are known to play an essential role in granulosa cell proliferation and oocyte 

development. The present study is the first to validate the role of the core cascade and 

downstream effectors of the Hippo signaling pathway components in bovine granulosa cells and 

COCs in vitro via a Cerivastatin-mediated chemical inhibition method. Upon treatment with 

Cerivastatin, a significant increase in the progesterone level was observed in comparison to the 

controls. This significant increase in progesterone levels together with the corresponding nuclear 

localization of YAP1 suggests an increased luteinization of granulosa cells upon Cerivastatin 

treatment. Additionally, there was a significant decrease in the gene and protein expression of 

MST1, YAP1 and TAZ in Cerivastatin treated COCs. Furthermore, a significant decrease found 

in the protein expression of YAP1/TAZ and LATS1 elucidates a LATS-YAP/TAZ mediated 

signaling pathway independent of MST1/2, that plays an essential role in bovine granulosa cell 

and COC maturation. Differences in the expression pattern of F-actin and a significant decrease 

in apoptosis rates were also observed upon Cerivastatin treatment. The effect of Cerivastatin on 

F-actin expression suggests a potential role of actin cytoskeletal components on Hippo signaling 

pathway regulation. Overall, LATS-YAP/TAZ dependent Hippo signaling pathway, independent 

of MST1/2, plays a pivotal role during granulosa cell proliferation and COC development in the 

bovine. 
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1 Introduction         

The functional composition of an ovarian follicle consists of an oocyte and the supporting 

cells necessary for its development, granulosa, and theca cells (Lv et al., 2019; Pande et al., 

2018). When the follicle reaches the preovulatory stage, a thick layer of granulosa cells 

encapsulates the antral fluid (Orisaka et al., 2009). Within the fluid cavity, the oocyte is 

suspended by a layer of granulosa cells that connect with the outer capsular layer and extend to 

surround the oocyte in several layers (Orisaka et al., 2009). The cells that surround the oocyte are 

called cumulus cells, which are released with the oocyte and continue to help with oocyte 

maturation and proper fertilization after release from the ovary (Lv et al., 2019; Orisaka et al., 

2009; Plewes et al., 2019a). These cumulus cells, along with the oocyte, make up a cumulus-

oocyte-complex (COC) (Biase & Kimble, 2018; Lv et al., 2019).  

It is reported that the morphology of the oocyte is an important predictive feature, where 

an homogenous oocyte cytoplasm has been shown to be a marker of COC competence and 

improved blastocyst rates (Boni et al., 2002). Several methods such as transcriptome, proteome, 

and metabolome analysis of cumulus cells and oocyte have been developed, where the findings 

serve as a predictive measurement into the developmental potential of an individual gamete. 

These measurements can gauge how likely successful fertilization and embryo formation is 

going to occur (Biase & Kimble, 2018). A key component for understanding fertilization 

potential and solutions to fertility problems is the understanding of the mechanisms that 

stimulate and regulate granulosa cells (Lv et al., 2019).  

Numerous cell signaling pathways and molecules, such as the Hippo signaling pathway, 

are known to be vital for cellular proliferation, differentiation and survival (Cheng et al., 2015; 
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Grannas et al., 2015; Z. Meng et al., 2015; S. Piccolo et al., 2014; Plewes et al., 2019a; Sharma 

& Madan, 2020). This cell signaling pathway has three main components: upstream regulators, 

core components and downstream effectors (Meng et al., 2016; Sasaki, 2010; Sharma et al., 

2021; Sharma & Madan, 2020). The upstream regulators involve a wide range of signals 

including cellular energy reserves, hormones and mechanical stimuli, especially cell-cell 

adhesion and cellular polarity (Meng et al., 2016). The core components include a kinase cascade 

involving the mammalian Ste20-like kinases 1/2 (MST1/2), which activate large tumor 

suppressor 1/2 (LATS1/2) by phosphorylation (Meng et al., 2016). The downstream effectors 

include transcription coactivators, Yes-associated protein 1 (YAP1) and transcriptional 

coactivator with PDZ-binding motif (TAZ) (Gerri et al., 2020; Meng et al., 2016; Sharma et al., 

2021). When the signaling pathway is active (turned on) and unrestricted, YAP1 and TAZ 

translocate from the cytoplasm to the nucleus to bind a transcription factor family TEAD (1-4) 

(Meng et al., 2016; Sharma et al., 2021). TEAD promotes expression of genes that positively 

affect cell survival, proliferation, and migration (Meng et al., 2016). When the pathway is turned 

on, activated MST1/2 and LATS1/2 phosphorylate YAP1 and TAZ, restricting YAP1 and TAZ 

to the cytoplasm so transcription via TEAD is turned off (Meng et al., 2016). This pathway is 

shown to be present in all stages of preimplantation embryonic development in mouse and 

bovine embryos, as well as granulosa cells and theca cells in the follicle and corpus luteum 

(Alarcon & Marikawa, 2016; Plewes et al., 2019a; Sharma & Madan, 2020; Tsoi et al., 2019).  

               The Hippo signaling pathway has been widely studied in many organ systems and cell 

fate specification. Recent research has begun to characterize the components of the Hippo 

pathway in granulosa cells proliferation, and the pathway has been implicated as an influencer of 

follicular development (Lv et al., 2019; Sun & Diaz, 2019; Tsoi et al., 2019). Chemical 
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inhibition and gene silencing techniques are being used to demonstrate the role of MST1/2, 

LATS1/2, YAP1 and TAZ components of the hippo pathway in bovine granulosa cells (Plewes 

et al., 2019a). Multiple studies have shown the paramount role of YAP1 in granulosa cells for 

follicular development and ovulation (Lv et al., 2019; Plewes et al., 2019a; Sun & Diaz, 2019). 

YAP1 has been demonstrated as an essential regulator of granulosa cells proliferation, without 

which proper follicular development and subsequent successful reproduction cannot occur (Lv et 

al., 2019; Plewes et al., 2019a). While this pathway is shown to be present in granulosa cells, the 

specifics of the regulation of Hippo pathway components and how these components relate to the 

bovine granulosa cell proliferation and COC maturation is unclear. The research presented here 

is aimed to further clarify the role of this pathway in bovine granulosa cells proliferation and 

COC maturation by examining major components of the Hippo pathway (LATS1/2, MST1/2, 

YAP1, TAZ, TEAD4). 

2 Materials And Methods 

       All chemicals were obtained from Sigma Aldrich, Burlington, Canada unless otherwise 

stated.  

2.1 Cell culture for bovine granulosa cells 

Bovine granulosa cells were collected and cultured using previously described protocols 

(Piccinato et al., 2012), from bovine ovaries obtained from Cargill meat processing slaughter 

house in Guelph.  Briefly, follicular fluid was aspirated from small to medium sized follicles into 

F-10 collection medium and COCs were removed with a wiretrol. The cells were rinsed and 

centrifuged at low speed (500 xg) once with hemolysin buffer, 0.1% PBS and DMEM media. 

Granulosa cells were then plated with 10 ml of DMEM + 20% FBS media onto T-75 flask. After 
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12 hours of incubation, the cells were passaged once and re-plated at a concentration of 1.0 x 106 

cells/mL with DMEM + 10% FBS media, with 10 mL total in 100 mm cell culture plates. After 

12 hours of incubation, cells were serum starved to ensure all cells remained at the same stage of 

the cell cycle for treatment. The plates were rinsed and Opti-MEM media (ThermoFisher 

Scientific, 11058021) was added to each plate. After 12 hours of serum starved incubation, cells 

were treated by divided them into four treatment groups: Control (Opti-MEM media), vehicle 

control (Opti-MEM media with 0.1% DMSO) and treatment groups: 0.5 µM and 1 µM of 

Cerivastatin in opti-MEM media. After 12 hours of incubation under treatment, cells were either 

snap frozen in liquid nitrogen and stored at -80ºC or used for downstream applications. 

2.2 Oocyte development         

         Bovine oocytes were collected using standard lab protocols (Ferris et al., 2016; Misner et 

al., 2021). COCs were recovered from the follicular fluid using a dissection microscope and 

wiretrol and washed twice in S-IVM (M199, FBS, HEPES, sodium pyruvate, water) and once in 

filter sterilized S-IVM supplemented with hormones (LH, FSH, estradiol, FBS) (termed as S-

IVM+H). COCs for the serum free treatment group were collected and washed in serum free 

media (S-IVM, no FBS). 80 COCs were added to each of the 5 treatment groups: control (S- 

IVM+H), serum free (S-IVM+H, no FBS), vehicle (S-IVM+H, 0.1% DMSO), 0.5 µM 

cerivastatin (S-IVM+H, 0.5uM cerivastatin) and 1.0 µM cerivastatin (S- IVM+H, 1.0uM 

cerivastatin). All groups were 400ul in volume. COCs were matured for 22-24 hours at 38.5℃, 

5% CO2 and 21% O2 and collected after washing three times with PBS/PVA (1x PBS with 0.1% 

PVA), for further downstream applications.  
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2.3 ATP-based cell viability assay 

          Granulosa cell were seeded at a density of 0.01x106 cells/ml in a 96 well plate. They were 

then serum staved and treated with Cerivastatin for 12-hours as previously described. CellTiter-

Glo 2.0 Assay (Promega, G9241) was used to analyze the percentage of differences in cell 

proliferation. After 12 hours of treatment, the plate was equilibrated at room temperature for 30 

minutes. After equilibration, 100 µl of CellTiter-Glo 2.0 reagent was added to each well and the 

contents were mixed using an orbital shaker to induce cell lysis for 2 minutes. The plate was then 

incubated at room temperature for 10 minutes to stabilize the luminescent signal. The signal was 

then recorded using FLUOstar OPTIMA Plate Reader (BMG Labtech). 

2.4 Gene expression analysis using Droplet Digital PCR (ddPCR) 

          ddPCR (Bio-Rad Laboratories) was used to quantify the differences in the gene expression 

of Mst1, Lats1, Yap1 and Taz in single bovine COCs. At least 4-9 biological replicates 

comprising of 1 COC/group were analyzed for a specific gene of interest. Therefore, a total of 

14-32 COCs/group (1x4x4=16 COCs/gene of interest or 1x9x4=32 COCs/gene of interest)) were 

analyzed. The gene expression of these components was normalized to tyrosine 3-

monooxygenase/tryptophan 5- monooxygenase activation protein zeta (YWHAZ), as the 

geNorm analysis performed confirmed YWHAZ and peptidylprolyl isomerase A (PPIA) to be 

the most stable reference candidates under our experimental conditions (Supplementary data, 

Figure A5). The gene expression of these components was quantified using the custom designed 

TaqMan probe assays (Thermo Fisher Scientific, Supplementary data), as described in chapter 1. 
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2.5  Immunofluorescence (IF) Analysis 

Bovine granulosa cells for all the groups (Control versus treatment groups) were stained 

using previously described staining protocols (Favetta et al., 2007; Madan et al., 2005; Sharma & 

Madan, 2020). All the primary antibodies (antibodies information is described in the 

supplementary Table) were diluted in 1:50 ratio, using antibody dilution buffer. To study the 

localization of Hippo signaling pathway components during granulosa cell proliferation, at least 

three biological replicates were performed for each Hippo pathway component.  

After morphological assessment, the Cerivastatin treated COCs were denuded using the 

Hyaluronidase enzyme (H3506) and stained using DAPI for 15-20 minutes at room temperature. 

After staining the oocytes were visualized using the fluorescence microscope and then evaluated 

to analyze the differences in the percentage extrusion of polar bodies for the oocytes among all 

treatment groups. 

2.6 Protein extraction for complete protein and nuclear cytoplasmic fractionation 

 Protein extraction was carried out as previously described (Sabry et al., 2021; Tscherner 

et al., 2018). Briefly, for complete protein extraction phosphatase/protease inhibitors A, B, and C 

(Bimake, Houston, TX), diluted in radioimmunoprecipitation assay (1xRIPA) lysis buffer 

(Abcam, ab156034) were used. The granulosa cells were rinsed three times with 1xPBS. 70 µL 

of the protein extraction buffer was added to each plate and the cells were scraped into respective 

eppendorf tubes. The samples were sonicated at a low level for 15 seconds, incubated on ice for 

30 minutes, and centrifuged at 4ºC for 10 minutes (12,000rpm). The protein samples 

(supernatants) were stored at -80ºC until used for protein analysis via Western blotting.  
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The nuclear cytoplasmic fractionation was carried out following the manufacturer’s 

instructions (BioVision, Inc. K266-25). Briefly, granulosa cells were rinsed three times in 1% 

PBS and 50 µL of CEB-A mix (2 µL of the protease cocktail inhibitor and 1 µL of DTT mixed 

with the NEB buffer) was added to each plate. Cells were scraped and stored in respective 

eppendorf tubes. Samples were sonicated at a low level for 10 seconds, centrifuged at 4Co for 3 

minutes (500g), vortexed for 15 seconds, and incubated on ice for 10 minutes. 10 µL of CEB-B 

(2 µL of the protease cocktail inhibitor and 1 µL of DTT mixed with 1 mL of CEB-A) was then 

added to each tube. Samples were vortexed for 5 seconds, incubated on ice for 1 minute, and 

vortexed again for 5 seconds before centrifuging at 4Co for 5 minutes (16,000g). The supernatant 

(cytoplasmic extract) was transferred to a new pre-chilled tube and the pellets were resuspended 

in 30 µL of NEB buffer. The resuspended samples were vortexed for 15 seconds and incubated 

on ice for 10 minutes (repeated 3 times). These samples were then centrifuged at 4oC for 10 

minutes (16,000g). The new supernatant (nuclear extract) from each sample was immediately 

transferred to a pre-chilled tube and placed back on ice. All cytoplasmic and nuclear extracts 

were stored at -80oC until they were required for protein analysis via Western blotting. When any 

of the protein samples were removed from the freezer for Western blotting, they were first boiled 

in a 95oC water bath for 5 minutes to unfreeze. 

For COCs, 50uL of whole cell lysate from each sample was separated by SDS- PAGE, 

transferred to PVDF membrane and blocked in 5% BSA for 1 hour. Primary antibodies were as 

follows: anti-YAP, anti-pYAP1, anti-MST1, anti-MST2, anti-LATS1 and anti-B-actin 

(Supplementary Table). Membranes were then washed with three, 1-hour washes with TBS-T, 

and were incubated with anti-Rabbit secondary antibody (Cell signaling technology) for 1 hour 

at room temperature on a shaker. Membranes were then washed again and were imaged using 
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Clarity Western ECL Blotting Substrate (Bio-Rad, 170-5061) on the ChemiDoc MP System 

(Bio-Rad). 

2.7 ELISA Assay 

Progesterone concentration in the spent media and granulosa cells was measured using 

the Bovine Pg (Progesterone) ELISA Kit (LZ00012, Toronto Research Chemicals, Ontario). 

Briefly, samples, standard solutions and blanks were placed in1:1 ratio with Biotin-labeled 

antibody working solution on precoated plates for 45 minutes at 37ºC. The plate was then 

washed thrice with wash buffer, with 1 minute incubation each. Following washes, SABC 

working solution was added to the plate for 30 minutes at 37ºC. The plate was then washed 5 

times with the wash buffer, with 2 minutes of incubation for each wash. After washes, TNB 

substrate was added and the plate was incubated at 38ºC in dark for 15 minutes, followed by the 

addition of stop solution. The absorbance was then measured at 450nm using the plate reader, 

immediately after adding the stop solution. The results obtained were then analyzed using 

myelisaanalysis.com.  

PTX3 concentration in the spent media was measured using Bovine Pentraxin-related 

protein (PTX3) ELISA Kit (MyBioSource, MBS2881032) following manufacturer’s instructions. 

Briefly, samples, standard and blank solutions were added to the plate and incubated for 2 hours 

at 37ºC. Following incubation, working solution of freshly prepared detection reagent A was 

added to each well, sealed and incubated for 1 hr at 37ºC. Following incubation, each well was 

washed thrice with wash buffer for 2 minutes each. Subsequently, freshly prepared working 

solution B was added to each well, sealed and incubated for 1 hour at 37ºC. Following 

incubation, the plate was washed 5 times using wash buffer for 3 minutes each. Next, substrate 
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solution was added to each well and incubated for 15 minutes at 38ºC, in dark. Lastly, the stop 

solution was added to each well to observe colour change. The plate was then analyzed using a 

microplate reader set to 450nm; thereafter the results were analyzed using myelisaanalysis.com. 

2.8 TUNEL Assay 

The TUNEL assay to detect apoptosis in bovine granulosa cells was performed using 

DeadEnd Fluorometric TUNEL system (Promega, G3250), as previously described and 

following manufacturer’s instructions, with slight changes. Briefly, granulosa cells (1x105 

cells/ml) cultured on glass coverslips in 24 well plates were fixed using 4% PFA for 20 minutes. 

For negative control group, a reaction mix with rTdt enzyme was prepared. Whereas, for the 

positive control DNAse 1 treatment was performed on 3 wells for each biological replicate. A 

total of 4 biological replicates with each replicate consisting of 3 technical replicates/group were 

analyzed. These cells were then washed twice with 1xPBS for 10 minutes each at room 

temperature. Following washes, 150 µls of equilibration buffer was added to each well at room 

temperature for 30 minutes. Next, 75 µls of TdT reaction mix was added to each well. The plate 

was incubated at in a humidified chamber for 1 hour at 38ºC in dark. Finally, to stop the TUNEL 

reaction, 150 µl of 2xSSc was added each well. DAPI was added each well and incubated for 30 

minutes in a humidified chamber at 38ºC in dark. The coverslips were then washed twice with 

1xPBS and mounted on the microscope slides using the vectashield mounting medium (Vector 

Labs, H-1000-10). These slides were then imaged using Olympus Fluoview imaging confocal 

microscope.  
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2.9 Statistical Analysis 

GraphPad Prism 6 software (https://www.graphpad.com/ company/) was used to 

conduct statistical analysis. Linear regression analysis was used to determine whether data were 

normally distributed and bartlett’s test was used to analyze homogeneity of variance. The 

significance of difference among treatment groups was analyzed using one-way analysis of 

variance (ANOVA). Further, when statistically significant differences were observed (p value < 

0.05), Tukey’s multiple comparison test was used to evaluate differences between each treatment 

group. Two-sided (p value < 0.05) was considered significant. 

3 Results 

3.1 Dose response curve for the effect for Cerivastatin on bovine granulosa cells in-vitro 

The cell viability of granulosa cells measured using the ATP-based Luminescent 

assay indicates a significant decrease in cell proliferation between Control and Cerivastatin 

treatment groups (1 µM and 5 µM) (Figure 10, p value<0.05). Since cell toxicity was observed at 

the higher doses of Cerivastatin, going further 0.5 µM and 1 µM were used for the following 

experiments. 
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Figure 10. Dose response curve for Cerivastatin treated bovine granulosa cells. Bovine granulosa 
cells were treated using different concentrations (0.5µM, 1µM and 5µM) of Cerivastatin for 12 
hours. Cell viability of the granulosa cells was then measured using the ATP based 
Luminescence assay (CellTiter-Glo Assay). Luminescence values were measured using the 
FLUOstar Optima plate reader. The dose response curve was generated using GraphPad prism. 
The error bars represent mean ± standard error of the mean (SEM). * p value<0.05.  

3.2 Morphological assessment of bovine granulosa cells and cumulus oocyte complexes 

Morphological differences were observed between Control and Cerivastatin treatment 

groups (0.5 µM and 1 µM) in bovine granulosa cells (Supplementary data, Figure A6). Control 

and Vehicle (0.1% DMSO) groups had similar levels of confluency of approximately 90-95%, 

whereas the confluency of the 0.5 µM treatment group was 55-60%, and of the 1 µM 

Cerivastatin treatment group was 35-40%.  

The COCs were evaluated 24 hours after maturation in the respective treatment 

groups (Supplementary data, Figure A6). In the control and vehicle groups, the COCs showed 4-

* * 
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5 layers of light-colored cumulus cells around them. Conversely, in the 0.5 µM and 1 µM 

treatment groups, the COCs appeared smaller (with 1-2 intact layers of cumulus cells) and darker 

in shade, failing to undergo cumulus cell expansion. In addition to the morphological differences, 

a significant decrease in the percentage of polar body extrusion was observed in between the 

Control and 0.5 µM Cerivastatin treatment group, with no polar bodies observed in the 1µM 

Cerivastatin treatment groups (Supplementary data, Figure A7). 

3.3 Effect of Cerivastatin treatment on progesterone concentration (luteinization) of   

bovine granulosa cell  

         A significant increase in the levels of progesterone was observed both in the granulosa 

cells, as well the spent media (Figure 11, p value = 0.0047 and 0.0096, respectively).  A 

significant increase in the levels of progesterone was also documented between the 0.5 µM and 1 

µM treatment groups. Conversely, no such effect of Cerivastatin treatment was observed on the 

protein levels of PTX3 in the granulosa cells spent media (p value = 0.146). 
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Figure 11. Mean Progesterone and PTX3 levels in Cerivastatin treated bovine granulosa cells. 
Concentration of progesterone (mean ± SEM) in granulosa cells and spent media at 12 hours 
after granulosa cell proliferation in OptiMEM media supplemented with 0.1% DMSO, 0.5 µM 
and 1µM of cerivastatin. Different letters represent significantly different mean values. 

3.4 Effect of Cerivastatin treatment on the gene and protein expression of Hippo 

signaling pathway during bovine cumulus oocyte complex development in vitro 

                   No significant differences were observed in gene expression of Mst1 in bovine COCs 

(Figure 12, p value = 0.135). Conversely, significant differences in gene expression of Lats1, 
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Yap1 and Taz were observed between control and treatment groups (0.5 µM and 1 µM) (p value 

= 0.0017, 0.0051, and 0.02 respectively).  

Figure 12. Gene expression analysis of the Hippo signaling pathway components in single 
Cumulus oocyte complex (COC) for the four experimental groups: Control, Vehicle (0.1% of 
DMSO), 0.5µM and 1µM of Cerivastatin treatment. RNA was extracted from single COC 
collected for each treatment group and then reverse transcribed to analyze the differences in the 
mRNA expression of (a) Mst1, (b) Lats1, (c) Yap1 and (d) Taz  among treatment groups. 4-6 
COCs/treatment group were analyzed. Dots represent raw data, and the bars represent average 
mean ± SEM. (*p < 0.05). 
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Cerivastatin at both 0.5 µM and 1 µM concentrations influenced LATS1 and YAP1 

protein levels (Figure 13) (p value = 0.0009 and 0.005, respectively). YAP1 protein levels 

decreased significantly compared to both control and vehicle following treatment with 1 µM of 

cerivastatin (p value = 0.005). While p-YAP1 protein levels increased following treatment with 

both 0.5 µM and 1 µM of Cerivastatin, the increase was not significant compared to control and 

vehicle levels (p-value = 0.324). However, no significant differences were observed in the 

protein expression of MST1 and 2 among all groups (p values = 0.076 and 0.848, respectively). 
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Figure 13. Protein expression of Hippo signaling pathway components in bovine (A) COCs and 
(B) granulosa cell in vitro. (a’) Representative western blot images showing protein expression 
of Hippo signaling pathway components in bovine COCs after 12 hours of Cerivastatin 
treatment. (a”) Densitometry analysis of 3 or 4 biological replicates showcasing the fold change 
in the protein expression of Hippo pathway components normalized to the loading control ß-
actin. (b’) Representative western blot images showcasing the protein expression of Hippo 
signaling pathway components in bovine granulosa cells after 12 hours of Cerivastatin treatment. 
(b’’) Densitometry analysis of 3 to 5 biological replicates showcasing the fold change in the 
protein expression of Hippo pathway components normalized to the loading control: ß-actin. 
Bars represent mean ±SEM. Different letters represent statistical significance at p value <0.05. 
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3.5 Effect of Cerivastatin treatment on the protein localization and expression of Hippo 

signaling pathway components in vitro 

      No changes in the cytoplasmic protein localization of MST1 and 2 were observed 

between control and treatment groups (0.5 µM and 1 µM). Contrary to MST1/2 protein kinase, 

differences in the expression pattern of F-actin were observed for the 0.5 µM and 1 µM 

treatment groups (Figure 14). Similar to MST1/2, no significant changes were observed in the 

cytoplasmic protein localization of LATS1 for the Cerivastatin treatment groups. Conversely, a 

decrease in the nuclear protein localization of TAZ and YAP1/p-YAP1 were observed for the 

Cerivastatin treatment groups (Figures 14).  
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Figure 14. (A) Protein expression of Hippo signaling pathway components (MST1, MST2, 
LATS1, YAP1, pYAP1, and TAZ) in cerivastatin treated granulosa cells. Blue, Green and Red 
colors in each picture indicates nuclei (DAPI; 4,6-diamidino-2-phenylindole), positive staining 
for the primary antibody and F-actin (rhodamine phalloidin). Each scale bar represents 20 µm. 
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(B) Nuclear cytoplasmic protein expression of YAP1, pYAP1 and TAZ components of Hippo 
signaling pathway in fractionated bovine granulosa cells. Representative western blot images of 
the differences in the nuclear-cytoplasmic localization of Hippo components after 12 hours of 
cerivastatin treatment. The densitometry analysis showcases the fold change in the protein 
expression of YAP1, p-YAP1 and TAZ normalized to the control group. Bars represent mean 
±SEM. Different letters represent statistical significance at p value <0.05. 

There was a significant decrease in the total protein expression of YAP1 in granulosa 

cells treated with 1 µM cerivastatin compared to control and vehicle groups. Similar to YAP1, 

there was a significant decrease in the total protein expression of LATS1 in the 0.5 µM treatment 

group compared to control and vehicle groups. The total protein expression of LATS1 

significantly increased in the 1 µM treatment group when compared to the 0.5 µM treatment 

group, but no significant change was observed in the 1 µM group when compared to controls, 

suggesting a dose dependent effect of Cerivastatin treatment on LATS1 during granulosa cell 

proliferation.  

 Although no significant effect of cerivastatin treatment was observed on the protein 

expression of TAZ and p-YAP1, a decreasing trend in TAZ and p-YAP protein expression was 

observed, with p values of 0.164 and 0.182, respectively.  No significant differences were 

observed in MST1 and MST2 protein levels in either of the cerivastatin-treated granulosa cell 

groups compared to control and vehicle groups (p = 0.675 and 0.946, respectively).  

 For the nuclear and cytoplasmic fractionated granulosa cell protein samples, a significant 

increase in cytoplasmic protein expression of TAZ in the 1µM cerivastatin group was observed 

compared to the control groups (p < 0.001). A significant decrease in nuclear protein expression 

of TAZ was also observed among both granulosa cell treatment groups (0.5 µM and 1 µM) and 

control groups (p < 0.0001). No significant differences were observed in the cytoplasmic protein 

expression of YAP1 among any group (p = 0.759); nevertheless, there was a significant decrease 
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in the nuclear protein expression of YAP1 in the 1 µM treatment group compared to all the other 

groups (p = 0.0013). A significant decrease in the nuclear protein expression of p-YAP1 was 

observed (p value = 0.0392) in the 1µM treatment group compared to the controls, however no 

significant differences were observed in the cytoplasmic protein expression ((p value = 0.123). 

3.6 Effect of Cerivastatin treatment on percentage of cell apoptosis for bovine granulosa 

cells  

      A significant increase in the percentage of TUNEL positive nuclei was observed in 

both treatment groups (0.5 µM and 1 µM) in comparison to the control, vehicle, and serum free 

groups (Figure 15, p value < 0.0001). 
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Figure 15. Apoptotic nuclei in the granulosa cells. (A) Representative images of the TUNEL-
positive nuclei in granulosa cells for each treatment group. Blue represents DAP1 and Green 
represents TUNEL positive staining. (B) Mean proportions of TUNEL-positive nuclei in each 
treatment group. The bars represent Mean ± SEM. Different letters represent statistical 
significance at p value <0.05. Scale bar is 50µM. 
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4 Discussion   

To our knowledge this is the first study to dissect the role of Hippo signaling pathway in 

granulosa cells at the molecular level using Cerivastatin as the drug of choice. In this study, we 

demonstrate for the first time the organizational hierarchy and the expression pattern of the core 

cascade and downstream effectors of the Hippo signaling pathway using Cerivastatin treatment 

during COC maturation and granulosa cell proliferation. While many studies have identified the 

importance of this cell signaling pathway in cellular proliferation, also in bovine (Plewes et al., 

2019), we examined the role of both the core components and the downstream effectors of the 

pathway on granulosa cell proliferation and COC maturation.  

A significant decrease in cell viability when treated with Cerivastatin, as compared to 

controls, confirms the toxic effects of Cerivastatin (1µM and 5 µM) on granulosa cell growth and 

proliferation (Figure 10). In addition to the toxic effects observed on cell viability, a significant 

increase in the concentration of progesterone was observed in the Cerivastatin treatment groups 

(Figure 11). This suggests that the granulosa cells treated with Cerivastatin undergo luteinization, 

and subsequent terminal differentiation. These observations contrast with those in human and 

murine granulosa cells. In the mouse and human models, statins result in a decrease in 

progesterone, although not significant (10%), in comparison to the untreated control group (Rung 

et al., 2005). This difference may be due to the higher dose of statins (i.e., 10 µM) tested in the 

human and murine granulosa cells, compared to the 1µM Cerivastatin concentration used in our 

study. Another possible explanation could be differences in the pharmacokinetic profiles of the 

type of statins utilized in both the studies. Cerivastatin has a comparatively longer half-life and 

better bioavailability than the other three statins (Lovastatin, Simvastatin and Mevastatin) 

(Schachter, 2005). These observations collectively suggest that statins might exhibit dose-
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dependent and species-specific effects on the excretion, and therefore production of progesterone 

in granulosa cells. In addition to progesterone, another important molecule known to be elevated 

in bovine luteal cells is PTX3 (Basavaraja et al., 2020; Salustri et al., 2004). Contrary to 

progesterone, no significant changes were observed in the protein expression of PTX3 between 

control and Cerivastatin treatment groups, suggesting an independent effect of Cerivastatin on 

progesterone, but not PTX3 concentration (Figure 11).Third, this can be attributed to the 

inhibition of YAP1 in the Hippo signaling pathway, which has been indicated to increase the 

production of progesterone in murine COCs (Sun & Diaz, 2019).  

A significant effect of Cerivastatin treatment is a change in  the morphology and polar 

body extrusion for the Cerivastatin treated COCs (Supplementary data Figures  and   ). These 

morphological changes, together with the significant changes noticed in the gene expression of 

Yap1, Lats1 and Taz in the Cerivastatin treated COCs, suggest a potential role of Hippo-

LATS1/TAZ pathway in bovine COC maturation (Figure 12).  However, the role of these 

components requires further validation using Lats1 specific inhibition methods. 

 When the Hippo pathway is activated in murine granulosa cells and COCs, YAP1 and 

TAZ are deactivated via phosphorylation by MST1/2 and LATS1/2, decreasing TEAD 

transcription that regulates growth and development (Meng et al., 2016). The protein expression 

of YAP1 was significantly decreased in the cerivastatin treated granulosa cells and COCs, with 

no vehicle effect (Figure 13). This significant decrease in bovine granulosa cell viability and 

COC and oocyte maturation upon YAP1 chemical inhibition is similar to the one reported in the 

murine model, suggesting an essential role of this downstream effector of the Hippo signaling 

pathway in both murine and bovine granulosa cell proliferation and COC maturation (Lv et al., 
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2019; Plewes et al., 2019a; Sun & Diaz, 2019). Contrary to YAP1, no significant changes in the 

total protein expression of TAZ for the Cerivastatin treatment groups in comparison to the 

control groups, along with a significant increase in the cytoplasmic TAZ and decrease in the 

nuclear TAZ, suggest a potential role of TAZ nuclear cytoplasmic shutting during bovine 

granulosa cell proliferation. These results are opposite to the ones obtained in mouse granulosa 

cells, where both YAP1 and TAZ are involved in the ovarian functions (Lv et al., 2019; Plewes 

et al., 2019a; Sun & Diaz, 2019). This difference in the functions of YAP1 and TAZ may 

initially appear odd but occur in nature at some critical cellular timepoints such as, embryonic 

stem cell differentiation and tumor initiating capacity (Cordenonsi et al., 2011; Kodaka & Hata, 

2015). Such a divergence in YAP and TAZ’s function has also been observed in human cell lines 

(Plouffe et al., 2018), where differences in the structure and transcription have been reported 

between the two components during cancer progression.  

The decrease in YAP1 protein expression was further complemented by a significant 

decrease in LATS1 expression in the Cerivastatin treated group compared to the controls, in both 

granulosa cells and COCs (Figure 13). These results are contradictory to those observed in the 

murine model, where there was a complimentary increase in LATS1 following specific chemical 

inhibition of YAP1 (Plewes et al., 2019a; Sun & Diaz, 2019). One possible explanation for this 

disparity is the direct effect of Cerivastatin treatment on the core cascade components of the 

Hippo signaling pathway, thereby decreasing the LATS1 protein expression and turning the cell 

signaling pathway off in treated bovine granulosa cells and COCs in vitro (Alarcon & Marikawa, 

2016). Another possible explanation might rely in the differences in the LATS1 dependent 

regulation of Hippo signaling pathway components between mouse and bovine. Various cell 

signaling pathways and polarity molecules such as Amot (Angiomotin) and p38 MAPK 
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(Mitogen Activate Protein Kinase) act both independently as well as dependent on LATS1 

regulating the protein expression of YAP1 during mouse and bovine embryogenesis (Chan et al., 

2011; Lin et al., 2018; Negron-Perez & Hansen, 2018; Sharma et al., 2021; Sharma & Madan, 

2020; Yamamura et al., 2020).  Contrary to LATS1, no significant changes in the other core 

cascade component of the Hippo pathway, MST1, was observed among the treatment groups in 

both COCs as well as bovine granulosa cells (Figure 13). These results are, yet again, different 

from those obtained in mouse, where significant increase in MST1 and MST2 gene expression 

following EGF (Epidermal Growth Factor) treatment were measured. EGF increases 

progesterone levels similarly to Cerivastatin. These results are thus in contrast to the working 

mouse model of Hippo signaling pathway proposed by Sun and Diaz (Sun & Diaz, 2019), 

suggesting species specific variation in the Hippo signaling pathway regulation in bovine 

granulosa cells and COCs in vitro. These dissimilarities may also be attributed to differences in 

cell signaling pathways known to regulate MST1/2 in the mouse v/s the bovine (Z. Meng et al., 

2015; Negron-Perez & Hansen, 2018). MAP kinase family proteins are known to regulate the 

downstream effectors of the pathway via direct activation of LATS1 independent of MST1/2, 

however no such role of MAPK signaling pathway have been reported in bovine embryos and 

requires further investigation. Collectively, these results reveal a significant decrease in the core 

cascade components and downstream effectors of the pathway upon Cerivastatin treatment. This 

decrease in LATS1-YAP1 signaling, along with the morphological differences, may in part be 

due to the inhibition of YAP-TEAD transcription, thereby restricting the cellular growth and 

proliferation (Nishioka et al., 2009; Sharma et al., 2021).  

The absence of significant changes observed in the cytoplasmic protein localization of 

MST1/2 between control and treatment groups (Figure 14) suggest MST independent effects of 
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Cerivastatin treatment on the activation (turn on) of Hippo signaling pathway (Alarcon & 

Marikawa, 2016). Cerivastatin-mediated effects on the expression pattern of F-actin were 

detected in comparison to the control groups. These results are similar to that reported in the 

mouse model where actin filament plays an essential role in the translocation of YAP1 to 

nucleus, thereby promoting folliclular growth (Cheng et al., 2015). Additionally, as expected, the 

cytoplasmic localization of other core cascade Hippo pathway components, such as LATS1, 

remained unaltered upon cerivastatin treatment (Figure 14). Changes in the active form of 

LATS1 protein expression, but not localization, can be attributed to its proteasomal degradation 

and maybe subsequent phosphorylation to p-LATS1, leaving LATS1 protein localization 

unchanged. However, further validation examining the expression and localization pattern of p-

LATS1 in bovine COCs, and granulosa cells is required. These observations are in line with 

various reports of degradation of p-LATS1 to LATS1 in human and mouse stem cells as well as 

embryonic and cancer cell lines (Hao et al., 2020; Kandasamy et al., 2020; Zhipeng Meng et al., 

2015; Sun & Diaz, 2019). In contrast to MST-LATS kinases, a significant decrease was 

identified in the nuclear-cytoplasmic protein expression of YAP1/p-YAP1 and TAZ (Figure 14).  

Western blot protein expression analysis in combination with the protein localization 

studies using confocal imaging indicates a significant decrease in the nuclear protein expression 

of TAZ following treatment with Cerivastatin. The corresponding increase in the cytoplasmic 

protein expression of TAZ suggests that TAZ in the active form is exported to the cytoplasm 

with the help of shuttle proteins, such as nucleolin, known to facilitate nuclear cytoplasmic 

shuttling in various species, including but not limited to bovine, mouse, and humans (Figure 14) 

(Aldi et al., 2009; Borer et al., 1989; Tuteja & Tuteja, 1998). Similar to the differences in the 

nuclear-cytoplasmic protein expression profile, protein localization of TAZ was also affected by 
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Cerivastatin treatment. TAZ was localized both in the nucleus and cytoplasm for the controls, 

conversely was predominantly cytoplasmic in the Cerivastatin treatment groups (Figure 14). 

Similar results have been reported by another study in the bovine model, where TAZ is localized 

in the cytoplasm of granulosa cells (Plewes et al., 2019a). These observations contrast with what 

reported in the murine model, where TAZ is predominantly present in the nucleus of granulosa 

cells (Sun et al., 2015). This further confirms Hippo signaling pathway components to be 

differentially regulated between bovine and mouse granulosa cells. Similar to TAZ, a decrease in 

the nuclear expression of both YAP1 and pYAP1 was identified for the nuclear components of 

granulosa cells (Figure 4). Contrary to TAZ, there was no complementary increase in the 

cytoplasmic expression of YAP1 and p-YAP1 in the cytoplasmic fraction, suggesting nuclear 

retention of YAP1 after Cerivastatin treatment. These results were further validated by 

performing immune florescence analysis of YAP1/p-YAP1. The protein localization of YAP1 in 

the control groups was cytoplasmic, whereas for the Cerivastatin treatment groups YAP1 was 

present both in the nucleus and cytoplasm (Figure 14). These observations are similar to that 

previously reported in the bovine model, where YAP1 was present in the cytoplasm of the 

control group, with uniform distribution of this component in the nucleus and cytoplasm in the 

luteal cells (Plewes et al., 2019a). In addition to the nuclear-cytoplasmic localization of YAP1, a 

significant increase in the progesterone concentration was also previously reported in the bovine 

luteal cells. Collectively, these results suggest the Cerivastatin treated cells to be luteinized upon 

treatment, thereby diminishing proliferation and initiating terminal differential of the cells. 

Contrary to YAP1, the cytoplasmic localization of p-YAP1 remained unchanged among 

treatment groups (Figure 14). The cytoplasmic localization of p-YAP1 in bovine granulosa cells 

is different from the nuclear localization of p-YAP1 expressed in the preimplantation bovine 
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embryos, suggesting nuclear localization of p-YAP1 to be driven by numerous embryonic 

factors, including, but not limited to, increased cell polarity, cell-cell contact and cell signaling 

pathways activated within the embryo following fertilization (Gumbiner & Kim, 2014; Hwang et 

al., 2018; Sasaki, 2015; Sharma & Madan, 2020). 

Upon noticing the changes in the expression pattern of F-actin, a TUNEL assay was 

performed to quantify apoptosis in the Cerivastatin treatment groups (Figure 15). There was a 

significant increase in the apoptosis rate (TUNEL positive cells) in both the Cerivastatin 

treatment groups (Figure 15). These effects of Cerivastatin leading to increased apoptosis rate are 

similar to that observed in the mouse and human cell lines (Johnson et al., 2004; Wong et al., 

2001). These results taken together with the effects of Cerivastatin on the localization and 

protein expression of Hippo pathway components suggest Hippo signaling pathway components 

to be one of the regulators of apoptosis. This increase in apoptosis in response to inhibition of 

Hippo-YAP1 pathway is similar to that observed during T-cell lymphoma and hepatocellular 

carcinoma (Chang et al., 2019; Zhao et al., 2020).   

In conclusion, in this study, chemical inhibition (cerivastatin treatment) was utilized to 

elucidate the role of LATS-YAP/TAZ dependent Hippo pathway, independent of MST kinase, 

during granulosa cell proliferation and COC maturation in bovine. Due to the crucial role of 

proper proliferation of granulosa cells during follicular development, the results of this study 

indicate potential areas to be explored to improve the future of Assisted Reproductive 

Technologies (ARTs) and reproductive therapies. Utilizing cerivastatin to elucidate the complex 

regulatory relationships within the Hippo signaling pathway and how its individual components 

influence embryonic development would be greatly beneficial to the field of ARTs. 
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Chapter 4 

 

GapmeR Specific Inhibition of MST1 Diminishes TAZ Independently of YAP1 Activity 
in Bovine Granulosa cells and Blastocyst 
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Abstract 

Mammalian Sterile Twenty like 1 (MST1) is a crucial component of the Hippo signaling 

pathway. This cell signaling pathway component regulates numerous developmental processes, 

such as establishing proper cell size, growth and embryonic development in the mouse model, 

however the role of this component is still unclear in the domestic cow. In the present study the 

roles of this core cascade component, MST1, were evaluated using GapmeR inhibition method 

during granulosa cell proliferation and blastocyst development in the bovine.  Following 

GapmeR treatment, a significant difference was observed in the gene expression of Lats1 (Large 

Tumor Supressor 1) and Taz (Transcriptional Co-activator with PDZ binding domain). 

Furthermore, differences in the protein localization of TAZ were also detected in the Mst1 

GapmeR treated granulosa cells, suggesting a potential role of MST1-TAZ signaling during 

bovine granulosa cell proliferation and blastocyst formation. Even though YAP1 is known to 

play a more important role than MST1 and TAZ during mouse granulosa cell proliferation and 

blastocyst development, the present study establishes a substantial role of MST1 dependent TAZ 

signaling in granulosa cell proliferation as well as blastocyst development. Overall, this study 

elucidates the novel role of MST1-TAZ signaling, independent of YAP1, in the regulation of 

bovine granulosa cell viability and blastocyst formation in the bovine model. 

1 Introduction 

       The ovary is a dynamic organ that undergoes numerous physiological changes during the 

processes of folliculogenesis and ovulation (Berkholtz et al., 2006; Habara et al., 2021). The 

process of folliculogenesis consists of various stages of follicle development: primordial, 

primary, secondary, and tertiary follicles (Gougeon, 1996; Pedersen & Peters, 1968). A 
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primordial follicle is small, dormant and consists of a single layer of flat granulosa cells 

surrounding the oocyte (Palma et al., 2012; Zhang et al., 2020). The surrounding granulosa cells 

multiply and proliferate in number as the follicle develops from the primary to the tertiary stages 

of folliculogenesis, playing a crucial role in the development, maturation, and release of the 

oocytes (Orisaka et al., 2009; Pande et al., 2018). After release of the COC, the remaining 

granulosa cells stop proliferating, but maintain steroidogenesis and make up part of the corpus 

luteum (Lunenfeld & Insler, 1993; McGee & Hsueh, 2000). The corpus luteum is responsible for 

producing hormones, including progesterone, that are essential for embryonic implantation and 

growth (Palma et al., 2012). It has been shown that without this vital granulosa cell proliferation, 

development, and functioning, proper embryogenesis cannot occur (Lv et al. 2019). To make a 

healthy embryo, a good quality oocyte is needed. The quality of the oocytes is dependent on the 

process of folliculogenesis (Palma et al., 2012). After successful fertilization of a good quality 

oocyte with a sperm, zygote is formed, which is a single cell structure (Sharma et al., 2021). This 

zygote undergoes multiple meiotic divisions, ultimately leading to the formation of a blastocyst 

(Sharma et al., 2021). The formation of a blastocyst is a complicated and intricate process, where 

the coordinated action of multiple cell signaling pathways and molecular players are necessary 

for successful blastocyst development (Watson, 1992; Watson et al., 1992). Numerous cell 

signaling pathways such as Mitogen Activated Protein Kinase (MAPK), Wnt, and Hippo 

signaling pathways, are known to be present and functional in granulosa cells and blastocysts in 

several mammalian species (Alarcon & Marikawa, 2016; Denicol et al., 2013; Fan et al., 2009; 

Habara et al., 2021; Lv et al., 2019; Madan et al., 2005).  

The Hippo signaling pathway plays an essential role in cell proliferation and mouse 

embryogenesis (Lv et al., 2019; Sasaki, 2015). The components of this pathway can be 
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subdivided into: the upstream regulators (cell-cell contact and cell polarity molecules), the core 

cascade (Mammalian Sterile Twenty like 1 and 2 - MST1/2 and Large Tumor Supressor 1 ad 2 - 

LATS1/2) and the downstream effectors (Yes Associated Protein 1 - YAP1 and Transcriptional 

co-activator with PDZ binding domain - TAZ) of the pathway (Sharma & Madan, 2020). The 

role of MST1 (known as Hpo) was first characterized in fruit fly (Drosophila Melanogaster). In 

the Drosophila, a significant increase in the cell count, growth as well as delay in cell cycle 

progression was observed upon inhibition of Mst1, suggesting a significant role of MST1 during 

these cellular processes (Harvey et al., 2003). MST1 and 2 can functionally compensate for each 

other during mouse embryogenesis and embryonic stem cell development (Du et al., 2014; Li et 

al., 2013; Sangphil Oh et al., 2009). Knockdown of both Mst1 and 2 in the mouse causes 

impaired yolk sac, defects in placental development and increase in the rate of apoptosis in the 

placenta as well as the embryo, thereby leading to in-utero death at embryonic day 8.5 (Sangphil 

Oh et al., 2009). Recently various reports have established the presence of MST1 during early 

bovine embryogenesis as well as granulosa cell proliferation (Plewes et al., 2019b; Sharma & 

Madan, 2020), however no information is available about the role of this component during 

embryonic as well as granulosa cell development and requires further validation. The present 

study was thus designed to elucidate the role of MST1 dependent Hippo signaling pathway 

during granulosa cell proliferation and blastocyst development in the bovine model, using the 

GapmeR specific inhibition method. 

2 Materials And Methods 

All the chemicals were obtained from Sigma-Aldrich (Burlington, Ontario) unless otherwise 

stated. 
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2.1 In vitro bovine granulosa cell culture and blastocyst production 

Bovine granulosa cells were collected and cultured using previously described protocols 

(Piccinato et al., 2012). Briefly, bovine ovaries were obtained from Highland Packers Ltd. in 

Stoney Creek. Follicular fluid was aspirated from small to medium sized follicles into F-10 

collection medium and COCs were removed with a wiretrol. The cells were rinsed and 

centrifuged at low speed (500g) once with hemolysin buffer, followed by 0.1% PBS, and DMEM 

media. Granulosa cells were then plated onto T-75 flask with 10 ml of DMEM + 20% FBS 

media. After 12 hours of incubation, the cells were passaged once and re-plated at a 

concentration of 1.0 x 106 cells/mL with DMEM + 10% FBS media in 100 mm cell culture 

plates. After additional 12 hours of incubation, the cells were serum starved using Opti-MEM 

(ThermoFisher Scientific, 11058021) to ensure all cells remained at the same stage of the cell 

cycle for treatment. After 12 hours of incubating under serum starvation, the cells were divided 

into four treatment groups: Control (Opti-MEM media), negative control (Opti-MEM media with 

0.1% MiliQ water) and treatment groups; 3 µM and 3.5 µM of MST1-GapmeR sequence A or B 

(catalog # LG00223674 and LG00223677 Antisense LNAs) in opti-MEM media. After 72 hours 

of incubation under treatment, the cells were either snap frozen in liquid nitrogen and stored at -

80ºC (to be used for RNA extraction and ddPCR analysis) or used fresh for downstream 

applications (protein localization analysis using confocal microscopy). 

Bovine zygotes were produced using protocol previously described (Sharma & Madan, 

2020). The presumptive zygotes were then washed twice in HEPES/Sperm TALP, with a final 

wash in 3.5 mL synthetic oviductal fluid (SOF; composition (in mM): CaCl2·2H2O 1.17, KCl 

7.16, KH2PO4 1.19, MgCl2·6H2O 0.49, NaCl 107.7, NaHCO3 25.07, Na lactate (60% syrup) 
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3.3; Chemicon-Millipore). The commercial SOF medium was supplemented with 200 μL non-

essential amino acids (glycine, L-alanine, L-asparagine, L-aspartic acid, L-glutamic acid, L-

proline, L-serine; all at a final concentration of 0.2 mM), 100 μL essential amino acids (final 

concentrations: L-arginine hydrochloride, 0.6; L-cysteine, 0.1; L-histidine hydrochloride–H2O, 

0.2; L-isoleucine, 0.4; L-leucine, 0.4; L-lysine hydrochloride, 0.4; L-methionine, 0.1; L-

phenylalanine, 0.2; L-threonine, 0.4; L-tyrosine, 0.2; L-tryptophan, 0.05; L-valine, 0.4), 50 μL 

sodium pyruvate (final concentration 0.00886 mg mL−1), 5 μL gentamicin (final concentration 

25 mg mL−1; all from Invitrogen), 560 μL of 15% BSA (final concentration 0.0084 mg mL−1) in 

SOF and 200 μL of 2% bovine serum albumin (PAA Laboratories). After washing the zygotes 

were sub-divided into 4 treatment groups:  Control (SOF – synthetic Oviductal fluid media), 

Vehicle control (0.1% of MiliQ water in SOF media), Scramble control and MST1-GapmeR 

treatments (3 µM and 3.5 µM). These zygotes were then cultured for 8 days in 35 µl drops of the 

respective treatment under mineral oil at 38.5ºC, under 5% CO2. After culturing for 8 days, 

embryos at the blastocyst stage were collected and washed thrice with fresh Dulbecco’s 

phosphate-buffered saline (PBS) containing 0.1% (w/w) polyvinylpyrrolidone (PVA). The 

blastocysts then collected were snap frozen in liquid nitrogen and stored at -80ºC for further 

downstream applications. 

2.2 ATP-based cell viability assay 

          Granulosa cells were seeded at a density of 0.01x106 cells/ml in a 96 well plate. They were 

then serum staved and treated with Cerivastatin for 12-hours as previously described (Chapter 3). 

CellTiter-Glo 2.0 Assay (Promega, G9241) was used to analyze the percentage of differences in 

cell proliferation. After 12 hours of treatment, the plate was equilibrated at room temperature for 
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30 minutes. After equilibration, 100 µl of CellTiter-Glo 2.0 reagent was added to each well and 

the contents were mixed using an orbital shaker to induce cell lysis for 2 minutes. The plate was 

then incubated at room temperature for 10 minutes to stabilize the luminescent signal. The signal 

was then recorded using FLUOstar OPTIMA Plate Reader (BMG Labtech). 

2.3 RNA Extraction and cDNA synthesis 

RNA was extracted from single blastocyst using the Pico pure Isolation kit (Thermo 

Fisher, KIT0204), following manufacturer’s instructions. cDNA was synthesized using iScript 

cDNA synthesis kit (catalog # 1708840, Bio-Rad Laboratories). 

2.4 Gene Expression analysis using digital droplet PCR (ddPCR) 

          ddPCR (Bio-Rad Laboratories) was used to quantify the differences in the gene expression 

of Mst1, Lats1, Yap1 and Taz in single GapmeR treated bovine blastocyst and granulosa cells. 

For the blastocyst study, at least 4-5 biological replicates comprising of 2 blastocysts/ treatment 

group were analyzed for each replicate. To analyze the differences in the gene expression of 

Hippo signaling pathway components in granulosa cells, equal amount of RNA (5ng/µl) was 

added to each well. The gene expression of these components was normalized to tyrosine 3-

monooxygenase/tryptophan 5- monooxygenase activation protein zeta (ywhaz), as the geNorm 

analysis performed suggested ywhaz and peptidylprolyl isomerase A (ppia) to be the most stable 

reference candidates through the treatments (supplementary data, figure A5).  
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2.5 Immunofluorescence (IF) analysis and confocal imaging of bovine granulosa cells 

          Bovine granulosa cells for all the groups (Control versus GapmeR treatment groups) were 

stained using previously described protocols (Favetta et al., 2007; Madan et al., 2005; Sharma & 

Madan, 2020). All the primary antibodies (antibodies information is described in the 

supplementary Table 1) were diluted in 1:50 ratio, using antibody dilution buffer. To study the 

localization of Hippo signaling pathway components during granulosa cell proliferation, at least 

three biological replicates were performed to analyze the localization of each Hippo pathway 

component. 

2.6 Statistical Analysis 

          GraphPad Prism 6 software (https://www.graphpad.com/ company/) was used to conduct 

statistical analysis. Linear regression analysis was used to analyze data to be normally distributed 

and bartlett’s test was used to analyze homogeneity of variance. The significance of difference 

among the treatment groups was analyzed using one-way analysis of variance (ANOVA). 

Further, when statistically significant differences were observed (p value < 0.05), Tukey’s 

multiple comparison test was used to evaluate differences among each treatment group. Two-

sided (p value < 0.05) was considered significant. 

3 Results 

3.1 Validation of MST1 inhibition for bovine blastocysts and granulosa cells by 

evaluating the gene expression and protein localization of MST1 

 Gene expression studies were performed to test the specificity of the two distinct 

sequences of Mst1 GapmeR during granulosa cell proliferation. A significant decrease in the 
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gene expression of Mst1 was observed using both the sequences; A and B (Figure 16), however 

sequence A was used as the preferred sequence for the following experiments as a significantly 

higher decrease in the gene expression of Mst1 was observed using sequence A as compared to 

B. Similar to the granulosa cells, a significant decrease in the gene expression of Mst1 was also 

observed between controls and GapmeR treated blastocysts (p value = 0.0002, Figure 16). 

 

Figure 16. Validation of MST1 GapmeR specificity. Differences in gene expression of the MST1 
for (A) granulosa cells and (C) single blastocyst for the four experimental groups, OptiMEM 
media, Control; 0.1% of water, Vehicle; 3µM of Sequence A and B. RNA was extracted from 
granulosa cells collected for each treatment group and then reverse transcribed to analyze the 
differences in the mRNA expression of Mst1 among treatment groups. 6 biological replicates 
were analyzed. Dots represent raw data, and the bars represent average mean ± SEM. (*p < 
0.05). (B) Protein expression of MST1 in GapmeR treated granulosa cells. Blue, Green and Red 
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colors in each picture indicates nuclei (DAPI; 4,6-diamidino-2-phenylindole), positive 
fluorescence for the presence of GapmeR and positive staining for the primary MST1 antibody. 
Each scale bar represents 20 µm. 

3.2 GapmeR specific MST1 inhibition increases the bovine blastocyst rate and granulosa 

cell proliferation in-vitro 

  Following GapmeR treatment under controlled conditions (5% CO2 and 38.5ºC; protected 

from light), granulosa cells and blastocysts were collected and examined for differences in cell 

proliferation rates and morphological differences, respectively. A significant increase in the 

blastocyst rates were detected following GapmeR treatment of the bovine zygotes (p value = 

0.02, figure 17). However, no such effects of MST1 inhibition were observed on the cleavage 

rates (p value = 0.54). Similar to the blastocyst rate, a significant increase in granulosa cells 

proliferation was also observed (Figure 17). 
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Figure 17. (A and B) Percentage of Cleavage and blastocyst rates for the four experimental 
groups (Control; 0.1% of water, Vehicle; Scramble control; 3µM, or 3.5µM of GapmeR 
treatment. 48 hours after fertilization the number of 2-cell bovine embryos were assessed over 
the total number of presumptive zygotes added for each group. 4 biological replicates (n=4) were 
analyzed. 8 days after fertilization the number of blastocysts developed over the total number of 
cleaved embryos was recorded. 4 biological replicates were analyzed. (C) Cell viability of the 
granulosa cells measured using the ATP based Luminescence assay (CellTiter-Glo Assay). 
Luminescence values were measure using the FLUOstar Optima plate reader. Bars represent 
mean ± SEM. Different letters on each bar graph represent statistical significance. 
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3.3 Gene Expression of Lats1, Yap1 and Taz after inhibition of Mst1 for Bovine granulosa 

cells and Blastocyst development 

After successful inhibition of Mst1, the effect of Mst1 inhibition was evaluated on the gene 

expression of the core cascade component (Lats1) and the downstream effectors (Yap1 and Taz) 

of the Hippo signaling pathway (Figure 18). For the granulosa cells, a significant decrease in 

Lats1 mRNA expression was measured between control and GapmeR treatment groups (p value 

= 0.0002). Similar to Lats1, a significant decrease in the gene expression for Taz was also noted 

in the treatment group, in comparison to the controls (p value <0.0001). In contrast to Lats1 and 

Taz, no significant changes in the gene expression of Yap1 were identified between the treatment 

and the control groups (p value=0.849, Figure 18).  

For single blastocysts, significant changes in the gene expression of Taz and Lats1 were 

recorded between control and treatment groups (p values = 0.023 and 0.0007). However, no such 

effects of Mst1 inhibition were observed on the gene expression of Yap1 (p value = 0.217).  
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Figure 18. Gene expression analysis of the Hippo signaling pathway components in single 
blastocyst(s) and pooled granulosa cells for the four experimental groups, Control; 0.1% of 
water, Vehicle; Scramble control, and 3µM of Gapmer treatment. RNA was extracted from 
single blastocysts and pooled granulosa cells collected for each treatment group and then reverse 
transcribed to analyze the differences in the mRNA expression of Lats1, Yap1, and Taz among 
the 4 treatment groups. Four to seven biological replicates were analyzed. Dots represent raw 
data, and the bars represent average mean ± SEM. (*p < 0.05) 
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3.4 Protein localization of LATS1, YAP1, p-YAP1 and TAZ after MST1 inhibition 

 Immunofluorescence and confocal analysis were used to analyze differences in the 

localization of MST2, LATS1, YAP/pYAP1 and TAZ components of the Hippo signaling 

pathway (Figure 4). MST2 was present in the cytoplasm in control and treatment groups, with no 

changes observed in the expression pattern of MST2 among all groups. Similar to MST2, LATS1 

was observed in the cytoplasm in the GapmeR treated as well as control groups. 

The downstream effector of the pathway, YAP1, was detected in the cytoplasm in controls 

and the GapmeR treated groups. The phosphorylated component of YAP1 (pYAP1) was also 

present in the cytoplasm in the controls, however the cytoplasmic protein expression of pYAP1 

was absent in the GapmeR treated granulosa cell group. TAZ was present in the nucleus of the 

control groups and was excluded from the nucleus in the GapmeR treated groups (Figure 19). 
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Figure 19. (A) Protein expression of Hippo signaling pathway components in GapmeR treated 
granulosa cells. Blue, green and red colors in each picture indicates nuclei (DAPI; 4,6-
diamidino-2-phenylindole), positive fluorescence for the presence of GapmeR and positive 
staining for the primary MST2, LATS1, YAP1, pYAP1, and TAZ antibodies. (B) Enlarged 
imaged of control group showcasing the localization of overlay image of blue, red and green 
channels; DAPI; TAZ localization; and green fluorescence for the MST1 GapmeR (C) Enlarged 
images of the GapmeR treated group showcasing the localization of overlay image of blue, red 
and green channels; DAPI; TAZ localization; and green fluorescence for the MST1 GapmeR. 
Each scale bar represents 20 µm. 
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4 Discussion 

       The role of MST1/2 signaling in the mouse model has been well established (Sangphil Oh et 

al., 2009), however the role of this signaling molecules during bovine granulosa cell proliferation 

and blastocyst formation remains elusive. To our knowledge this is the first report to describe the 

role of MST1-TAZ dependent Hippo signaling pathway during granulosa cell proliferation and 

blastocyst development in the bovine model in vitro.  

The MST1/2 protein kinase plays a crucial role in the regulation of cell growth, 

proliferation, differentiation, and embryonic development in various model organisms, including 

mouse and human (Chao et al., 2015; Li et al., 2013; Song et al., 2010). In the present study, the 

role of MST1 in the regulation of cell proliferation and blastocyst development was evaluated. 

The cell viability assay (Figure 17) demonstrated a significant increase in cell viability and 

proliferation for the GapmeR treatment group in comparison to the control groups. Similarly, a 

significant increase was also observed in the blastocyst rate in the GapmeR treatment group 

compared to the control groups, suggesting an inverse relationship between the MST1 

component of Hippo pathway and cell viability and proliferation. These results are consistent 

with previous reports where MST1 depletion significantly increases cell proliferation and cell 

invasion, and vice versa, in mouse and human cancer cell (Liu et al., 2018; Zhou et al., 2011). 

MST1 has also been reported to be a fundamental regulator of cell proliferation and cell death 

regulating the processes of organ size and tumorigenesis preferentially in liver. Taken together, 

these results suggest a potential role of MST1 in bovine granulosa cell proliferation and 

blastocyst formation. 
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Multiple cell signaling pathways, such as serine/threonine protein kinase B (PKB; also 

known as AKT), mammalian target of rapamycin (mTOR) and Phosphatidylinositol 3-kinase 

(PI3K) pathways, have been reported to act as the upstream regulators of MST1 in various 

human cancer cell types (Chao et al., 2015; Yuan et al., 2010). The downregulation of MST1 

mediated via AKT/PI3K signaling molecules, affects cell proliferation independent of the YAP1 

effector of the Hippo pathway, suggesting YAP1 to be activated by cell signaling pathways other 

than Hippo (Chao et al., 2015; Piccolo et al., 2013). However conflicting reports are available in 

the literature suggesting MST1 mediated cell proliferation to be regulated through pYAP1-Hippo 

signaling pathway (Liu et al., 2018; Song et al., 2010). Our gene expression analysis for the 

bovine granulosa cells suggests Mst1 be acting through the Lats1 and Taz components of the 

Hippo signaling pathway (Figure 17, 18). These results thus suggest that Mst1 influences 

granulosa cell growth and proliferation through Lats1-Taz dependent (independent of Yap1) 

Hippo signaling pathway (Figure 16, 18). These results are similar to those reported by a 

previous study (Chao et al., 2015), suggesting a Yap1 independent role of Mst1 during bovine 

granulosa cell proliferation in vitro. A significant effect of Mst1 inhibition on the gene 

expression of Taz, but not Yap1, also suggest differences in the function of Yap1 and Taz, with 

more important role of Taz during bovine granulosa cell proliferation. These results are similar to 

those observed in various cell types, reporting differences in the structure and transcriptional 

activities of Yap1 and Taz components of the Hippo signaling pathway (Hong et al., 2005; 

Reggiani et al., 2021; Strano et al., 2001). 

The gene expression results were further validated by the protein localization studies 

(Figure 19). GapmeR specific inhibition of MST1 protein expression, led to no corresponding 

effect on the protein localization of MST2 (Figure 4), suggesting MST1 and MST2 to be 
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functionally independent of each other during bovine granulosa cell proliferation. These results 

are in contrast to that observed in the mouse model, where Mst1 and 2 functionally compensate 

for each other during early mouse embryogenesis (Sangphil Oh et al., 2009; Song et al., 2010). 

Similar to MST2, no significant changes were observed in the protein localization of LATS1 

during granulosa cell proliferation (Figure 19). A significant effect on gene expression and not 

on the protein localization of LATS1 suggests that Mst1 inhibition might only affect the pre-

translational and not the post-translational events, such as ubiquitination and histone 

phosphorylation associated with LATS1 (Figure 18 and19) (Furth & Aylon, 2017; Minguez et 

al., 2012). Following the core cascade components, the protein localization of YAP/pYAP1 and 

TAZ was investigated (Figure 19). Contrary to the core cascade components, pYAP1 and YAP1 

were absent from the cytoplasm for the GapmeR treatment group, in comparison to the control 

groups. Contrary to YAP/pYAP1 a significant increase in the nuclear exclusion of TAZ was 

observed for the GapmeR treatment group, further validating the TAZ dependent role of MST1 

in the regulation of cell growth and proliferation. These results are contrary to those observed in 

other chemical inhibition studies where a significant role of both YAP1 and TAZ (primarily 

YAP1) was demonstrated in granulosa cell proliferation (Lv et al., 2019; Plewes et al., 2019b). 

These differences may be attributable to common transcriptional factors of YAP1 and TAZ 

(Reggiani et al., 2021; Wang et al., 2014). For instance, both YAP1 and TAZ regulate the 

subcellular localization of SMAD 2-4 (Varelas et al., 2008; Varelas et al., 2010), thereby 

suggesting that although the gene expression of TAZ is suppressed after MST1 inhibition, YAP1 

present in the nucleus regulates the cell proliferation and the nuclear cytoplasmic shuttling of the 

protein molecules. In addition to the functional similarities, these downstream effectors also 

share some peculiar differences in transcription. TAZ, but not YAP1, specifically suppresses the 
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transcription of PPARγ and NFATC5 in various mouse and human cell types, respectively (Jang 

et al., 2012). Inhibition of TAZ with the corresponding increase in the cell count and viability 

suggests a potential role of this Hippo pathway component during cell growth and apoptosis of 

bovine granulosa cells. Furthermore, the MST1 dependent inhibition of TAZ and not YAP1, 

suggests functional differences between the paralogs of the Hippo signaling pathway (Madan, 

2021; Reggiani et al., 2021).  

Gene expression of Hippo signaling pathway components were evaluated during bovine 

blastocyst development. A significant decrease in the mRNA expression of Lats1 after 

knockdown of Mst1, suggests Mst-Lats dependent Hippo signaling pathway to be an essential 

regulator of bovine blastocyst development in vitro. These results are similar to that reported in 

various other model organisms as well as cell types, where MST-LATS dependent Hippo 

pathway plays a crucial role  (Chan et al., 2005; Oka et al., 2008). These results should however 

be analyzed with caution as conflicting reports are available in the literature, elucidating the 

MST independent effects of LATS1 on the downstream effectors of Hippo pathway, thereby 

regulating the process of lineage segregation and subsequent formation of mouse blastocysts 

(Cockburn et al., 2013; Zhipeng Meng et al., 2015; Sharma et al., 2021). Conflicting reports 

suggest potential roles for neurofibromatosis (Nf2), Angiomotin (AMOT) and RHO-ROCK 

signaling molecules as the upstream regulators of blastocyst formation; however the roles of 

these components during bovine blastocyst formation require further investigation (Cockburn et 

al., 2013; Hirate et al., 2013; Kohri et al., 2020; Negron-Perez & Hansen, 2018). Similar to 

Lats1, a significant difference was observed in the gene expression of Taz, a downstream effector 

of the Hippo signaling pathway, suggesting a key role of Lats-Taz dependent pathway during 

bovine blastocyst formation, similar to that observed in granulosa cells. 
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Overall, this study indicates the importance of MST1-TAZ dependent Hippo signaling 

pathway, independent of YAP1, in the regulation of bovine granulosa cell proliferation and/ or 

viability as well as the rate of blastocyst development. These results implicate MST1 as an 

upstream regulator of LATS1 and TAZ components of the Hippo signaling pathway in the 

bovine. 
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General Discussion, Future Directions and Conclusion 
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1 General Discussion and Future Directions 

       Findings from the present thesis establish a substantial role of Hippo signaling pathway 

components during bovine granulosa cell proliferation and COC maturation. In addition to the 

female gonad, this cell signaling pathway also plays an essential role during all the stages of 

preimplantation embryonic development. Blastocyst formation is an important milestone during 

preimplantation embryo development (Watson, 1992; Watson et al., 1992). In order to make 

healthy embryos/blastocysts, it is required to have competent starting COCs as well as healthy 

surrounding granulosa cells (Thomas & Vanderhyden, 2006). The Hippo signaling pathway has 

proven to be responsible for granulosa cell proliferation, COC maturation as well as lineage 

segregation during the formation of a mouse blastocyst (Teresa Rayon & Miguel, 2014; Tsoi et 

al., 2019; Yu et al., 2016). The presence of Hippo signaling pathway components have been well 

established in the porcine and mouse models (Emura et al., 2020; Wicklow et al., 2014). Our lab 

has recently characterized the presence of Hippo signaling pathway components in the bovine 

embryos, however the roles of these components during bovine granulosa cell proliferation, 

oocyte maturation and embryonic development remained unknown (Sharma & Madan, 2020).  

Thus, the aim of the present study was to establish the role of Hippo signaling pathway 

components during early bovine embryogenesis, COC as well as granulosa cell proliferation, 

using chemical inhibition and GapmeR specific methods, and to identify the importance of these 

Hippo signaling pathway components to serve as useful indicators of bovine granulosa cell 

proliferation, oocyte competency, and embryo quality. 

One of the novel findings from this study were the substantial differences observed in the 

upstream regulation of Hippo signaling pathway components between the mouse and bovine 

embryos. The mouse has been used as a model laboratory organism by development biologists 
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for decades. However, it is becoming more evident that the mouse is not a universal model, and 

is considerably different from other mammals (including rats), specifically during early 

embryonic development (Rossant, 2011). Some of the key differences observed between the cow 

and mouse models are the length of the growth phase during oocyte maturation, the timing of 

genome activation and the mechanism of lineage specification (Palma et al., 2012; Pedersen & 

Peters, 1968; van den Hurk & Zhao, 2005). The growth phase spans for approximately 3-4 

months in humans and 3 months in bovines, whereas this phase only lasts for 3 months in mice 

(Clarke, 2018; Van den Hurk et al., 2000). In addition to the length of the growth phase, another 

important difference between mice and bovines is the time of genome activation (known as 

EGA). EGA begins in mice at the 2-cell stage, whereas in bovines, similar to humans, the said 

process is initiated at the 8-cell stage. Furthermore, these previous reports not only suggest 

differences between the mouse and bovine models, they also showcase similarities between the 

bovine and human embryos (Gao et al., 2017; Graf et al., 2014; Memili & First, 2000).  

Following EGA, significant differences have also been observed in the process of cell 

fate specification and lineage segregation among different species. CDX2 and OCT4 are well 

established TE and ICM markers during early stages of mouse embryogenesis. In the mouse, the 

OCT4 acts as the pluripotency marker with the expression limited to ICM and CDX2 was 

expressed in the TE cells. Knockdown of OCT4 led to the loss of pluripotency by ICM cells of 

mouse blastocyst, whereas following CDX2 knockdown the outer cells failed to differentiate into 

TE (Berg et al., 2011). These results thus suggest significant roles of OCT4 and CDX2 in mouse 

blastocyst formation. Contrary to mouse, OCT4 expression is not limited to ICM of the bovine 

blastocyst. OCT4 is localized both in the TE and ICM cells, suggesting a potential role of OCT4 

only during bovine embryogenesis. Similar to bovine, human blastocysts express OCT4 both in 
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the TE and ICM cells for an extended period after the formation of blastocyst, suggesting a 

potentially similar role of OCT4 in human and bovine embryos, in comparison to mouse 

embryos (Rossant, 2011). These reports not only suggest differences in the regulation of Hippo 

signaling pathway components between mouse and bovine embryos, but also suggest significant 

similarities between bovine and human embryos, further suggesting bovine to be an excellent 

model for to study human embryos. 

These previous reports from other research groups, in addition to the recent findings 

illustrating the differences in the regulation of Hippo signaling pathway components between 

mouse and bovine embryos, further strengthens the need to establish the hierarchy as well as the 

comprehend the role of these cell signaling pathway components during bovine COC maturation, 

granulosa cell proliferation, and embryogenesis.  

1.1 Study 1 – Chapter 2 

         In the first study discussed in this thesis, chemical inhibition methods (statins and XMP-

MU-1) were used to evaluate the role of Hippo signaling pathway components during all the 

stages of bovine preimplantation embryonic development. The results demonstrated a significant 

decrease in the gene expression of Mst1, Lats1, Yap1, Taz and Tead4 at the 8-cell stage after 

treatment with 0.5µM and 1µM doses of Cerivastatin. This significant decrease in the gene 

expression of Hippo signaling pathway components also coincides with MET, suggesting a 

potential role of these components during this process. Contrary to the pre-compaction stages, 

only a significant decrease in the gene expressions of Yap1 and Taz, downstream effectors in the 

Hippo pathway, were observed at the blastocyst stage. This decrease in the gene expression of 

Yap1 along with the decrease in the blastocyst rate between the control group (39.5%) and 
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Cerivastatin (13.8%) treatment groups, suggests a potential role for these components during 

bovine blastocyst formation. In addition to the gene expression results, there was also a 

corresponding nuclear exclusion of YAP1 and TAZ following treatment with Cerivastatin 

(0.5 µM), with no such effect of Cerivastatin treatment on the protein localization of MST1 and 

2, the upstream regulators of Hippo signaling pathway, further suggesting the role of these 

components during bovine blastocyst formation. These results also further indicate that 

YAP1/TAZ act independently of MST1/2 protein kinase in the formation of bovine blastocyst. 

Addition to statins, a significant decrease in the blastocyst rate was also demonstrated on 

treatment with XMU-MP-1, a specific chemical inhibitor of MST1. Results from XMP-MU-1 

inhibition studies, suggest MST1 to be the key regulator of TAZ, independent of YAP1 during 

bovine blastocyst formation. Altogether, these results suggest MST-YAP/TAZ signaling to be 

the key regulator of bovine blastocyst development. 

These results from the present study suggest hierarchy of Hippo signaling pathway to be 

slightly different in mice as compared to bovines. During mouse embryogenesis, NF2 dependent 

regulation of the LATS protein kinase is known to be responsible for TE and ICM segregation 

and henceforth the formation of mouse blastocyst (Cockburn et al., 2013; Sharma et al., 2021).  

However, the role of NF2 is not yet established during bovine blastocyst development.  For 

human blastocyst, aPKC-AMOT dependent regulation of YAP1 plays an important role in TE 

segregation and henceforth the formation of blastocyst. The significant role of AMOT has also 

been recently established in bovine embryos (Negron-Perez & Hansen, 2018), thus suggesting 

the upstream regulation of the Hippo signaling pathway in bovines to be in part, similar to 

humans. 
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Findings from the present study suggest the upstream regulation of bovine Hippo 

signaling pathway to be different from mouse embryos. Overall, these results improve our 

knowledge about the molecular biology of bovine blastocyst formation. This improved 

knowledge about the role and molecular regulation of the Hippo signaling pathway components 

can thus be further used to enhance bovine embryo production rates, thereby benefitting the 

cattle industry. However, further studies need to be performed to establish the hierarchy of Hippo 

pathway components during bovine embryogenesis. These Hippo signaling pathway 

components, once further validated, are especially important for the cattle industry, as a growing 

number of breeders are using reproductive biotechnologies, such as artificial insemination (AI), 

IVF, and hormone-mediated multiple ovulation-embryo transfer (ET) to maximise pregnancy 

rates.  

While the results presented in chapter 2 demonstrate significant differences in the 

organizational hierarchy of Hippo signaling pathway components during pre-compaction and 

post compaction stages of bovine embryogenesis, as well as between the mice and bovines, the 

mechanism of regulation of the Hippo signaling pathway during oocyte maturation and 

surrounding granulosa cell proliferation remained elusive. This led to the experiments performed 

in the next chapter of this thesis, investigating the role of Hippo signaling pathway components 

during bovine COC maturation and granulosa cell proliferation. 

1.2 Study 2 – Chapter 3 

         Granulosa cells play an essential role in proper oocyte maturation and henceforth the 

formation of a healthy embryo. Hippo signaling pathway components, primarily YAP1, have 

been shown to play a key role during mouse granulosa cell proliferation and oocyte maturation 
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(Plewes et al., 2019a; Yu et al., 2016). Even though the presence of these components has been 

established in bovine granulosa cells, no such information is available about the role of Hippo 

pathway components in bovine granulosa cell proliferation and oocyte (COC) maturation. In the 

second study (Chapter 3) discussed in this thesis, the gene expression, protein localization, as 

well as protein expression results implicate the LATS-YAP dependent Hippo pathway as an 

essential regulator of COC maturation and granulosa cell proliferation in the bovine. In addition, 

these results also demonstrated an increase in the production of progesterone for the Cerivastatin 

treated granulosa cells, thereby suggesting them to be luteinized upon treatment. The 

Cerivastatin treatment also caused DNA damage to the granulosa cells, suggesting toxic effects 

of Cerivastatin treatment on the bovine granulosa cell growth and viability in vitro.  

These results are similar to findings in the mouse granulosa cells, where YAP-LATS 

signaling plays a significant role in stimulation and corresponding suppression of granulosa cell 

proliferation (Plewes et al., 2019a).  In addition, inhibition to YAP1 also supresses the 

differentiation of mouse granulosa cells (Plewes et al., 2019a). Taken together, these results 

suggest similarities in LATS-YAP dependent regulation of granulosa cell proliferation and 

differentiation. Inhibition of LATS-YAP signaling both in the mouse and bovine, decreases 

granulosa cell viability and increases differentiation into luteal cells (apparent by increase in the 

progesterone levels). Specific inhibition of LATS protein kinase in mouse granulosa cells, both 

in vivo and in vitro, resulted in transdifferentiation leading to the appearance of neural and 

Sertoli-like cells characteristics and increase in the expression of stem cell markers (Tsoi et al., 

2019). These results thus, suggest a significant importance of LATS1 and 2 in maintaining 

granulosa cell fate plasticity. In addition, these phenotypic differences also suggest a potential 

role of LATS1/2 in advancing the fields of stem cell biology and regenerative medicine, however 
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no such information pertaining to the role of LATS protein kinase in maintaining the granulosa 

cell fate is available in bovine, and thus require further investigation using specific knockdown 

methods, such as siRNA or GapmeR technology. 

Results from the present study suggest a significant role of YAP1 during bovine oocyte 

(COC) maturation. A significant decrease in the protein expressions of LATS1 and YAP1 

observed after treatment of bovine granulosa cells with Cerivastatin, suggested LATS-YAP 

signaling to be the essential for the bovine COC maturation. These results contrast with that 

observed in the mouse oocyte, where oocyte specific inhibition of YAP showed no effects on 

oocyte maturation, spindle formation, and folliculogenesis (Yu et al., 2016). However, when 

allowed to fertilize and develop further, the maternal YAP-deleted embryos failed to undergo 

proper lineage segregation and henceforth the formation of blastocyst. Taken together these 

results suggest differences in the roles and regulation of YAP1 between the mouse and bovine 

models. Furthermore, these results suggest YAP1 and LATS1 components of Hippo signaling 

pathway to be essential in improving oocyte as well as granulosa cell quality in the bovines, 

thereby greatly benefitting the cattle industry in the selection of superior COCs for in vitro 

fertilization. 

DNA damage-induced apoptosis is known to be an important regulator of Hippo 

signaling pathway in human epithelial and mouse fibroblast cells (Reuven et al., 2013). DNA 

damage induced apoptosis by inhibiting LATS and promotes cytoplasmic localization of YAP1, 

thereby activating the cell signaling pathway and inhibiting cell growth and proliferation 

(Reuven et al., 2013). These results are similar to that observed in the present study, where 

chemical inhibition using Cerivastatin resulted in decreased protein expression of LATS1 and 
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YAP1, with a parallel increase in DNA damage. Taken together, these results suggest DNA 

damage-induced apoptosis to be a key regulator of the Hippo signaling pathway in bovine 

granulosa cells. However, further studies pertaining to cleaved caspase-9, p53, and Bcl-2 (B-cell 

lymphoma 2) are required to validate the role of apoptosis in the regulation of bovine Hippo 

signaling pathway.   

Even though the results presented in chapter 3 successfully established the role of LATS-

YAP dependent Hippo signaling pathway during bovine granulosa cell proliferation and COC 

maturation, the role of MST1 during granulosa cell proliferation and blastocyst development was 

still elusive. The next chapter in this thesis, includes experiments designed to identify the role of 

MST1 during bovine granulosa cell proliferation and blastocyst formation. 

1.3 Study 3 – Chapter 4 

         The core cascade component of Hippo signaling pathway, MST protein kinase, plays an 

essential role in maintaining the cell size and growth in mouse embryonic stem cells (Li et al., 

2013). Results presented in study 3 (chapter 4 of the present thesis) suggest MST-TAZ 

dependent Hippo pathway signalling plays a crucial role during bovine granulosa cell 

proliferation. Taken together the chemical inhibition results pertaining to the reduction of YAP1 

(chapter 3) and MST1-GapmeR mediated knockdown of TAZ, suggest that even though both 

YAP1 and TAZ play an essential role in granulosa cell proliferation and development, the 

signaling cascades of both the downstream effectors of Hippo signalling pathway are quite 

distinct. YAP1 functions through the LATS1 component of the pathway, whereas TAZ functions 

through MST1, core cascade component of the Hippo signaling pathway. 
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Even though the differences in the regulation of YAP1 and TAZ seem surprising at first, 

as both YAP1 and TAZ are known as the paralogs of one another, number of studies in the 

mouse and human suggest different roles of YAP1 and TAZ. Ablation of YAP in the mouse, 

results in yolk sac vasculogenesis, thereby causing embryonic lethality (Morin-Kensicki et al., 

2006). Contrary to YAP, upon inhibition of TAZ no such defects were observed and viable mice 

were produced (Makita et al., 2008), suggesting a more significant role of YAP1 during mouse 

embryogenesis in comparison to TAZ. 

These results along with the differences observed in the regulation of YAP1 and TAZ in 

the present study, suggest both YAP1 and TAZ to be the key regulators of bovine blastocyst 

formation. Even though YAP1 and TAZ are regulated through different mechanisms, both play 

an equivocal role during lineage segregation ad henceforth the formation of the bovine 

blastocyst. 

2 Conclusion 

       Cattle industry is one of the fastest growing industry in Canada (Industry stats, 2020). Along 

with US, Canada is a major exporter of red meat and dairy products to the World. However, the 

demand for beef and dairy products is increasing every passing day, with the growing 

population. It has been projected that by 2025 the population will increase by 2 billion, thereby 

enormously increasing the demand for agricultural products (World Population:1950-2050, 

2016). This increase in the demand for dairy and meat products is forcing the farmers and 

breeders to rely more and more on reproductive biotechnologies (Rexroad et al., 2019). 

Numerous ARTs, such as AI and in vitro embryo production are now being successfully used to 

improve fertility rates in cows. 
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In order to increase the production, it is important to understand the genomics and 

molecular biology of COCs, surrounding granulosa cells and embryonic development. For the 

past decade morphological assessment of embryos is used as the method of choice by fertility 

clinics all around the World. However, with the improving technology various genetic screening 

techniques and now being adopted by the clinics. With the growing population the need to 

improve reproductive biotechnology techniques to produce genetically superior farm animals is 

increasing every day. The results from present research demonstrates a significant role of several 

Hippo signaling pathway components during bovine granulosa cell proliferation, oocyte 

maturation, and embryonic development. These results greatly improve our knowledge about the 

molecular biology of the production of healthy bovine embryos. This knowledge can thus be 

used to improve fertility rates and embryonic health, thereby greatly benefitting the cattle 

industry by helping in the selection of a healthy embryo, during in vivo embryo transfer in cattle.  
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APPENDIX 

Chapter 1 

 

 

Figure A1. Morphological assessment of Cerivastatin treated bovine blastocysts. Light 
microscope images of day 8 embryos in control group (SOF media),  vehicle group (DMSO 
media), 0.5 µM and 1µM of Cerivastatin treatment groups. Images obtained with EVOS FL Cell 
Imaging System using 10x objective. (a) Graphs representing the average percentage size of the 
blastocoel cavities for Control, Vehicle and 0.5 µM of Cerivastatin treatment groups, measured 
using the Image J software. (b) Graphs representing percentage of embryos arrested at 8-cell and 
morula stages among different treatment groups. Error bars represent ± SEM. Different letters 
represent significantly different mean values. 
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Figure A2. Gene expression analysis of the Hippo signaling pathway components for single 2-
cell, morula, and Blastocyst stage embryos for the four experimental groups, Control; 0.1% of 
DMSO, Vehicle; 0.5µM and 1µM of Cerivastatin treatment. 
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Figure A3. Differential staining of in vitro produced Cerivastatin bovine blastocysts. Blue and 
Red colors in each picture indicates TE nuclei (Hoechst stain) and ICM nuclei (Propidium 
Iodide). Each scale bar represents 20 µM. 
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Figure A4. Localization of YAP1 on treatment with Lovastatin in bovine blastocysts. Blue, green 
and red colors in each picture indicates nuclei (DAPI; 4,6-diamidino-2-phenylindole), positive 
staining for the primary YAP1 antibody, and F-actin (phalloidin). Each scale bar represents 20 
µM. 
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Figure A5. GeNorm analysis. Average expression stability M of all remaining control genes after 
stepwise exclusion of the least stable reference genes. More stably expressed genes are 
positioned on the right side of the diagram, less stably expressed on the left side. Candidate 
reference genes with a mean stability value M < 0.5 are regarded as stably expressed. 
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Chapter 2 

 

Figure A6. Morphologcal assessment of bovine granulosa cells and cumulus oocyte complexes 
upon Cerivastatin treatment. (a) Light microscope images of granulosa cells in control group 
(OptiMEM media), vehicle group (DMSO media), 0.5 µM and 1µM of Cerivastatin treatment 
groups. (b) Light microscope images of COCs in control group (IVM media), vehicle group 
(DMSO media), serum free group (IVM media free of FBS and growth hormones), 0.5 µM, and 
1µM of Cerivastatin treatment groups. Images obtained with EVOS FL Cell Imaging System 
using 10x objective. 
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Figure A7. Difference in the percentage of polar body extrusion upon Cerivastatin treatment. 
After 24- hours of maturation the bovine COCs were denuded to remove the cumulus cells to 
collect the oocytes. (A) Representative images of immature oocytes (with no polar pody 
extrusion), mature oocytes (with polar body extrusion) and Negative control. (B) Bar graphs 
representing the quantification of the differences observed in the polar body extrusion after 
Cerivastatin treatment of COCs for 24 hours. Different letters on each bar graph represent 
statistical differences among treatment groups at p value <0.05. 

Supplemenatry Table 1. TaqMan probes and antibodies used for gene expression and protein 
expression/localization analysis, respectively. 

Product Catalog number (description) 

MST1 antibody Cell signaling Technology, Catalog# 3682 

MST2 antibody Cell signaling Technology, Catalog# 3952 

LATS1 antibody Cell Signaling Technology, Catalog# 3477 

YAP1 antibody Abcam, Catalog# ab52771 

p-YAP1 antibody ThermoFischer Scientific – Invitrogen, Catalog# PA5-17481 

TAZ antibody Cell Signaling Technology, Catalog # 4883S 

MST1 probe Custom Plus RNA TaqMan RNA assay (Catalog number, 4441114; 
assay ID ARAADF3) 
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LATS1 probe LATS1 TaqMan Gene expression assay Bt 04299489_m1) 

YAP1 probe Custom Plus RNA TaqMan RNA assay (Catalog number, 4441114; 
assay ID APKA79P) 

TAZ probe TAZ TaqMan gene expression assay (Bt07108280_g1) 

TEAD4 probe TEAD4 TaqMan Gene expression assay (Bt07108733_m1) 
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