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ABSTRACT 

Infertility affects couples worldwide. Infertility also affects animal production systems resulting 

in reduced efficiency and profitability. Fertility is the successful reproduction of a species and it 

is 50% dependent on efficient ovarian follicular growth and successful ovulation in the female, 

which are regulated by the pituitary hormones follicle stimulating hormone (FSH) and luteinizing 

hormone (LH), respectively. Many genes and pathways are involved in these events, including 

ERK1/2 (MAPK3/1) that acts on several targets including the RSK3. Furthermore, histone 

modifications such as trimethylation of H3K4, a histone mark associated with active transcription, 

are involved in gene expression. We hypothesized that FSH and LH regulate follicular 

development and ovulation by instigating specific gene expression programs through H3K4me3 

and ERK1/2 pathway. In the first study, we show that FSH regulates follicular development 

through mechanisms that include changes in gene expression and H3K4me3 enrichment. We also 

show that pathways associated with steroidogenesis and TGFB signaling are enriched by FSH. In 

the second study, we explored the role of ERK1/2 in LH-dependent H3K4me3 regulation in genes 

involved in the ovulatory process. Pharmacological inhibition of ERK1/2 perturbs the LH-

regulated events associated with ovulation; cumulus expansion, meiotic resumption and 

luteinization.  By comparing the LH-regulated genes with the genes with significant H3K4me3 

enrichment, we were able to find a subset of 1198 genes with changes in mRNA abundance as 

well as H3K4me3 enrichment. Further comparison of this subset with the ERK1/2 dependent genes 

revealed 609 ERK1/2 dependent genes that also showed changes in mRNA abundance and 

H3K4me3 enrichment demonstrating that ERK1/2 plays a significant role in histone methylation 

thereby regulating gene expression in granulosa cells. In the third study, we describe the unique 

effect of sustained ERK1/2 signaling on ovulation. Using pharmacological inhibition of ERK1/2 
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and mice null for RSK3, the main ERK1/2 signal mediator, we showed that sustained ERK1/2 

production disrupts follicular rupture but does not appear to affect luteinization, cumulus 

expansion and meiotic maturation. We also provide molecular evidence of imbalance in the 

expression of genes involved in extracellular matrix degradation and leukocyte infiltration 

necessary for follicular rupture. Overall, these studies provide molecular evidence for the 

mechanisms by which FSH and LH regulate ovarian follicular development and ovulation. 

 

Key words: Follicular development, Ovulation, H3K4me3, ERK1/2, granulosa cells 
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RÉSUMÉ 

Les problèmes d'infertilité affectent les couples du monde entier. L'infertilité affecte également les 

systèmes de production animale, ce qui réduit l'efficacité et le profit final. La fertilité est le résultat 

d'une croissance folliculaire ovarienne efficace et d'une ovulation réussie, qui sont respectivement 

sous le contrôle de l'hormone folliculo-stimulante (FSH) et l'hormone lutéinisante (LH). De 

nombreux gènes et voies moléculaires sont impliqués dans ces événements, dont ERK1/2 qui agit 

sur plusieurs cibles, incluant RSK3. De plus, des modifications d'histones telles que la 

triméthylation de H3K4, une marque d'histone associée à une transcription active, sont impliquées 

dans l'expression des gènes. Notre l'hypothèse est que la FSH et la LH contrôlent le développement 

folliculaire et l'ovulation en provoquant des programmes d'expression génique spécifiques via 

H3K4me3 et la voie ERK1/2. Dans la première étude, nous avons montré que la FSH contrôle le 

développement folliculaire grâce aux mécanismes qui incluent des changements dans l'expression 

des gènes et l'enrichissement de H3K4me3. Nous montrons également que les voies associées à la 

stéroïdogenèse et à la signalisation TGFB sont enrichies par la FSH. Dans la deuxième étude, nous 

avons exploré le rôle de ERK1/2 dans la régulation de H3K4me3 dépendante de la LH dans les 

gènes impliqués dans le processus ovulatoire. L'inhibition pharmacologique de ERK1/2 perturbe 

les événements régulés par la LH associés à l'ovulation, L’expansion des COC, la reprise méiotique 

et la lutéinisation. En comparant les gènes régulés par la LH avec les gènes avec un enrichissement 

significatif H3K4me3, nous avons pu décrire un sous-ensemble de 1198 gènes avec des 

changements dans l'abondance d'ARNm ainsi que l'enrichissement de H3K4me3. Une 

comparaison supplémentaire de ce sous-ensemble avec les gènes dépendants de ERK1/2 a révélé 

609 gènes dépendants de ERK1/2 qui ont également montré des changements dans l'abondance 

d'ARNm et l'enrichissement de H3K4me3 démontrant que ERK1/2 joue un rôle important dans la 
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méthylation des histones, régulant ainsi l'expression des gènes dans les cellules de la granulosa. 

Dans la troisième étude, nous avons décrit l'effet unique d'une signalisation ERK1/2 soutenue sur 

l'ovulation. En utilisant l'inhibition pharmacologique de ERK1/2 et des souris nulles pour RSK3, 

le principal médiateur du signal ERK1/2, nous avons montré qu'une production soutenue d'ERK1/2 

perturbe la rupture folliculaire mais ne semble pas affecter la lutéinisation, l’expansion des cellules 

de cumulus et la maturation méiotique. Nous fournissons également des preuves moléculaires d'un 

déséquilibre dans l'expression des gènes impliqués dans la dégradation de la matrice extracellulaire 

et l'infiltration des leucocytes nécessaires à la rupture folliculaire. L'ensemble de nos études 

fournissent des preuves moléculaires des mécanismes par lesquels la FSH et la LH contrôlent le 

développement folliculaire ovarien et l'ovulation. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

The primary functions of the ovary are to produce the female gametes (oocyte) and the 

steroid hormones, estrogen and progesterone. Each oocyte is harbored in a specialized structure 

called a follicle, which contains two types of somatic cells, granulosa and theca cells. These two 

somatic cells collaborate to produce the steroid hormone estrogen. Follicles and the contained 

oocytes develop so that a species-specific number of follicles ovulate once every reproductive 

cycle to release the fertilizable oocytes into the uterus. The remnant of the ovulated follicle 

transforms into a transient gland called the corpus luteum (plural: corpora lutea), which produces 

another steroid, progesterone that is necessary for maintenance of pregnancy (Murphy, 2000, 

Robker et al., 2000b, Skinner et al., 2008).  

 

Figure 1.1 Ovarian follicles at different stages of development 

At any given time, the ovary contains follicles at different stages of development (Figure 

1.1). Primordial follicles are the smallest and most immature, with the oocyte surrounded by a 

single layer of flattened squamous cells. By yet to be deciphered mechanisms, a cohort of 
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primordial follicles are stimulated to begin growth. Follicles begin growth as the primary follicles, 

wherein the oocyte is surrounded by a single layer of cuboidal epithelium. The secondary follicle 

has two or more layers of cells surrounding the oocyte. An antral (or tertiary) follicle contains 

multiple layers of granulosa cells and is characterized by a fluid filled cavity called the antrum. 

When the antral follicle becomes the dominant preovulatory follicle, it ovulates in response to the 

preovulatory LH surge (Duggavathi and Murphy, 2009, Gilbert et al., 2011, Ginther et al., 1996). 

However, the processes of follicular development and ovulation involves an intricate system of 

signaling pathways and mechanisms that are not fully understood. 

Epigenetics refers to the study of changes in gene expression that occur without alterations in 

the DNA sequence. These changes include chromatin remodeling, DNA methylation and post-

translational modifications of histones. Epigenetic modifications are involved in mediating the 

interaction between an organism’s genetics and its environment.  
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CHAPTER 2 

REVIEW OF THE LITERATURE 

 

2.1 Regulation of follicular development by FSH 

Follicular development is regulated by two pituitary gonadotropic hormones, follicle 

stimulating hormone (FSH) and luteinizing hormone (LH) (Robker et al., 2000b, Bao and 

Garverick, 1998). FSH initiates three key events: proliferation of granulosa cells, estrogen 

synthesis and expression of LH receptor (Lhcgr) in granulosa cells. These events are critical for 

the development of the follicle to the preovulatory stage. 

2.1.1 Follicular development 

Follicular development begins when a cohort of follicles is recruited to grow and is 

characterized by an increase in the number of granulosa cells, increase in follicular diameter along 

with oocyte development. The initial recruitment of primordial follicles is gonadotropin 

independent as evidenced by the fact that follicular growth to secondary or early antral stages 

occurs unhindered in mice models lacking Fshb, Fshr, Lhb or Lhcgr (Zhang et al., 2001, Lei et al., 

2001, Draincourt et al., 1987, Ma et al., 2004, Kumar et al., 1997). Follicular development beyond 

formation of the fluid-filled antrum depends on pituitary gonadotropins. A small but significant 

increase in FSH concentrations recruits a cohort of early antral follicles (about twenty-four follicles 

of 3 mm in diameter in cows) to grow further (Mihm and Austin, 2002, Ginther et al., 1996). It is 

well characterized in multiple species, including humans, that such FSH-induced follicular 

development occurs in waves, characterized by periodic recruitment of cohorts of small antral 

follicles. In mono-ovulatory species such as cows and humans, one follicle of such wave is selected 

as the dominant follicle and continues to grow whereas the rest of the follicles (subordinate 
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follicles) cease to grow and undergo atresia. Follicular atresia is characterized by a decrease in 

diameter and cellular apoptosis. The difference in follicular diameter between the dominant and 

subordinate follicles increases as the dominant follicle grows to reach a species-specific ovulatory 

diameter (Fortune et al., 2001).  

Several studies during the last part of the 20th century have defined the hormonal milieu 

that favors the growth of the dominant follicle while suppressing the growth of the subordinate 

follicles (Xu et al., 2011, Yuan et al., 1998, Zielak-Steciwko and Evans, 2016). The FSH peak that 

initiated the follicular growth into a wave begins to decrease as the follicles grow. This is because 

of the inhibitory actions of the ovarian hormones namely estradiol and inhibins. Estradiol is mainly 

produced by the dominant follicle of the wave, whereas most secondary and early antral follicles 

secrete inhibins. While subordinate follicles fail, the dominant follicle survives the decreasing 

concentrations of FSH. This ability of the dominant follicle to thrive in the low FSH conditions 

has been attributed to its ability to utilize the available LH, as granulosa cells of the dominant 

follicle express LHCGR under the influence of FSH and estradiol (Xu et al., 1995, Fortune et al., 

2001, Ginther et al., 1996, Bao et al., 1997). A study by the Youngquist group reported an increase 

in the expression of LHCGR between day 2 and 4 after the follicular wave emergence, when the 

dominant follicle begins to deviate from subordinate follicles in growth rate (Xu et al., 1995). 

Therefore, deciphering the mechanisms of FSH signaling is important to understand the molecular 

basis of follicular development to preovulatory stage. 

2.1.2 Granulosa cell proliferation and apoptosis  

As the follicle grows, several morphological and physiological changes occur in the 

follicular cells. Comparison of the dominant follicle to subordinate follicles have shown increases 

in the diameter, quantity of follicular fluid, granulosa cell numbers and higher concentrations of 
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estradiol in the follicular fluid (Ireland and Roche, 1983). Granulosa cells increase in number as 

the follicle grows and the formation of gap junctions between the granulosa cells and the oocyte 

provides essential nutritional and regulatory molecules to the oocyte that favor the acquisition of 

meiotic competence (Eppig et al., 1996). Moreover, granulosa cells also act through paracrine 

signaling to secrete factors that appear to be essential to the regulation of the development of the 

oocyte. This is evidenced by the lack of acquisition of meiotic competence when denuded oocytes 

are cultured in the absence of these cells, and the resumption of meiosis when granulosa cells are 

cultured with the denuded oocyte (Eppig et al., 1996, Herlands and Schultz, 1984). Notch signaling 

and Wnt/B-Catenin signaling (via Foxo3a) have been shown to regulate proliferation and 

apoptosis in developing follicles (Liu et al., 2019).  

2.1.3 Estrogen production 

FSH induces the production of estrogen by granulosa cells. One of the major features of 

the dominant follicle, apart from its bigger follicle diameter, is that it has a significantly higher 

concentration of estradiol than subordinate follicles. The acquisition of LHCGR by granulosa cells 

enables the dominant follicle to secrete an increasing quantity of estradiol in conjunction with the 

FSH induced production. In one study, it was proposed that the increase in estrogen levels in the 

dominant follicle favors the expression of genes associated with cell survival whereas the decrease 

in estrogen concentration in the subordinate follicle could be associated with a decrease in these 

genes and an increase in genes associated with apoptosis (Evans et al., 2004). 

2.1.4 Modulation of FSH regulation by growth factors 

Growth factors play a major role in follicular development as regulators of cell survival, 

proliferation and differentiation. They are peptide factors that function in an 

autocrine/paracrine/endocrine manner and include the epidermal growth factor (EGF), the insulin-
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like growth factor (IGF), the fibroblast growth factor (FGF) and the transforming growth factor-

beta (TGF-	𝛽) families. Each family is composed of a system of factors, receptors, binding proteins 

and binding-protein proteases (Monniaux et al., 1997).  

As the dominant follicle develops, it acquires LHCGR on the granulosa cells (Xu et al., 1995, 

Fortune et al., 2001, Bao et al., 1997). FSH along with growth factors including the IGFs, EGFs 

and FGFs stimulate granulosa cell proliferation. IGF-I modulates FSH-regulated granulosa cell 

proliferation or differentiation depending on the stage of follicular development. IGFs stimulate 

granulosa cell proliferation in small but not large follicles and stimulate steroid production in 

granulosa cells of large but not small follicles in sheep (Monniaux et al., 1997). 

Bone morphogenetic proteins (BMPs) along with growth differentiation factors (GDFs) are 

members of the TGF-	𝛽 superfamily and have been reported to be essential for follicular 

development. The BMP family comprises twenty ligands and seven type I and II receptors 

(Gasperin et al., 2014). Transcripts of BMPR1B are upregulated in granulosa cells of subordinate 

follicles compared to dominant follicles and this upregulation in BMPR1B signaling supposedly 

leads to follicle regression and atresia (suppression of BMPR1B is important for dominant follicle 

development) (Gasperin et al., 2014).  

The IGF system plays a major role in the selection of the dominant follicle. In the IGF 

system, there are two IGF ligands, IGF-I and IGF-II, two receptors, type I and II, six IGF binding 

proteins (IGFBP 1, 2, 3, 4, 5 and 6) and multiple proteases of IGFBPs. IGFBPS have an inhibitory 

effect, regulating the bioavailability of IGFs (Fortune et al., 2001). The effect of IGFs binding to 

their type I receptors has an inverse relationship to the concentration of IGFBPs. IGF-I mRNA 

abundance in granulosa cells and IGF-II mRNA abundance in theca cells, was found to be greater 

in the dominant follicle as compared to the subordinate follicle; whereas the concentration of 
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IGFBPs was lower in the follicular fluid of the dominant follicle (Yuan et al., 1998). It has been 

suggested that the decrease in mRNA abundance of IGF I and II in subordinate follicles and the 

increase in the gene expression of IGFBPs such as IGFBP-2 may lead to atresia in these follicles 

(Yuan et al., 1998, Monniaux et al., 1997). In line with this, IgfI knockout mice were found to be 

infertile, they failed to show behavioral signs of estrus and failed to ovulate even with 

administration of exogenous gonadotropins (Baker et al., 1996).  

It has also been shown that IGF availability is increased due to the higher expression of 

IGF-binding protein proteases as the dominant follicle reaches preovulatory diameter (Rivera et 

al., 2001, Mihm et al., 2000). At about 1.5 days after the wave emergence, IGFBP-4 was 

significantly lower (15-fold) in the future dominant follicle when compared to the future largest 

subordinate follicle. The Ireland group suggest the use of IGFBP-4 levels as a reliable biochemical 

marker that can be used to identify the future dominant follicle; in fact, the follicle with lowest 

IGFBP-4 (and highest estradiol) concentrations always became the dominant follicle, and this was 

a more predictive feature of the dominant follicle than follicular diameter (Mihm et al., 2000). 

2.1.6 Signaling pathways induced by FSH 

There are several pathways involved in the regulation of cell death or survival including 

the PKA, PI3K-Akt, MAPK, mTOR, Wnt, TGF-	𝛽,  and apoptosis pathways (Salilew-Wondim et 

al., 2014, Zielak-Steciwko et al., 2014, Evans et al., 2004, Hunzicker-Dunn and Maizels, 2006). 

The data on the roles of signaling pathways involved in FSH regulation of granulosa cells have 

mainly come from in vitro studies. 

2.2 Regulation of ovulation by LH 

The preovulatory LH surge terminates the FSH program and drives ovulation. The process of 

ovulation involves multiple processes including luteinization through terminal differentiation of 
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granulosa cells to luteal cells, cumulus cell expansion, oocyte meiotic resumption and follicle 

rupture (Duggavathi and Murphy, 2009, Richards et al., 2002b, Xu et al., 2011).  Thus, the 

follicle’s transition from estradiol production to progesterone production is accompanied by 

profound changes in follicular function (Shimada and Yamashita, 2011). Vascular permeability is 

increased through vasodilation, which favors downstream inflammatory responses (Liu et al., 

2017). The follicle ruptures to release the oocyte and the follicular remnants are transformed into 

the corpus luteum (Conneely, 2010). Any dysregulation in these processes could result in abnormal 

outcomes including ovulation failure as evidenced by a corpus luteum still containing the trapped 

oocyte (Robker et al., 2000b).  

2.2.1 Oocyte maturation and meiotic resumption 

As the follicle grows to the preovulatory diameter, the oocyte increases in diameter (in 

mice, from ~20um to ~80um) and also goes through physiological changes to acquire meiotic and 

embryo developmental competence (Eppig et al., 1996, Herlands and Schultz, 1984). Gap 

junctions that connect the oocyte to the cumulus cells provide a means for small molecules with 

nutritional and regulatory functions, that are important for growth and development, to gain access 

to the oocyte (Eppig et al., 1996, Herlands and Schultz, 1984). Connexin 37 (a gap junction protein; 

GJA4) is the major connexin in oocyte-granulosa cell junctions and mice null for Gja4 gene were 

shown to be infertile and lacked recognizable gap junctions in addition to abnormal follicular 

development (Simon et al., 1997). Furthermore, cAMP of cumulus cell origin was identified as the 

regulatory signal that maintains oocytes in meiotic arrest as evidenced by the resumption of 

meiosis that occurs when cAMP levels drop in the oocyte (Granot and Dekel, 1998). On the other 

hand, in the atretic subordinate follicles, oocytes undergo degeneration accompanied by loss of 

junctional contact between the cumulus cells and the oocyte (Assey et al., 1994).  
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In the dominant follicle, the oocyte undergoes changes that enable it to achieve competence 

to undergo final maturation, fertilization and early embryonic development. Two processes, 

nuclear and cytoplasmic maturation, have to occur for successful fertilization and development. 

Whereas nuclear maturation prepares the oocyte for progression of meiosis, cytoplasmic 

maturation prepares the oocyte for fertilization, activation and pre-implantation development 

(Eppig et al., 1996).  

Prior to ovulation, the oocyte in the dominant follicle resumes meiosis and proceeds to 

metaphase II (Eppig et al., 1996). The release of the oocyte is perpetuated by the LH surge and it 

has been shown that the surge also disrupts the gap junctions (Gja4) between the cumulus cells 

and oocytes. This closure of passage of nutrients and small molecules from cumulus cells results 

in decreased cAMP concentration in the oocyte (Norris et al., 2008, Schultz et al., 1983). The drop 

in cAMP occurs around the time when the oocyte resumes meiosis (Schultz et al., 1983, Granot 

and Dekel, 1998). LH induces multiple signaling pathways including the ERK1/2 pathway, which 

is important for regulation of oocyte maturation and ovulation. In fact, mice null for Erk1/2 in 

granulosa cells were infertile with no mature oocytes as evidenced by lack of germinal vesicle 

breakdown (Fan et al., 2009b). 

2.2.2 Cumulus expansion and ECM modification 

The LH surge also induces cumulus expansion and the associated extracellular 

modifications, wherein the secretion of hyaluronic acid by the cumulus cells of the ovulating 

follicle results in an increase in the space between the cells, a process known as cumulus expansion 

(Eppig et al., 1996). An extracellular matrix surrounds the mature oocyte and the surrounding 

cumulus cells, a process that is vital for ovulation and fertilization (Zhang et al., 2014, Brown et 

al., 2010, Duffy et al., 2019). LH induces the expression of genes that are involved in cumulus 
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expansion such as Ptgs2, Tnfaip6, Has2, Ptx3 and Pgr. Adamts1 knockout mice exhibited 

abnormal cumulus oocyte complex (COC) morphology as characterized by disorganized cumulus 

cell structures within the matrix (Brown et al., 2010). Also, ERK1/2 signal is important for 

cumulus expansion as the COC failed to expand in ERK1/2 granulosa cell KO mice (Fan et al., 

2009b).  

2.2.3 Follicular rupture and ECM modification 

The extracellular matrix is uniquely remodeled in preparation for follicular rupture such 

that remodeling to degrade ECM, remove vascular supply and apoptotic removal of ovarian 

surface epithelium occurs at a specific region of the follicular wall. Proteases such as the families 

of matrix metalloproteinase (MMP) and ADAMTS (a disintegrin and metalloproteinase with 

thrombospondin-like motifs) are required for ECM modification and hence follicular rupture (Liu 

et al., 2017, Robker et al., 2000a, Brown et al., 2010, Lussier et al., 2017, Duffy et al., 2019). 

ADAMTS1 and Ctsl have been reported to be downstream effectors of progesterone receptor action 

and have been proposed to be essential for follicular rupture (Robker et al., 2000a). ADAMTS1 

knockout mice had a decrease in ovulation rate (77%), decreased fertility (63%), lower cleavage 

of versican in the COC (75%) and abnormal follicle morphology, including a lack of invaginating 

regions (Brown et al., 2010). Follicular rupture failed to occur in the ERK1/2 granulosa-specific 

KO mice implicating ERK1/2 signaling in events leading up to follicular rupture (Fan et al., 

2009b). 

2.2.4 Luteinization and ECM modification (angiogenesis) 

Following the rupture of the follicle to release the oocyte, granulosa cells terminally 

differentiate into luteal cells (Nimz et al., 2010, Richards, 1994). This process, which results in the 

formation of the corpus luteum is known as luteinization. It is an irreversible change and results in 
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increased progesterone production in preparation for and maintenance of pregnancy. At this point, 

most of the genes that were induced by LH (and FSH) show a decrease in expression (Richards, 

1994).  

Once again, the process of luteal formation requires ECM remodeling in such a way that 

the breakdown of the basement membrane, mesenchymal transition of granulosa cells, 

mobilization of theca cells and leukocytes among granulosa cells, and vascular invasion occur 

throughout the follicular wall except for the region involving follicular rupture. The LH surge also 

triggers the invasion of blood vessels, with the avascular granulosa cell compartment becoming 

highly vascularized in the ovulatory follicle with the development of a network of capillaries in 

the theca calls (Simon et al., 1997, Brown et al., 2010, Fraser and Duncan, 2005, Duffy et al., 

2019). The vascular endothelial growth factor (VEGF) family has been reported to be essential for 

angiogenesis in the ovary, with inhibition of VEGF-A resulting in the suppression of angiogenesis 

(Fraser and Duncan, 2005). The basal wall of the thecal/vascular regions become invaginated due 

to rapid angiogenesis and versican is cleaved at the boundary between the granulosa and theca 

cells (Brown et al., 2010). Angiogenesis is greater in the corpus luteum with one study reporting 

more than 85% increase in circulation to the corpus luteum in human ovaries (Fraser and Duncan, 

2005). 

2.2.5 ERK1/2 signaling and RSK3 

ERK1/2 has been shown to be necessary for ovulation (Fan et al., 2009b, Schuermann et 

al., 2018, Siddappa et al., 2015). It has been reported that ERK1/2 has over 160 known substrates 

in the cytoplasm and nucleus (Yoon and Seger, 2006), including p90 ribosomal S6 kinases 

(RSKs). RSKs belongs to the family of serine/threonine kinases and has several phosphorylation 

sites (Anjum and Blenis, 2008b). Four isoforms of the RSK family are encoded by the genes 
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Rps6ka1 (RSK1), Rps6ka3 (RSK2), Rps6ka2 (RSK3) and Rps6ka6 (RSK4) and these genes have 

been implicated in several processes including transcription regulation and cell growth and 

survival (Anjum and Blenis, 2008b, Dumont et al., 2005). Expression of RSK1-3 has been shown 

in the lung, heart, kidney, placenta, oocyte, cumulus and granulosa cells and RSK4 is expressed 

at a much lower level than all other RSKs in most cell types (Zhao et al., 1995, Zeniou et al., 

2002, Dalbiès-Tran and Mermillod, 2003, Roux and Blenis, 2004, Adriaenssens et al., 2010, 

Anjum and Blenis, 2008a, Dümmler et al., 2005).  The importance of the RSK proteins in the 

ovary is evidenced by the fact that RPS6KA2 expression in human cumulus cells was shown to 

be associated with higher quality of embryos (Adriaenssens et al., 2010).  

Overall, the gonadotropins FSH and LH regulate a myriad of biochemical, functional and 

morphological changes in granulosa cells. Gonadotropins bring about these stages of 

differentiation in granulosa cells through stage specific gene expression program. There have been 

numerous studies since the turn of the 21st century that have used real-time PCR to identify a small 

set of genes that are induced by FSH or LH in granulosa cells. While they have been successful in 

demonstrating the regulation of individual genes, they do not reveal the transcriptome level 

regulation by gonadotropins. Global level transcriptional mechanisms may be missed when 

focusing only on evidence from individual genes. Transcriptomics approaches such as microarrays 

and RNA-seq analyses are needed to view gonadotropin effects on the transcriptome of granulosa 

cells during follicular development, ovulation and corpus luteum development. Unlike a targeted 

gene approach, macro-analysis at omics scale enables discovery of gene groups that are expressed 

together potentially due to common underlying mechanisms. It will also enable bioinformatics 

analysis to generate novel hypotheses testing as a means to uncover novel regulatory mechanisms 
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of the biological processes. There have been a few studies in the recent past that have employed 

such a global approach, and these are summarized below.   

2.3 Regulation of the granulosa cell transcriptome by FSH  

As FSH activates multiple signaling pathways, it is expected to regulate several genes in 

granulosa cells. Though mice have been used as a model for transcriptomic studies due to the 

availability of an annotated genome, there are no known studies in this species, to the best of our 

knowledge, evaluating regulation of the granulosa cell transcriptome by FSH. However, there are 

multiple studies using bovine ovarian dynamics that have profiled the granulosa cell transcriptome 

during FSH regulated follicular growth (Evans et al., 2004, Fortune et al., 2001, Salilew-Wondim 

et al., 2014, Skinner et al., 2008, Zielak-Steciwko et al., 2014, Lussier et al., 2017). 

The estrous cycle in cattle has two or three follicular waves. In each wave, FSH induces the 

growth of a cohort of follicles. One of these is selected as the dominant follicle and the other 

subordinate follicles undergo atresia. The granulosa cells of the dominant follicle acquire LH 

receptors so that they are responsive to the eventual LH surge (Gilbert et al., 2011, Bao and 

Garverick, 1998, Ginther, 2000). The dominant follicle regresses if the animal is in the luteal phase 

of the estrous cycle but ovulation occurs if luteolysis is induced during the growth phase of the 

dominant follicle (Fortune et al., 2001). 

The earliest study (Evans et al., 2004) sought to identify the genes involved in apoptosis during 

follicular development in the bovine by comparing the dominant versus the subordinate follicles 

collected on days 2.5-3.5 of the synchronized estrous cycle. They used a labeled cDNA microarray 

containing 1,400 genes including a subset of 53 genes known to be involved in apoptosis pathways. 

The granulosa cells from subordinate follicles were found to be positively associated with genes 

involved in cell death and apoptosis. They reported increased mRNA abundance of 𝛽-glycan, 
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TNF𝛼, DRAK2, CAD and COX1 in granulosa cells of subordinate follicles. The authors concluded 

that inhibin binds to 𝛽-glycan and suppresses estradiol production which in turn results in lower 

intrafollicular estradiol concentrations and hence, a decrease in the expression of survival genes. 

Consequently, there is increased expression of genes involved in apoptosis and cell death. 

 A study by the Nilsson group (Skinner et al., 2008) compared the transcriptomes of 

granulosa cells of small (<5mm), medium (5-10mm) and large (>10mm) follicles collected from 

heifer ovaries at a slaughterhouse. The size categories of small, medium and large follicles 

represent follicles at the beginning, midpoint and end of FSH regulated follicular development. 

Microarray analysis detected 13,835 genes in granulosa cells with 334 being unique to small, 243 

to medium and 815 to large follicle granulosa cells. They reported 7,810 transcripts that were 

common to all three follicle sizes. When a cut-off of greater than 1.5 (> 1.5) fold change was 

applied, 446 genes were found to be regulated between small vs medium, medium vs large and 

small vs large follicles (Skinner et al., 2008). The major categories of genes regulated across all 

follicular categories included signaling pathways, immune response, metabolism and transcription. 

The major cellular pathways regulated across all follicular categories included cell-to-cell 

adhesion, actin cytoskeleton, PPAR signaling, cytokine receptor interaction and MAPK signaling 

pathways. The authors focused on TGF-	𝛽 signaling pathway as many studies have shown that 

multiple TGF family growth factors regulate ovarian functions. Pathway analysis using “Pathway 

Assist” software showed that expression of several TGF family cytokines (GMFG, SDF1, SPP1, 

NOTCH1, VEGF, TGFB1, CCL2, CCL5) increased with follicular development. Similarly, 

receptors of ligands SDF1, CCL5 and TGFB1 (CXCR4, CCR1 and TGFBR1, respectively) were 

also upregulated in granulosa cells as the follicles grew. 
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In another study (Zielak-Steciwko et al., 2014), the Evans group sought to outline the 

microRNAs involved in bovine follicular development. MicroRNAs are small non-coding RNAs 

that alter gene expression by repressing translation or degrading mRNA and have recently been 

shown to be involved in regulation of gene expression in the ovary (reviewed in (Baley and Li, 

2012)). They collected granulosa cell samples from dominant and subordinate follicles (~11 and 9 

mm in diameter, respectively) of the first wave of the synchronized estrous cycle (day 2.5-3.5 after 

estrus). Unlike the previous study (Skinner et al., 2008), this study involved monitoring of the 

growth of the follicles being sampled. The microarray contained 1,488 bovine and human 

miRNAs, and with higher stringency false discovery rate (FDR) (P < 0.01) they identified higher 

abundance of 17 miRNAs and lower abundance of 32 miRNAs in granulosa cells of dominant 

follicles compared to subordinate follicles (Zielak-Steciwko et al., 2014). The higher levels of 

miR-18a-5p and lower levels of miR-582-5p in granulosa cells of dominant follicles were 

confirmed by qPCR. Pathway analysis of the miRNAs with greater expression in granulosa cells 

of dominant than subordinate follicles was carried out and the predicted target-pathways were gap 

junction, focal adhesion, Wnt signaling, PI3K-Akt signaling, MAPK signaling, regulation of actin 

cytoskeleton and chemokine signaling pathways. These pathways were similar to those identified 

as pathways targeted by FSH-regulated genes (Skinner et al., 2008). Interestingly, miR-582-5p, 

the miRNA with higher expression in granulosa cells of subordinate follicles was identified to 

target several genes of PI3K-Akt signaling pathway including the MCL1 (Myeloid cell leukemia 

sequence 1), which is involved in cell survival. The authors propose that subordinate follicles 

undergo atresia due to increased expression of miR582-5p, which reduces the translation of a 

survival gene MCL1 in granulosa cells. 
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Another study (Salilew-Wondim et al., 2014) used microarray analysis to profile the 

expression pattern of microRNAs in granulosa cells of subordinate and dominant follicles on day 

3 and 7 of the synchronized estrous cycle. Similar to the study by Skinner et al (2008), this study 

also has the limitation of a lack of monitoring of follicular growth. Moreover, the grouping of 

follicles into dominant and subordinate categories was not consistent. Differential expression 

analysis detected 16 miRNAs, with 14 (including miR-449a, miR-449c, miR212, miR-222, mir-

2-3p and miR-155) upregulated and 2 (miR-183 and miR-34c) downregulated in granulosa cells 

of subordinate follicles compared to those from dominant follicles at day 3. Predicted target genes 

were assessed and the enriched signaling pathways for those genes include Wnt, TGF-	𝛽, apoptosis 

and nerve growth factor. For follicles on day 7, there were 108 differentially expressed miRNAs, 

with 51 upregulated and 57 downregulated in subordinate follicles compared to dominant follicles. 

Pathway analysis of their predicted target genes revealed an enrichment in the Wnt signaling 

pathway, GnRH signaling pathway, MAPK signaling, oocyte meiosis, TGF-	𝛽, and focal adhesion 

(Salilew-Wondim et al., 2014).  

Overall, there has been only one study profiling transcript profiles of granulosa cells of small, 

medium and large antral follicles. As the samples for microarray were obtained from an abattoir, 

they may represent follicles growing under the influence of FSH. However, because follicle 

development was not monitored in that study, the results cannot be directly attributed to FSH 

action. Nonetheless, some studies that profiled miRNA did monitor follicle development. Taking 

the data of mRNA and miRNA profiles together, it can be summarized that FSH regulates genes 

involved in proliferation, apoptosis, signaling pathways and cell-to-cell adhesion. 
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 2.4 Regulation of granulosa cell transcriptome by LH 

There have been studies demonstrating LH-regulated changes in the granulosa cell 

transcriptome in multiple species. Below are the studies that determined the changes in the 

transcriptome after the preovulatory LH surge in granulosa cells of the bovine, mouse, human and 

monkey. 

Christenson et al. (2013) collected granulosa from dominant bovine follicles before and 21h 

after LH surge to investigate LH regulated genes and pathways. Microarray analysis showed that 

the LH surge altered the expression of 25% of genes expressed in granulosa cells and 2% of genes 

expressed in theca cells out of the 11,548 total genes that are expressed in the periovulatory follicle. 

The authors differentiated granulosa cells into antral and membrane-associated but there were only 

three genes (one before and two after the LH surge) that were differentially expressed between 

antral and mural granulosa cells. However, if LH-regulated fold changes were considered, 29 

transcripts showed differential LH-regulation in antral granulosa cells compared to mural 

granulosa cells. Gene set enrichment analysis using IPA revealed that LH regulated transcripts for 

granulosa cells were enriched for functions such as cell cycle, cellular movement, DNA 

replication; while theca cells showed enrichment for lipid metabolism, cell death and survival and 

reproductive system development and function (Christenson et al., 2013).   

 McRae et al (2005) investigated the LH-regulated changes in gene expression in murine 

granulosa cells. Granulosa cells were collected from mice prior to (48h PMSG, also 0h hCG) and 

12h after hCG treatment (in mice, ovulation occurs 13-16h after hCG treatment). Gene expression 

patterns were analyzed using SAGE (serial analysis of gene expression). They reported 5,689 

transcripts common to both time points, 1,806 transcripts unique to 0h hCG library and 2,382 

transcripts unique to the 12h hCG library. They found 715 transcripts that were significantly 
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different in the 12h hCG group versus the 0h hCG, with 499 being significantly upregulated while 

216 were significantly downregulated by hCG (P < 0.05). Selected transcripts were validated using 

RT-PCR. Cyp19a1 and Fshr were downregulated by LH, whereas Star, Timp1, Ctsl, Adamts1 and 

Ereg were upregulated (McRae et al., 2005). It is important to note that SAGE is not as sensitive 

as microarray/RNA-seq analyses and this study was limited by oocyte contamination as evidenced 

by oocyte-specific genes among the list of transcripts present in granulosa cells at both time-points 

studied. Nonetheless, this technique is sensitive enough to detect the abundant genes that were 

markedly regulated by LH. 

A study by Rao et al  (Rao et al., 2011) reported LH-regulated changes in gene expression 

in the preovulatory follicle of the buffalo cow using microarray. The water buffalo and domestic 

cattle, both belonging to Bovidae family, are closely related. Granulosa cell samples were collected 

before, and at 1, 10 and 22h post peak LH surge. Using microarray, they determined that within 

1h of the peak LH surge, 450 genes were differentially expressed (222 genes upregulated, and 228 

genes downregulated) with a fold change greater than or equal to 2. By 22 h, 111 genes were shown 

to be differentially expressed (31 of these genes were upregulated and 80 genes were 

downregulated) relative to before the LH surge. Furthermore, they observed that many of the genes 

that were regulated at 1h post LH surge had an opposite regulation by 22h post LH surge. Further 

analysis of the top 15 differentially expressed genes at 1h and 22h post peak LH surge revealed 

that the upregulated genes at 1h were enriched for cellular signaling and matrix modulators while 

the top downregulated genes were related to cell cycle regulation and apoptosis. At 22h, the top 

upregulated genes were associated with proteins involved in the transition of granulosa cells to 

luteal tissue while the top downregulated genes were related to processes involved in coagulation 

system, steroidogenesis, Wnt and IGF signaling. They observed that many genes were 
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downregulated and reasoned that LH appears to be important for switching off the expression of 

genes involved in metabolism and proliferation (Rao et al., 2011). 

 Gilbert et al. (2011) used a genome wide bovine oligo array to study the effect of the LH 

surge on the gene expression profile of granulosa cells. They chose 3 different time points 

corresponding to distinct stages in the ovulatory process; 2h prior to the LH surge, 6h after the LH 

surge (early response) and 22h after the LH surge (late response). Granulosa cell samples were 

collected from cows following an ovarian stimulation protocol involving GnRH treatment, which 

induces an endogenous LH surge within 2h. The microarray revealed more than 8000 positive 

signals, 7084 of which were shared between the three time-points as well as some other transcripts 

which were unique to one of the three stages. The PCA analysis showed that at a minimum fold 

change of 1.5, there were 1788 transcripts (57%; 1007 upregulated and 781 downregulated) 

regulated between -2h LH and 22h LH. They observed that 1358 (43%) of the transcripts were LH 

dependent, with 39% being regulated by 6h LH (673 upregulated and 555 downregulated) and 4% 

by 22h LH (56 upregulated and 74 downregulated). A list of differentially expressed transcripts 

was generated from the microarray and included genes known to be involved in folliculogenesis 

such as TIMP1, TIMP2, TNFAIP6, INHBA and FST. These were also confirmed by qPCR 

validation. Gene ontology and pathway analysis using DAVID and IPA software revealed specific 

profiles of biological functions and molecular processes unique to each time point. The -2h LH 

group revealed processes involved in cell proliferation, while the 6h LH group showed enrichment 

of processes associated with response to chemical stimulus, extracellular matrix, lipid synthesis 

and blood vessel development. The 22h LH group had an enrichment of terms associated with 

intracellular transport, protein localization and protein folding (Gilbert et al., 2011).  
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 Xu et al (2011) investigated the transcriptome of the ovulatory follicle in the rhesus 

monkey. Samples were collected at 0h, 12h, 24h and 36h post hCG treatment from the ovary 

bearing the large dominant follicle. In primates, ovulation occurs within 36h of the LH surge 

(Wissing et al., 2014, Xu et al., 2011). First, they showed that samples from within each time point 

clustered uniquely, however, there seemed to be more similarity between the 24h and 36h post 

hCG groups. Though the RNA used for microarray analysis was isolated from granulosa and theca 

cells along with oocytes, most of the transcripts found to be regulated should be of granulosa cell 

origin due to proportional majority. Gene ontology analysis revealed 54 significant categories with 

5 major themes that were associated with cholesterol regulation, steroid synthesis, growth factors, 

immune function and prostaglandin regulation. (Xu et al., 2011). 

 Wissing et al (2014) investigated the transcriptome of granulosa cells before and after 

ovulation in women. Granulosa cell samples were collected before hCG treatment and 36h after 

hCG treatment (from the same woman in the same cycle). Microarray analysis revealed 1186 genes 

(572 upregulated and 614 downregulated) that were differentially expressed in the granulosa cell 

samples before and after hCG treatment (Fold change > 2, P < 0.0001, FDR < 0.012). Gene 

function enrichment analysis of the differentially expressed genes revealed that inflammation- and 

coagulation-related genes were upregulated whereas cell cycle-related genes were downregulated 

after hCG treatment (Wissing et al., 2014). Looking at the follicular fluid before and after hCG 

treatment, they found that estrogen concentration decreased significantly and CYP19A1 

expression also decreased. Progesterone concentration increased as did StAR expression after hCG 

treatment. Testosterone levels remained unchanged before and after hCG treatment. FSHR and 

LHCGR expression decreased after hCG treatment. Summarily, genes related to cell cycle 

regulation (such as CDKN1A and CDC20) were downregulated, whereas genes related to 
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inflammation, angiogenesis and coagulation (such as PTGS2 and CD24) were upregulated after 

hCG treatment. Genes related to extracellular matrix remodeling (such as HAS2 and ADAMTS9) 

were highly upregulated as well as EGF-like ligands (AREG and EREG). The transcription factors, 

EGR1, EGR2, Jun and c-FOS were also highly upregulated by hCG treatment while FOXL2 was 

downregulated (Wissing et al., 2014). 

 A recent study (Liu et al., 2017) used zebrafish as a model and hypothesized that ‘ovulation 

is controlled by conserved genes and signaling pathways in vertebrates’. They reasoned that this 

will enable them to identify genes that are uniquely involved in ovulation. This study included 

wild type and Pgr-KO zebrafish with the Pgr-KO group serving as a reference due to the 

established anovulatory phenotype of these in previous studies done in mice. In this study, 

‘follicular cells’ refers to granulosa and theca cells as it was deemed impractical to separate these 

cells because of small cell size and indistinguishable physical properties. These samples were then 

used for RNA-sequencing (single end reads, 50bp). They reported 3,567 (> 10%) genes that were 

differentially expressed in the WT compared to the Pgr-KO (fold change ≥ 2 and FDR adjusted 

pvalue ≤ 0.05). They retained 2,888 genes (1230 upregulated and 1658 downregulated in WT vs 

Pgr-KO) that have mouse orthologs to investigate conserved genes. Biological processes such as 

angiogenesis, cell migration, apoptosis, response to growth factor and inflammatory response were 

enriched in the WT. Signaling pathways enriched in WT were Ras, PI3K-Akt, and Foxo; while 

Pgr-KO had pathways related to cell cycle such as mitochondrial transition and DNA strand 

elongation (Liu et al., 2017). Interestingly, they compared their data with human and mouse 

transcriptomic datasets from EMBL and GEO databases, respectively. The criteria were set as 

absolute log2foldchange > 1 and FDR <0.05. Analysis revealed 283 upregulated and 378 

downregulated genes to be evolutionarily conserved as evidenced by their presence in both the 



 22 

zebrafish and mammalian (human and/or mouse) samples. The upregulated genes appeared to fall 

into specific groups such as genes related to inflammatory response or apoptosis, vascularization, 

cell matrix adhesion and extracellular matrix modelling. Downregulated genes were mostly those 

related to cell cycle. Even though 77% of the DEGs in zebrafish did not show a significant 

difference in mammalian samples, this study found common genes – Ptgs2, Runx1, Adamts9, 

Tnfaip6, Timp2, Ptx3, and Esr2 – across three species. The authors rightly proposed that these are 

evolutionarily conserved genes (Liu et al., 2017). 

 Feidler et al (2008) sought to investigate the involvement of miRNAs in the 

posttranscriptional regulation of mural granulosa cells in the periovulatory follicles of mice. In the 

first part of their microarray analysis, they found 196 and 206 detectable miRNAs present at 0h 

and 4h hCG respectively, in two of three samples and 13 miRNA transcripts to be differentially 

expressed between these two time-points (p<0.05). Mirn132 (fold change 16.9) and Mirn212 (fold 

change 21.7) were found to be significantly upregulated at 4h hCG and these were validated using 

qPCR (Fiedler et al., 2008). In the next part of this study, they collected granulosa cells at 0h, 1h, 

2h, 4h, 6h, 8h and 12h post hCG treatment. Analysis using qPCR revealed a significant 

upregulation of Mirn132 (17-fold) and Mirn212 (34-fold) between 2 and 12h post hCG treatment 

compared to 0h hCG. Importantly, the primary microRNA (Pri-miRNA; Mirn132/212_pri; the 

single transcript that yields both miRNAs) transcript showed an increase in expression 1h prior to 

the detection of the mature forms. This indicates that changes in the primary transcript preceded 

the changes in the mature forms of Mirn132 and Mirn212. Further in vivo studies are required to 

elucidate the role of these two miRNAs in granulosa cells during ovulation. 

Taking these studies from multiple species together, it can be concluded that the 

preovulatory LH surge positively regulates the genes involved in steroidogenesis, inflammation, 
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angiogenesis, cellular movement and tissue remodeling while negatively regulating the genes 

involved in cell cycle.  

 

2.5 Summary of global analysis of gonadotropin regulated transcriptome in granulosa cells 

Overall, there have been several studies employing microarray analysis to investigate the 

regulation of the granulosa cell transcriptome by FSH and LH. All of these transcriptome data are 

publicly available and are suitable for meta-analysis to determine a more concrete set of genes 

regulated by the gonadotropins. With that possibility, gonadotropin regulation of the transcriptome 

needs to be probed further. What are the mechanisms of regulation of transcription in granulosa 

cells? What epigenetic mechanisms are critical for gonadotropin induced gene expression? Which 

transcription factors drive granulosa cell transcriptome? It is possible to address these questions 

because of tremendous improvements in next generation sequencing, bioinformatics tools and 

improved annotation of genomes of multiple species. 

There are several studies including Zhao et al (Zhao et al., 2014) that have compared 

microarray analysis against RNA-seq analysis. All of them have found that whereas most of the 

differentially regulated genes are identified by both transcriptome profiling techniques, RNA-seq 

technology has been adjudged as a more sensitive, reproducible and reliable method. Microarray 

technology has the inherent background hybridization issues that reduce the accuracy of transcript 

abundance measurements. Importantly, probes differ considerably in hybridization efficiency and 

transcripts can be measured only for the genes for which probes are designed. Because of 

differences in hybridization strength, cross-hybridization, and other experimental variables, 

microarrays provide a noisy output signal. RNA-Seq does not rely on pre-designed probes. Thus, 

RNA-Seq can detect novel transcripts and isoforms, map exon/intron boundaries, discover 
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sequence variations and reveal splice variants. RNA-Seq is more sensitive in detecting genes with 

very low expression and more accurate in detecting expression of extremely abundant genes.  

 

2.6 Role of histone modifications in regulation of gene expression 

2.6.1 Epigenetics 

Histones are proteins that package DNA into structural units called nucleosomes that enable 

the compaction of DNA. There are 4 core histones H2A, H2B, H3 and H4 that form an octamer 

around which 146 base pairs of DNA winds. These core histones make up the nucleosome which 

in turn determines chromatin accessibility (Luger et al., 1997). Chromatin can therefore exist in an 

open conformation referred to as euchromatin, or in a closed conformation referred to as 

heterochromatin (Venkatesh and Workman, 2015). 

Another epigenetic modification that can alter gene expression is DNA methylation. DNA 

methylation typically occurs in CpG islands and is catalyzed by enzymes known as DNA 

methyltransferases (Dnmts) and involves the transfer of a methyl group to cytosine (C5) by S-

adenyl methionine (SAM).  DNA methylation alters chromatin structure, thereby preventing the 

binding of transcription factors (Moore et al., 2013). This results in repression of gene expression 

(Lee et al., 2013). DNA methylation has been reported to be necessary for several mechanisms 

that require a stable form of silencing such as X chromosome inactivation and genomic imprinting 

and is proposed to be involved in crosstalk with histone modifications and microRNAs (Moore et 

al., 2013). 

Histone variants are distinguished from canonical core histones mainly by the fact that they 

are expressed, unlike core histones, outside of synthesis (S) phase and incorporated into chromatin 

in a DNA replication-independent manner (Li et al., 2007). Histone variants have homologies to 
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canonical core histones but are generally not as ubiquitous. They represent yet another mechanism 

for nucleosomes to differ from one another without covalent modification of core subunits (Craig, 

2005). Histone variants play critical roles in chromatin structure and function such as activation of 

transcription, DNA repair, X chromosome inactivation and heterochromatin formation. Among 

the core histones, H2A has the largest number of variants, including H2A.Z, MacroH2A, H2A-

Bbd, H2AvD, and H2A.X (Redon et al., 2002). The addition of variants can change the 

physicochemical properties of the nucleosome (Billon and Cote, 2013).  

Recent advances in next generation sequencing (NGS) technology has resulted in several 

techniques/assays that enable DNA-protein interactions to be captured both in vivo and in vitro 

and analyzed. Methods such as chromatin immunoprecipitation followed by massively parallel 

sequencing (ChIP-Seq) allow DNA-protein interactions to be profiled on a genome-wide basis 

(Robertson et al., 2007). 

2.6.2 Histone modifications 

Transcriptional regulation of gene expression is promoted or repressed by the alteration of 

chromatin accessibility and histone modifications (Kuo and Allis, 1998). These reversible post 

translational modifications (PTMs), which include acetylation, methylation and phosphorylation 

occur on the amino-terminal ends of the histones (histone tails) (Hiroi et al., 2004, Fischle et al., 

2003). The mechanism of regulation has been attributed to a ‘histone code’ which occurs over and 

above the genetic (DNA) code (Jenuwein and Allis, 2001). There are enzymes known as writers 

which add histone modification marks and erasers which remove these modification marks. 

Readers are effector proteins that translate the code and bind to DNA thereby regulating 

transcription (Venkatesh and Workman, 2015, Moore et al., 2013). 
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This additional level of regulation increases the complexity and diversity of gene 

expression. The complexity is further increased by the different variants of each histone that are 

also involved in regulation of gene expression/transcription. These variants can replace core 

histones and usually differ from the core histones by changes in just a few amino acids or 

possession of larger domains but these slight alterations may result in different outcomes including 

regulation of transcription (Venkatesh and Workman, 2015).  

Histone acetylation is predominantly associated with active transcription and involves the 

transfer of an acetyl group from acetyl coenzyme A, a process which is catalyzed by histone 

acetyltransferases and reversed by histone deacetylases (Kuo and Allis, 1998). The methylation of 

lysines at histone tails is usually carried out by enzymes that contain SET (Su (var), Enhancer of 

Zeste, and Trithorax) domains such as SUV39H1 which methylate H3K9 specifically and the 

MLL/SET1 methyltransferase family which forms a complex and is associated with methylation 

of H3K4 (Santos-Rosa et al., 2002, Takahashi et al., 2011). Histone methylation can be linked to 

activation or repression of genes depending on which lysine is involved, the degree of methylation 

(mono-, di- or trimethylation) and the target histone (Mozzetta et al., 2015). H3K4me3 is 

associated with euchromatin and active gene expression (Santos-Rosa et al., 2002). H3K9me3 on 

the other hand is associated with heterochromatin and thus repression (Peters et al., 2002, Ugarte 

et al., 2015)  

  

2.6.3 Epigenetic modifications in differentiating cells 

In embryonic stem cells (ESCs), bivalent chromatin domains (H3K4me3 and H3K27me3) 

maintain active developmental genes at low levels “while keeping them poised for activation” 

(Bernstein et al., 2006). Matsamura et al. (2015) identified a pairing of H3K4me3 and H3K9me3 
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that appears to maintain adipocytes in a poised state until differentiation is required. They proposed 

that the methyltransferase SETDB1 is recruited to sites immediately downstream of H3K4me3 

marked transcription start sites where it methylates H3K9 establishing the bivalent domain. These 

bivalent domains were found at the promoter regions of two important transcription factors, 

CCAAT/enhancer-binding protein alpha (C/EBPa) and Peroxisome proliferator-activated receptor 

gamma (PPARg), which are essential for differentiation of adipocytes (Matsumura et al., 2015).  

Another study (Zubek et al., 2016) looking at domain length reported the association of 

CHD1 with H3K4me3. CHD1 is a chromatin remodeling protein that is required for preinitiation 

complex assembly, that is, initiation of transcription and thus gene expression. Hence, it is 

important for the expression of developmental genes. The authors observed a relationship between 

elongated CHD1 binding and longer H3K27ac and H3K4me3 domains and suggested a possible 

contribution to increased gene expression (Zubek et al., 2016). 

A study by Ugarte et al. (2015) found that pluripotent mouse ESCs appear to contain 

significantly more euchromatin than multipotent hematopoietic stem cells (HSCs) which in turn 

contain more euchromatin than mature hematopoietic cells. Specifically, 79% in ESCs, 55% in 

HSCs and 34% in mature myeloid cells. These observations indicate that chromatin tends to 

become less accessible as cells undergo differentiation. They also showed that the global levels of 

DNA methylation and individual histone modifications do not appear to change significantly in 

either ESCs or HSCs even though chromatin is in a more open conformation on a global level in 

these cells. Thus, these epigenetic modifications occur at certain regions on regulatory genes and 

are likely not a result of a change in a single epigenetic modification. Taking it a step further, they 

considered H3K9me3, a mark associated with heterochromatin and found that ESCs had the least 

amount of heterochromatin, followed by HSCs and then mature cells (Ugarte et al., 2015). 
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Furthermore, they inhibited the histone methyltransferase G9A which catalyzes mono- and di- 

methylation of H3K9. Inhibition of heterochromatin formation delayed HSC differentiation as 

shown by impaired silencing of some genes associated with differentiation and impaired migration 

capacity, leading the authors to conclude that efficient differentiation of stem cells is dependent 

on proper transitioning from euchromatin to heterochromatin (Ugarte et al., 2015). 

2.6.4 Signaling pathways regulating histone modifications 

Tee et al. (2014) reported a role for ERK1/2 signaling in the regulation of chromatin 

accessibility at developmental genes in mouse ESCs. Inhibition of ERK1/2 resulted in an increase 

in nucleosome occupancy and a decrease in occupancy of the Polycomb repressive complex 2 

(PRC2) and RNA Polymerase II (RNAPOLII) at the promoter regions of Erk2-PRC2-targeted 

developmental genes. PRC2 reportedly recruits H3K27me3 and the authors observed a decrease 

in H3K27me3 at the promoters of numerous developmentally regulated genes after ERK1/2 

inhibition. A possible role for ERK1/2 in the regulation of nucleosome occupancy was suggested 

based on the observation that Erk2 binding appeared to correspond to regions of histone eviction 

whereas loss of Erk2 favored increased nucleosome density (Tee et al., 2014). 

2.6.5 Epigenetic modifications in granulosa cells 

Our understanding of the role of epigenetic modifications in the regulation of gene 

expression is evolving. The relationship between epigenetic modifications and ovulation is 

currently being investigated by several groups. 

Lee et al. (2013) investigated some of these changes in granulosa cells prior to ovulation 

in the rat and reported a significant increase in histone H4 acetylation at the proximal promoter of 

the Star gene at 4h post-hCG, which then decreased to basal levels at 12 hours post-hCG. 

H3K4me3 (a mark associated with active genes) was also reported to have gradually increased in 
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the proximal promoter after hCG injection and was significantly higher at 12 hours compared to 0 

hours. H3K9me3 and H3K27me3 are marks associated with repression and their levels were 

shown to have decreased and were both significantly lower at 12 hours compared to 0 hours. They 

compared these results to the results from RLC-16 cells, which are rat liver cells that do not express 

Star. The authors suggest that histone acetylation of the Star proximal promoter is involved in Star 

gene expression by increasing the binding activity of CEBPB through the change in chromatin 

structure of the Star promoter (Lee et al., 2013). They also found that levels of H3 and H4 

acetylation and H3K4me3 in the Cyp19a1 promoter region significantly decreased at 12 hours 

after hCG injection compared to 0 hours. H3K27me3 was significantly higher at 12 hours 

compared to 0 hours post-hCG. Analysis of the chromatin structure in the Star and Cyp19a1 

promoters revealed that the relative percentage of chromatin protection against DNase 1 digestion 

decreased in the Star proximal promoter after hCG and was significant at 4 hours and 12 hours 

compared to 0 hours suggesting that the chromatin structure becomes more relaxed after hCG 

injection. In contrast, the relative percentage of chromatin protection in the Cyp19a1 promoter 

region increased after hCG injection, and there was a significant difference at 12 hours compared 

with 0 hours suggesting that the chromatin structure becomes condensed after hCG injection (Lee 

et al., 2013).  

Summarily, levels of histone modifications (Histone H4 acetylation, H3K4me3, H3K9me3 

and H3K27me3) were altered and chromatin was remodeled at the promoter regions of Star and 

Cyp19a1, leading to an increase in gene expression of Star and repression of Cyp19a1 (Lee et al., 

2013). 

In a separate study from the same laboratory, they identified five genes (HDAC4, 

HDAC10, EZH2, SETDB2 and CIITA) as histone modifying enzymes that were altered in the 
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granulosa cells of LH treated rats. HDAC4, HDAC10, EZH2 and SETDB2 mRNA levels decreased 

while CIITA mRNA levels decreased at 4 or 12 h post hCG. These enzymes function as histone 

acetylation or histone methylation enzymes (Maekawa et al., 2016). The authors proceeded to tie 

these results together by suggesting that after the ovulatory LH surge, EZH2 recruitment is 

decreased in the promoter region of Star but is increased at the Cyp19a1 promoter. EZH2 

reportedly induces H3K27me3, a mark associated with repression (Maekawa et al., 2016).  

In another study, LH regulated downregulation of CYP19A1, HSD3B1 and CYP17A1 was 

associated with chromatin remodeling at the promoter regions of these genes in bovine follicles 

(Nimz et al., 2010). Transcript analyses of the three genes were performed on the granulosa cells 

and theca cells of large dominant follicles before and after LH. The relative transcript abundance 

of CYP19A1 appeared to be higher in granulosa cells and was significantly downregulated by LH 

whereas CYP17A1 relative transcript abundance was found to be higher in theca cells than in 

granulosa cells although it was significantly downregulated by LH. HSD3B1 transcript abundance 

was similar between granulosa cells and theca cells but significant reduction after LH was found 

only in theca cells.  Results from the CHART-PCR (Chromatin accessibility followed by real-time 

PCR) analysis revealed that chromatin was significantly more protected in bovine granulosa cells 

after the LH surge in CYP19A1 and HSD3B1. However, for CYP17A1, there was a significant 

increase in relative chromatin protection only in theca cells (from less than 40% before LH to 

about 60% after LH) although granulosa cells maintained high values (~60%). The relative 

protection values for CYP19A1 in granulosa cells were the highest with an increase of 

approximately 50% (from less than 20% before LH to more than 70% post LH) (Nimz et al., 2010). 

In an article by Zhang et al.  (2014) using mouse granulosa cells, they reported LH-induced 

changes in histone modifications such as acetylation of histone H2BK5ac and H3K9ac at the 
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promoter region of LH target genes, which in turn resulted in an increase in gene expression of 

these genes. They attributed the increased acetylation to the histone acetyltransferase CBP/P300 

working in conjunction with CITED4 (coactivator family) and a possible mechanism of action is 

an increase in chromatin accessibility which in turn favors DNA-binding proteins. Looking at the 

expression of some LH target genes such as Areg, Ereg, Btc, Pgr, Ptgs2, Tnfaip6, Sulte1 and Ptx3, 

they found that these genes were upregulated by forskolin/PMA within 4h of treatment. However, 

by 20h, expression levels had returned to basal levels. Furthermore, when treated with trichostatin 

A (TSA), a histone deacetylase (HDAC) inhibitor, some of the LH target genes (Areg, Pgr, Btc, 

Ptx3 and Tnfaip6) remained high up to 24h after forskolin/PMA treatment. The authors suggested 

that after ovulation, HDAC may be an important regulator in the regulation of gene silencing. 

Moreover, when the granulosa cells were treated with a CBP inhibitor (C646), the increase in 

acetylation of H2BK5ac and H3K9ac was abrogated. TSA treatment had the opposite effect, that 

is, an increase in acetylation levels of H2BK5ac and H3K9ac (Zhang et al., 2014). However, these 

data are limited by the fact that histone modifications were analyzed by Western blotting and not 

by ChIP, which enables site specific analysis. 

Aryl hydrocarbon receptor (Ahr) appears to be involved in the regulation of follicular 

development and ovulation in mice. Teino et al (2014) sought to investigate the mechanism by 

which this gene is regulated in the ovary. Mice were treated with eCG (PMSG – an FSH analog) 

and then hCG (LH analog). Relative mRNA abundance and protein level analyses showed that 

Ahr is induced by eCG but downregulated by hCG. Next, they looked at the possible involvement 

of histone acetylation by treating granulosa cells with TSA, a HDAC inhibitor, and found that TSA 

prevented the downregulation of Ahr by hCG. Based on these results, they asked if this 

downregulation by hCG was because of a decrease in chromatin accessibility at the Ahr promoter. 
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Indeed, CHART-PCR revealed increased nucleosome protection in the hCG treated granulosa cells 

leading the authors to conclude that hCG induced downregulation of Ahr was as a result of 

“structural remodeling of the Ahr promoter chromatin” (Teino et al., 2014).  

Mehta et al. (2015) investigated gene expression in granulosa cells of the buffalo. The 

authors sought to prevent the inhibition of CYP19A1 and 17b-estradiol (E2) in buffalo granulosa 

cells which is induced by LPS and contributes to infertility postpartum in dairy animals due to 

uterine infections. CYP19A1 is induced by FSH and is a rate limiting enzyme in the synthesis of 

estradiol which as stated earlier is a key event in FSH-induced follicular development. They pre-

treated granulosa cells for 2 hours with TSA, a HDAC inhibitor, and found that granulosa cells 

that received this treatment before the 24 hours LPS treatment showed a significant increase in 

global H3 acetylation (K9/14) levels as opposed to granulosa cells that received 24 hours LPS 

alone which showed a significant global decrease in H3 acetylation (K9/14) levels compared to 

controls. Furthermore, CYP19A1 and E2 were significantly downregulated in LPS-treated 

granulosa cells whereas in LPS-treated granulosa cells that were TSA pre-treated, CYP19A1 and 

E2 levels showed a significant increase that was comparable to control levels. Taken together, the 

authors concluded that “TSA pretreatment reversed the inhibitory effect of LPS on CYP19A1 

expression and E2 production” through chromatin remodeling at the CYP19A1 proximal promoter 

II where it had the effect of increasing acetylation of H3 (K9/14) by preventing LPS mediated H3 

deacetylation (Mehta et al., 2015).  

2.7 Rationale, Hypothesis and Objectives 

2.7.1 Rationale 

Decades of research, both in vivo and in vitro, into the mechanisms involved in follicular 

development and ovulation have revealed intricate pathways and a variety of genes that are 
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temporally and spatially regulated to ensure successful release of a fertilizable and 

developmentally competent oocyte (Bianco et al., 2019, Cacioppo et al., 2017, Christenson et al., 

2013, Espey and Richards, 2002, Herlands and Schultz, 1984, Robker et al., 2000b, Schultz et al., 

1983, Assey et al., 1994). It is well established that FSH primarily regulates follicular growth and 

LH is the primary instigator of the ovulatory process. Both of these gonadotropins achieve these 

processes through specific gene expression programs in ovarian follicular cells. The discovery that 

gene regulation can occur without changes in the DNA, a term referred to as epigenetics, has 

changed the landscape of scientific research (Kuo and Allis, 1998, Lee et al., 2013, Li et al., 2007, 

Marmorstein and Trievel, 2009). Our understanding of protein-DNA interactions and how they 

regulate gene expression is constantly being updated. 

Epigenetic modifications such as chromatin accessibility and histone modifications have 

been shown to be among the mechanisms involved in regulation of granulosa cell genes. These 

modifications regulate gene expression and they do not appear to be altered on a global scale, but 

rather in a tissue-specific manner and at defined regions of specific genes (Nimz et al., 2010, 

Ugarte et al., 2015). 

However, there are still large knowledge gaps regarding the pathways that regulate these 

epigenetic modifications and how they contribute to the regulation of ovarian function. 

Investigating these processes remains a key challenge but will broaden our understanding of the 

mechanisms of ovulation and enable us treat or reverse infertility both in humans and livestock.  

2.7.2 Hypothesis 

Our general hypothesis was that the gonadotropins, FSH and LH, induce alterations in 

histone modifications in granulosa cells during follicular development and ovulation. We had the 

following specific hypotheses: 
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Hypothesis 1: Changes in gene expression induced by FSH to regulate follicular development 

involves H3K4me3 enrichment in granulosa cells; 

Hypothesis 2: LH regulates ovulatory genes through H3K4me3 and ERK1/2 modulates the 

H3K4me3 deposition at LH-regulated genes; 

Hypothesis 3: Sustained ERK1/2 production beyond immediate early hours of LH surge is 

important for ovulation in mice. 

 

2.7.3 Objectives 

 Our overall objective was to investigate the role of FSH and LH in the regulation of gene 

expression through the actions of H3K4me3 and the ERK1/2 signaling pathway using a murine 

model. Our specific objectives for each study were: 

1) To ascertain how FSH regulates follicular development in granulosa cells (Chapter 3) 

2) To analyze the changes in the global transcriptome and H3K4me3 in LH-regulated 

granulosa cells and examine the role of ERK1/2 on H3K4me3 action (Chapter 4) 

3) To decipher the roles of sustained ERK1/2 signaling during ovulation (Chapter 5) 
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3.1 Abstract 

Follicle stimulating hormone (FSH) regulates ovarian follicular development through a specific 

gene expression program. We analyzed FSH-regulated transcriptome and histone modification in 

granulosa cells during follicular development. We used super-stimulated immature mice and 

collected granulosa cells prior to and 48h after stimulation with equine chorionic gonadotropin 

(eCG). We profiled the transcriptome using RNA-sequencing (N=3/time-point) and genome wide 

trimethylation of lysine 4 of histone H3 (H3K4me3; an active transcription marker) using 

chromatin immunoprecipitation and sequencing (ChIP-Seq; N=2/time-point). Across the mouse 

genome, 14,583 genes had an associated H3K4me3 peak and 63-66% of these peaks were observed 

within £1kb promoter region. There were 72 genes with differential H3K4me3 modification at 

48h-eCG (absolute log fold change >1; FDR<0.05) relative to 0h-eCG.  Transcriptome data 

analysis showed 1463 differentially expressed genes at 48h-eCG (absolute log fold change > 1; 

FDR<0.05). Among the 20 genes with differential expression and altered H3K4me3 modification, 

Lhcgr had higher H3K4me3 abundance and expression, while Nrip2 had lower H3K4me3 

abundance and expression. Using ChIP-qPCR, we showed that FSH regulated expression of Lhcgr, 

Cyp19a1, Nppc and Nrip2 through regulation of H3K4me3 at their respective promoters. 

Transcript isoform analysis using Kallisto-Sleuth tool revealed 875 differentially expressed 

transcripts at 48h-eCG (b>1; FDR<0.05). Pathway analysis of RNA-seq data demonstrated that 

TGFB signaling and steroidogenic pathways were regulated at 48h-eCG. Thus, FSH regulates gene 

expression in granulosa cells through multiple mechanisms namely altered H3K4me3 modification 

and inducing specific transcripts. These data form the basis for further studies investigating how 

these specific mechanisms regulate granulosa cell functions. 
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3.2 Introduction 

Follicle-stimulating hormone (FSH) initiates three key events within ovarian follicles: 

proliferation of granulosa cells, estrogen synthesis and expression of luteinizing hormone (LH) 

receptor (Lhcgr) in granulosa cells (Duggavathi and Murphy, 2009, Hillier, 1994, Richards, 1979, 

Richards, 2001, George et al., 2011). These events are critical for the development of the follicle 

to preovulatory stage and oocyte maturation. The initial recruitment of primordial follicles is 

gonadotropin independent as evidenced by unhindered follicular growth to secondary or early 

antral stages in mice models lacking Fshb, Fshr, Lhb or Lhcgr (Zhang et al., 2001, Lei et al., 2001, 

Draincourt et al., 1987, Ma et al., 2004, Kumar et al., 1997). These studies have also shown that 

follicular development beyond formation of the fluid-filled antrum depends on pituitary 

gonadotropins.  

It is well established in multiple species, including humans, that FSH-induced follicular 

development occurs in waves, characterized by periodic recruitment of cohorts of small antral 

follicles to grow further (Mihm and Austin, 2002, Ginther et al., 1996). In mono-ovulatory species 

such as cows and humans, one follicle of each wave is selected as the dominant follicle that reaches 

ovulatory size, whereas the rest of the follicles (subordinate follicles) cease to grow and undergo 

atresia. Several studies during the last part of the 20th century have defined the hormonal milieu 

that favors the growth of the dominant follicle. The ability of the dominant follicle to thrive in the 

low FSH conditions has been attributed to its ability to utilize the available LH, as granulosa cells 

of the dominant follicle express LHCGR under the influence of FSH and estradiol (Xu et al., 1995, 

Fortune et al., 2001, Ginther et al., 1996, Bao et al., 1997).  

As the follicle grows, several morphological and humoral changes occur in the follicular 

cells. Comparison of the dominant follicle to subordinate follicles, mainly in cattle, have shown 
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increases in diameter, quantity of follicular fluid, granulosa cell numbers and higher concentrations 

of estradiol in the follicular fluid (Ireland and Roche, 1983). Targeted gene expression analyses 

mainly in rodent models have shown that FSH regulates follicular development through a specific 

gene-expression program involving aromatase (Cyp19a1), inhibin alpha (Inha), estrogen receptor 

beta (Esr2), the liver receptor homolog-1 (Nr5a2) and aryl hydrocarbon receptor (Ahr) (Richards, 

1994, Evans et al., 2004, Teino et al., 2014, Fan et al., 2009a).  

Epigenetic modifications such as post-translational modification of histones add another 

layer of complexity to the regulation of gene expression. Histone methylation, regulated by 

methyltransferases, is associated with active or repressed gene expression and this is dependent on 

the type of histone and the location of the modified amino acid residue. One of the best studied 

histone modifications is trimethylation of lysine 4 of histone 3 (H3K4me3), which is associated 

with active gene expression (Mozzetta et al., 2015, Lee et al., 2013, Gu and Lee, 2013) and this 

modification is mainly found in the promoter regions of induced genes (Santos-Rosa et al., 2002).  

Therefore, we hypothesized that FSH regulates follicular development through changes in 

the gene expression through altered H3K4me3. Our objective was to profile gene expression by 

RNA-sequencing and histone modification through chromatin immunoprecipitation, followed by 

sequencing. Here we have used bioinformatics tools to uncover the FSH-regulated gene expression 

in mouse granulosa cells. 
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3.3 Materials and methods 

3.3.1 Granulosa cell collection 

Immature (post-natal 21-23 days) C57BL/6NCrl female mice (Charles River) were housed 

in standard plastic rodent cages and maintained on a 12-h light and 12-h dark cycle with feed and 

water provided ad libitum (Rodent Diet; Harlan Teklad, Canada). All animal experiments were 

approved by the Animal Care and Use Committee of McGill University. Immature mice were 

injected intraperitoneally with 5 IU eCG (Folligon, Merck) to stimulate follicle development. 

Granulosa cells were collected prior to and 48h after treatment (Duggavathi et al., 2008a, Dupuis 

et al., 2014). 

3.3.2 RNA Extraction/RNA Sequencing 

Total RNA was extracted from granulosa cells collected prior to eCG treatment (0h eCG) 

and 48h after eCG treatment (48h eCG) using the Direct-Zol RNA MiniPrep Isolation Kit (Zymo 

Research, Cedarlane Laboratories) as per the manufacturer’s protocol. RNA was quantified using 

the Nanodrop 2000 spectrophotometer (Thermofisher Scientific). Samples were sent to the 

functional genomics platform (McGill University and Genome Quebec Innovation Centre) for 

library preparation using 250ng of mRNA. Only RNA samples with an RNA integrity number 

(RIN) of 8.2 and above were used. The libraries were sequenced using the Illumina HiSeq 4000 

PE 100. The RNA-Seq data will be available from the GEO data repository (GSE140371). RNA-

Seq quality metrics are presented in Supplementary Table 1A.  

3.3.3 Chromatin Immunoprecipitation and sequencing 

Chromatin immunoprecipitation was carried out using granulosa cells collected prior to 

eCG treatment (0h eCG) and 48h after eCG treatment (48h eCG) from 2 groups of 4 pooled mice 

(n = 2 biological replicates). This protocol was adapted from previous reports (Svotelis et al., 2009, 
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Haring et al., 2007, Hisano et al., 2013a, Kuo and Allis, 1999, Bianco et al., 2014a). Briefly, 

pelleted granulosa cells were crosslinked with 1 percent formaldehyde in PBS for 15 minutes at 

room temperature. Cells were lysed and sonicated (Q55 Sonicator, Fisher Scientific USA) to obtain 

chromatin fragments of 200-500bp. Ten percent of the sonicated chromatin was removed as input 

and 5 percent to evaluate sonication efficiency. The rest of the chromatin was immunoprecipitated 

at 4°C overnight with either H3K4me3 antibody (Abcam; ab8580) or Rabbit IgG (Abcam; 

ab171870). The next day, magnetic beads (Protein A Dynabeads; Life technologies) were added 

to the reaction and incubated with rotation at 4°C for 4 hours. DNA-protein complexes were eluted 

after several washes and crosslinks reversed by incubating overnight at 65° C. After treatment with 

RNase A and proteinase K, DNA was then purified using the Qiagen PCR Purification kit (Qiagen) 

and quantified using the Nanodrop 2000 spectrophotometer (Thermofisher Scientific). Samples 

were sent to the functional Genomics platform McGill University and Genome Quebec Innovation 

Centre for library preparation and sequencing using the Illumina HiSeq 2000 SR 50. The ChIP-

Seq data will be available from the GEO data repository (GSE140371). ChIP-Seq quality metrics 

are presented in Supplementary Table 1B. 

Bioinformatics 

3.3.4 RNA-Seq data analysis 

Sequenced reads were assessed for quality using FastQC; v 0.11.5 (Andrews, 2014). The 

STAR  program, a splice aware aligner, was used for read alignment (Dobin et al., 2013) and 

uniquely mapped reads were 87-90 percent. The read counts were then uploaded to Network 

Analyst (Xia et al., 2015) for analysis of differential expression.  
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3.3.5 ChIP-Seq data analysis 

Sequenced reads were assessed for quality using FastQC; v 0.11.5 (Andrews, 2014) and 

adapters trimmed using Trimmomatic; v 0.36 (Bolger, 2014). Subsequently, sequences were 

mapped to the mouse genome (mm10) using Bowtie2; v 2.2.9 (Langmead and Salzberg, 2012) and 

peak calling was performed using MACS2; v 2.1.1 (Zhang et al., 2008) and a matrix of counts 

(enrichment) was obtained ( (Hisano et al., 2013b) that was then used to analyse differential 

enrichment of H3K4me3 using Network Analyst, a tool designed to enable statistical and visual 

analyses of gene expression data (Xia et al., 2015, Xia et al., 2013). Peaks were also annotated 

using ChIPseeker; v 1.18.0 (Yu et al., 2015) and peak data visualized using the integrative 

genomics viewer (IGV) (Robinson et al., 2011).  

3.3.6 Differential Transcript Analysis 

We used the Kallisto-Sleuth pipeline to analyse transcripts. The Kallisto program was used 

to run the first part of the analysis which involves quantification of transcript abundance (Bray et 

al., 2016). Differential analysis was done using the R package, Sleuth (solive) (Pimentel et al., 

2017). Differential transcripts were identified using the Wald test in Sleuth and the b-value for 

further filtering.  

3.3.7 Pathway Analysis 

EGSEA (Alhamdoosh et al., 2017) and Network Analyst (Xia et al., 2015) were used for 

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, as well as enrichment 

analysis of biological processes using the list of FSH-regulated genes (DEGs; n = 1463). 

The list of FSH-regulated genes (DEGs; n = 1463) was also uploaded and used for data analysis 

and interpretation using various functions in the Ingenuity pathway analysis (IPA; Ingenuity 

Systems Inc., Redwood City, CA) tool.  
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3.3.8 ChIP-qPCR 

Chromatin immunoprecipitation was carried out as previously described using H3K4me3 

and IgG antibodies (Abcam). A ten percent aliquot was taken from each sample after sonication 

but prior to incubation with the respective antibodies to serve as input for the qPCR reaction. 

Integrated DNA technologies (IDT) designed primers in the peak regions of the promoter 

identified for Lhcgr, Cyp19a1, Nppc and Nrip2. The purified DNA was then used in the qPCR 

reaction (ChIP-qPCR) with the CFX394 Real time PCR system (BioRad). Amplicon abundance 

was expressed as the percent of immunoprecipitated DNA relative to the input DNA. The 

sequences of the primer sets used are listed in Table 1A. 

3.3.9 RT-PCR 

For validation of RNA-Seq results and characterization of the histone modifying enzymes, 

total RNA was extracted (Qiagen microRNA kit; Qiagen, Toronto, CA) from granulosa cells 

collected at 0h eCG and 48h eCG. The purity and quantity of each sample was measured using the 

Nanodrop 2000 (ThermoScientific). We synthesized cDNA from 250ng of total RNA using the 

iScript cDNA Synthesis kit (BioRad) according to the manufacturer’s instructions. All primers 

were purchased from Integrated DNA technologies (IDT, USA). We analyzed mRNA expression 

by quantitative real time PCR (RT-PCR) using the CFX384 (BioRad). Expression data for each 

gene of interest was normalized to mean expression levels of four reference genes Gapdh, B2m, 

L19 and Sdha. The sequences of the primer sets used are listed in Table 1B.  
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3.4 Results 

3.4.1 FSH-regulated granulosa cell transcriptome 

First, we sought to investigate the regulation of gene expression by FSH at the level of the 

transcriptome. The quality assessment of sequenced reads of granulosa cells collected before (0h 

eCG) and after eCG treatment (48h eCG) showed that uniquely mapped reads accounted for 87-

90 percent of the total reads (Supplementary Table 1A). Differential gene expression analysis 

using edgeR revealed 1463 differentially expressed genes (DEGs) between 48h eCG and 0h eCG 

(abs[logFC] > 1 and FDR < 0.05). Of these, 755 genes were found to be upregulated, whereas 708 

genes were downregulated. Well known FSH-regulated genes among these DEGs include Fshr, 

Lhcgr, Cyp19a1, natriuretic peptide precursor type C (Nppc), pregnancy associated plasma protein 

(Pappa) and low density lipoprotein receptor (Ldlr) (Kumar et al., 1997, Richards, 1979, Richards, 

2001, Zielak-Steciwko and Evans, 2016, Irving-Rodgers et al., 2009, Gebremedhn et al., 2015, 

Parakh et al., 2006, George et al., 2011, Hunzicker-Dunn and Maizels, 2006).  

3.4.2 Functional analysis of differentially expressed genes  

Ingenuity pathway analysis to find functional categories among differentially regulated 

genes using the core analysis function showed that majority of the differentially regulated genes 

were located in the cytoplasm and plasma membrane, as well as the extracellular space and nucleus 

(Figure 1A). The top ten functional categories of these genes included enzymes, transporters, 

transcription regulators, peptidases, kinases, ion channels, G-protein coupled receptors, 

transmembrane receptors, growth factors and cytokines (Figure 1B and C). Among these, 

“enzymes” was the biggest class followed by ion channels/transporters. Some of the differentially 

regulated enzymes were Cyp19a1 and Lss. Of interest were the genes among growth factors (Inhba 
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and Nog) and transcription regulators (Nupr1 and Nrip2). The differentially regulated non-coding 

RNA genes included Mir409 and Snord37. 

Further, the upstream regulator analysis in IPA identified chorionic gonadotropin (CG), 

transforming growth factor beta 1 (TGFB1), tumor necrosis factor (TNF), estrogen receptor 2 

(ESR2) and beta-estradiol among the top upstream regulators. Of these, CG, TGFB1, ESR2 and 

beta-estradiol were identified to be positively regulated by eCG treatment (p < 0.05).  

3.4.3 Pathway analysis of differentially expressed genes 

We used Ensemble of Gene Set Enrichment Analyses (EGSEA) (Alhamdoosh et al., 2017) 

and Network analyst (Xia et al., 2014) tools to uncover Kyoto Encyclopedia of Genes and 

Genomes (KEGG) pathways differentially regulated by eCG treatment. The common enriched 

KEGG pathways identified by both tools were Steroid biosynthesis, Fat digestion and absorption, 

Terpenoid backbone synthesis, and TGF-beta signaling pathways (AdjP < 0.05) (Figure 1D).  

3.4.4 Regulation of H3K4me3 in granulosa cells 

Post-translational modification of histones is a very important mechanism by which gene 

expression is regulated. Therefore, we evaluated FSH-regulated changes in H3K4me3 in granulosa 

cells. Overall alignment rate of reads to the mouse reference genome (mm10) was above 97 percent 

for all samples with unique reads corresponding to about 70 percent of the total reads 

(Supplementary Table 1B).  

We first examined the nature of the genomic addresses with H3K4me3 peaks. About 61-

67% of the peaks were located in the promoter region within 1 kilobase (£ 1kb) from the 

transcription start site (TSS), the remainder being distributed over other gene features including 

the 3’ untranslated region (UTR), 5’ UTR, exons, introns and distal intergenic regions (Figure 2A). 
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Upon differential analysis using edgeR and applying a filter of absolute log fold change > 1 and 

FDR < 0.05, we found that 72 genes had differential H3K4me3 enrichment at 48h compared to 0h 

eCG (Figure 2B). Of these, 24 genes, including Lhcgr, had peaks upregulated and 48 genes, 

including Nrip2, had peaks downregulated by eCG treatment. We did not perform functional 

analysis of these 72 genes as this number is too small for any meaningful functional categorization. 

3.4.5 Relationship between H3K4me3 enrichment and gene expression 

We explored if there were any changes in H3K4me3 enrichment associated with the genes 

that were differentially expressed in response to eCG treatment. Among the 1463 differentially 

expressed genes in RNA-Seq dataset and 72 genes with differential H3K4me3 enrichment in ChIP-

Seq dataset, 20 genes were common to both datasets (Figure 3A). Of these, 14 genes showed higher 

expression with upregulated H3K4me3 enrichment and 6 genes showed lower expression with 

downregulated H3K4me3 enrichment (Figure 3B). Lhcgr expression was higher (3.73 logFC, FDR 

< 0.05) in association with higher H3K4me3 enrichment (1.79 logFC, FDR < 0.05) in its promoter 

region. On the other hand, Nrip2 was downregulated (-1.68 logFC, FDR < 0.05) with a lower 

H3K4me3 enrichment (-1.24 logFC, FDR < 0.05) in its promoter (Figure 4A). 

There were 52 genes with differential H3K4me3 enrichment that were not differentially 

expressed at 48h eCG. Conversely, 1443 differentially expressed genes did not have differential 

H3K4me3 enrichment at 48h eCG. Among them, expression of Fshr (1.32 logFC, FDR < 0.05) 

and Cyp19a1 (1.98 logFC, FDR < 0.05) was higher at 48h eCG without any changes in H3K4me3 

enrichment (Figure 4B). Especially for Cyp19a1, it was surprising to see that despite an apparent 

increase in H3K4me3 enrichment (Figure 4B, IGV panel), the differences were not statistically 

significant.  

3.4.6 Confirmation of sequencing data using qPCR and ChIP-qPCR  
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We then sought to confirm the relationship between the expression of genes and the 

H3K4me3 enrichment at their promoters using qPCR and ChIP-qPCR, respectively. Using qPCR, 

we were able to show that there was higher mRNA abundance of Fshr, Ahr, Nppc (p < 0.05) while 

mRNA abundance of Nrip2 showed a tendency to be lower at 48h eCG compared to 0h eCG (p = 

0.06; Figure 5A). Using ChIP-qPCR, we found higher H3K4me3 enrichment at the promoter 

regions of Lhcgr, Nppc and Cyp19a1 (p < 0.05), while H3K4me3 enrichment at the promoter 

region of Nrip2 was lower at 48h eCG compared to 0h eCG (p < 0.05; Figure 5B). 

3.4.7 Expression of histone modifying enzymes and H3K4me3 at their promoters 

None of the genes coding for histone methyltransferases and demethylases were among the 

differentially regulated genes in both RNA-Seq and ChIP-Seq datasets. However, we found that 

promoters of all these genes, except Ash1l had H3K4me3 enrichment. We then sought to confirm 

RNA-seq data for these genes. Except for Kmt2e (Mll5; p < 0.05), there were no differences in the 

mRNA abundance of genes coding for the histone methyltransferases Kmt2a (Mll1), Kmt2c 

(Mll3), Ash1l (Kmt2h) and Setd1b (Kmt2g) between 0h and 48h eCG (p > 0.05; Figure 6). Also, 

none of the histone demethylases Kdm1a (Lsd1), Kdm1b (Lsd2), Kdm5a (Jarid1a), Kdm5b 

(Jarid1b) and Kdm5c (Jarid1c) showed differences in mRNA abundance between granulosa cells 

collected at 0h and 48h eCG (p > 0.05; Figure 6).  

3.4.8 Differential transcript regulation by FSH 

It has been estimated that the primary mRNA of approximately 95% of multiexon genes 

undergo alternative splicing and that there are about 100,000 intermediate- to high-abundance 

alternative splicing events in major human tissues (Pan et al., 2008). Therefore, we sought to 

understand FSH-regulated gene expression at the transcript level using a recently developed 

Kallisto-Sleuth pipeline (Bray et al., 2016, Pimentel et al., 2017). Applying a more stringent cut-
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off using the bias estimator, also known as beta value (Hamilton et al., 2018), we identified 875 

differentially expressed transcripts (DETs) from 740 genes (abs [b] > 1 and FDR < 0.05). Of these, 

628 DETs from 515 genes were upregulated and 247 DETs from 227 genes were downregulated. 

Comparing these 740 genes having DETs identified using the Kallisto-Sleuth pipeline to the 1463 

DEGs identified in the gene-level analysis pipeline (above), we found 453 common genes (Figure 

7A). Of these, there were 379 FSH-induced genes, with specific transcripts, including Fshr, Lhcgr, 

Cyp19a1, Cyp11a1, Star, Ahr, Pappa, Ldlr and Nppc (Figure 7B). The identity of specific 

transcripts of these FSH-regulated genes are presented in Supplementary Table 2. 
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3.5 Discussion 

Follicle stimulating hormone is widely used in assisted reproductive technologies such as 

controlled ovarian stimulation which aims at producing multiple follicles in order to increase the 

chances of a successful pregnancy. An optimal dose has to be administered to each patient as too 

high a dose may lead to overstimulation, multiple pregnancies and severe side-effects like ovarian 

hyperstimulation syndrome, whereas too low a dose may lead to poor ovarian response and/or 

failed conception (Raju et al., 2013). Despite numerous studies investigating a small group of FSH-

regulated genes in granulosa cells, there are only a few studies profiling FSH-regulated genes at 

transcriptome level. Also deciphering the mechanisms of FSH signaling is important to understand 

the molecular basis of follicular development to preovulatory stage and develop therapeutic tools 

to manage infertility. In this study, we have combined RNA-Sequencing and ChIP-Sequencing 

technologies to study FSH-regulated gene expression in mouse granulosa cells. 

Given the high percentage of unique reads in both RNA- and ChIP-Seq data that were 

aligned to the mouse genome, it was encouraging for us to undertake further bioinformatics 

analyses. The 1463 DEGs observed in our study appear to be a reasonable number, given that other 

studies in mouse granulosa cells have found between 1000 to 2000 DEGs during LH-induced 

ovulation (Meinsohn et al., 2018, Binder et al., 2013, Fan et al., 2009b). However, our numbers 

are higher than the 708 genes observed in bovine granulosa cells treated with FSH in vitro (Nivet 

et al., 2018). This difference in the number of DEGs could be attributed to differences in the time-

line (48h in our study vs 4h in the bovine study), source of granulosa cells for transcriptome 

analysis (in vivo vs in vitro), hormone used to stimulate (eCG vs recombinant human FSH) in 

addition to species differences (mouse vs cow). In our study, the 755 upregulated genes included 

well-known FSH-induced genes such as Fshr, Lhcgr, Cyp19a1, Nppc, Pappa and Ldlr (Kumar et 
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al., 1997, Richards, 1979, Richards, 2001, Zielak-Steciwko and Evans, 2016, Irving-Rodgers et 

al., 2009, Gebremedhn et al., 2015, Parakh et al., 2006, George et al., 2011, Hunzicker-Dunn and 

Maizels, 2006). 

Categorization of the DEGs based on cellular localization showed that the regulated genes 

were more or less uniformly distributed in different cell compartments including the extracellular 

matrix. This observation indicates that FSH regulates multiple aspects of granulosa cell 

differentiation including fatty acid metabolism and steroid biosynthesis as evidenced by 

differentially regulated cellular pathways. Our study also showed that FSH appears to promote 

granulosa cell differentiation through paracrine and juxtacrine signaling; growth factors were one 

of the class of genes represented among DEGs. This inference is further supported by the fact that 

TGFB1, TNF and estradiol were the FSH-induced upstream regulators as identified by multiple 

bioinformatic tools. Indeed, the FSH-regulated granulosa cell differentiation ought to involve a 

multitude of other local factors as most of the antral follicular growth happens when FSH levels 

are low. It is well established in bovine studies that granulosa cells of the dominant follicles 

dramatically enhance estradiol synthesis and begin to express LHCGR around the time of deviation 

(Xu et al., 1995), which occurs when the FSH levels in circulation reach nadir relative to the 

transient peak that induced that follicular wave (Ginther et al., 2003). 

It has been shown that Fshr expression increases in the granulosa cells as follicles switch 

from being gonadotropin independent to being gonadotropin dependent and this usually occurs in 

the late preantral stage of follicular development leading to antrum formation (Verbraak et al., 

2011, George et al., 2011). Despite what appears to be an increase in H3K4me3 enrichment at the 

promoter region, the ChIP-Seq analysis did not reveal any significant difference based on the cut-

off values. However, Fshr expression increased over two-fold in the RNA-Seq data and this 
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increase was also confirmed by RT-qPCR. This indicates that Fshr gene was already in 

“transcription mode” by the time we collected granulosa cells (the eCG0h granulosa cells were 

collected from small antral follicles). Indeed, FSHR expression has been shown in granulosa cells 

of follicles at as early as primary stage (Findlay and Drummond, 1999). On the other hand, Lhcgr 

was regulated at mRNA level and its increased expression was associated with increased 

H3K4me3 enrichment at the promoter as per ChIP-seq data. This increased enrichment of 

H3K4me3 was confirmed by ChIP-qPCR, thereby demonstrating that eCG treatment increased 

Lhcgr mRNA levels by enhancing the H3K4me3 enrichment at its promoter. 

However, some of the important genes known to play a role in granulosa cells during 

follicular development were regulated at mRNA level, but the H3K4me3 at their promoter was not 

regulated by eCG treatment, as per ChIP-seq data. For example, ChIP-seq data analysis showed 

that H3K4me3 was not altered at the promoter regions of Cyp19a1 and Nppc, the two very 

important genes in granulosa cells. Based on the importance of these genes, we sought to examine 

H3K4me3 levels at their promoters using ChIP-qPCR technique. The fact that this targeted 

technique, in contrast to the robust ChIP-seq technology, showed a clear regulation of H3K4me3 

levels at their promoters by FSH points more to technical aspect of this study than the underlying 

biological principle. The lack of regulation in ChIP-seq data could be related to higher background 

noise in sequenced reads, which itself could be due to the depth of sequencing and the number of 

biological replicates. This study should be used as a point of reference to have higher than 2 

biological replicates and higher than the 30 million reads per sample when studying H3K4me3 in 

ovarian granulosa cells. Most importantly, our ChIP-seq data allowed us to identify the genomic 

addresses of H3K4me3 peaks in the promoter regions of the genes of interest and probe their 

regulation using targeted approaches like ChIP-qPCR. In that sense, our ChIP-seq data set that is 
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publicly available (submission to GEO is in progress) will be useful to other researchers in aiding 

them to identify the exact genomic address of H3K4me3 enrichment at the promoters of any genes 

of interest and examine their regulation in ovarian granulosa cells.  

The key feature of the large antral follicle is the synthesis of steroids. As mentioned above, 

eCG treatment induced Cyp19a1, which is known to increase in response to FSH and is a rate 

limiting enzyme for estrogen synthesis in granulosa cells of multiple species (Hillier, 1994, 

Verbraak et al., 2011, Stocco, 2008, Parakh et al., 2006). We also found that eCG induced 

Cyp11a1, which catalyzes the conversion of cholesterol to pregnenolone (Wigglesworth et al., 

2015, Segers et al., 2012). It was shown, using microarray analysis, in cultured bovine granulosa 

cells that FSH induced both CYP19A1 and CYP11A1 at 4h after treatment (Nivet et al., 2018). We 

also found an increase in Lanosterol synthase (Lss) at 48h eCG (2.5-fold). Lss functions as a 

catalyst in cholesterol biosynthesis and is induced by FSH (Segers et al., 2012, Fan et al., 2009a). 

The promoter of Lss, like Fshr also had H3K4me3 enrichment although this was not significantly 

regulated by FSH. 

One of the novel genes we found to be regulated by FSH in this study was nuclear receptor 

interacting protein 2 (Nrip2). The promoter of Nrip2 had reduced H3K4me3 enrichment in 

response to eCG treatment, which was also associated with lower mRNA levels in the RNA-Seq 

data. These observations were confirmed by ChIP-qPCR and qPCR, respectively. Nuclear 

receptors are transcription factors that regulate transcriptional activation. NRIP2 (also known as 

NIX1) downregulates transcriptional activation by nuclear receptors such as NR1F2 (Greiner et 

al., 2000).  NRIP2 has been shown to regulate cell renewal in cancer cells by activating the Wnt 

pathway (Wen et al., 2017). Thus, the role of Nrip2 in granulosa cells needs further research. 
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With the confirmation that FSH regulates granulosa cell gene expression, at least in part, 

through H3K4me3 at their respective promoters, the obvious question is whether or not there is a 

change in the expression levels of genes involved in H3K4 methylation. Though none of these 

histone methylation genes were among the differentially regulated genes in both RNA- and ChIP-

seq dataset, we found a significant increase only in Kmt2e expression, by qPCR. Although the 

mechanism of action is still poorly understood, it does not seem to have histone methyltransferase 

activity like the other members of the mixed lineage leukemia (MLL) family, but plays a unique 

role in the regulation of gene expression (Zhang et al., 2017, Cheng et al., 2008). While several 

histone modifying enzymes have been identified, their regulation and signaling mechanisms are 

still under investigation. Each enzyme requires specific substrates and other cofactors such as 

transcription factors and coactivator complexes in order to exert its regulatory effect on the target 

histone (Marmorstein and Trievel, 2009). Therefore, FSH appears to regulate the functions of 

H3K4 methylation enzymes (not their expression) by mechanisms including, but not limited to, 

regulation of expression of transcription factors or other protein modifying enzymes. 

In summary, here we have identified several FSH-regulated genes that provide a basis for 

further exploration.  Overall, the results provide evidence that FSH regulates expression of the 

important granulosa cell genes, such as Lhcgr, by altering H3K4me3 at their promoters. By 

extension, it is possible that FSH could be involved in other modifications of histones in granulosa 

cells during follicular development. 
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3.7 FIGURES 

Figure 3.7.1 Classification of RNA-Seq DEGs. (A) Functional classification of genes: Location; 

(B) Functional classification of genes: Type; (C) Number of genes in each category. (D) Pathways 

enriched by the 1463 DEGs as shown by EGSEA. 
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Figure 3.7.2 Peak features and heatmap. (A) Features of H3K4me3 peaks. The ChIPseeker 

package was used for the annotation of peaks as identified by MACS2 to the different genomic 

features. (B) Heatmap of the 72 ChIP-Seq genes that showed significant differential abundance. 

Network Analyst  
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Figure 3.7.3 Interaction between ChIP-Seq and RNA-Seq data. (A) Venn diagram indicating 

the interaction between the ChIP-Seq data and the RNA-Seq data. (B) Bar chart showing the 20 

genes that are regulated by differential H3K4me3 abundance as well as differential gene 

expression.   
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Figure 3.7.4 H3K4me3 enrichment and mRNA abundance. Images from integrative genomics 

viewer (IGV) and Network analyst showing H3K4me3 enrichment in the promoter regions and 

mRNA abundance of  (A) Lhcgr and Nrip2,  from 20 genes with differential H3K4me3 enrichment 

as well as differential gene expression in the ChIP- and RNA-Seq data (abs[logFC] > 1 and FDR 

< 0.05)  (B) Cyp19a1 and Fshr,  from 1443 genes with differential gene expression in the RNA-

Seq data (abs[logFC] > 1 and FDR<0.05) but no significant differential H3K4me3 enrichment  in 

the ChIP-Seq data. 

 



 59 

Figure 3.7.5 RT-PCR and ChIP-qPCR graphs. (A) Graphs of mRNA abundance from RT-

qPCR of Fshr, Ahr, Nppc and Nrip2. * indicates significant difference (p < 0.05). # indicates a 

trend (p=0.06). (B) Graphs indicating percent input from ChIP-qPCR of the promoter regions of 

Lhcgr, Cyp19a1, Nppc and Nrip2. * indicates significant difference (p < 0.05) 
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Figure 3.7.6 mRNA abundance of H3K4me3 methylases and demethylases. Graphs of mRNA 

abundance of the histone methylases Kmt2a, Kmt2c, Kmt2e, Ash1l and Setd1b and the histone 

demethylases Kdm1a, Kdm1b, Kdm5a, Kdm5b and Kdm5c. * indicates significant difference (p < 

0.05) 
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Figure 3.7.7 Interaction between DEGs and DETs. (A) Venn diagram indicating the interaction 

between the 1463 DEGs and 875 DETs in the RNA-Seq data. (B) 379 common FSH-induced genes 

and transcripts 
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3.8 TABLES  

Table 3.8.1 Primer Sequences used in (A) ChIP-qPCR and (B) RT-qPCR 

 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
  

Gene symbol Sequence (5' - 3') 
mGapdh-F AGGTCGGTGTGAACGGATTTG 
mGapdh-R TGTAGACCATGTAGTTGAGGTCA 
  
mL19-F ATGAGTATGCTCAGGCTACAGA 
mL19-R GCATTGGCGATTTCATTGGTC 
  
mB2m-F TTCTGGTGCTTGTCTCACTGA 
mB2m-R CAGTATGTTCGGCTTCCCATTC 
  
mSdha-F GGAACACTCCAAAAACAGACCT 
mSdha-R CCACCACTGGGTATTGAGTAGAA 
  
mAhr-F AGCCGGTGCAGAAAACAGTAA 
mAhr-R AGGCGGTCTAACTCTGTGTTC 
  
mFshr-F GTGCTCACCAAGCTTCGAGTCAT 
mFshr-R GTGCTCACCAAGCTTCGAGTCAT 
  
mNppc-F CAGAAAAAGGGTGACAAGACTCC 
mNppc-R ATCCCAGACCGCTCATGGA 
  
mNrip2-F CAGCAGCGCCAACTCAAAC 
mNrip2-R GGCGTCTTTGGATCACACTGT 
  
mKmt2a-F ATGAGCAGTTCTTAGGTTTTGGC 
mKmt2a-R CTCCCGCGAGGTTTTCGAG 
  
mKmt2c-F TGTTCACAGTGTGGTCAATGTT 
mKmt2c-R GAGGGTCTAGGCAGTAGGTATG 
  
mKmt2e-F AGATGCACTTACAATCAAGAGGG 
mKmt2e-R AGGGCTGGTATAACCAATAGTCT 
  
mSetd1b-F TCCTCAAGCTCCGACAAGGAT 
mSetd1b-R CGTCGATGTCTGAATCAATCTGG 
  
mAsh1l-F TTAGGATTGGGTTCTGATTCCGA 
mAsh1l-R CGATTCCGCTTGCGAGGAT 
  
mKdm1a-F GTGGTGTTATGCTTTGACCGT 
mKdm1a-R GCTGCCAAAAATCCCTTTGAGA 
  
mKdm1b-F TACGAGTTCCCAGAGTATTCGC 
mKdm1b-R GGATGAGGTTTCTCAAAGCCAG 
  
mKdm5a-F GCCCTTTGCGGAGAAAACG 
mKdm5a-R TGGACTCTAGGAGTGAAACGG 
  
mKdm5b-F CTGGGAAGAGTTCGCGGAC 
mKdm5b-R CGCGGGGTGAAATGAAGTTTAT 
  
mKdm5c-F GAGGCCCAGACAAGAGTGAAA 
mKdm5c-R TTGGGAATCTTTAAGGATGAGCC 

Gene name Sequence (5' - 3') 
Lhcgr-F TCACACTCACAGACGTGATAAA 
Lhcgr-R CCTTAGCACAAACGGCTTTC 
  
Cyp19a1-F AGAAGAAGCACAGCTCACAAG 
Cyp19a1-R GGGAGCATCTAACACCCATTT 
  
Nppc-F AGAAGGGCTTGTCCAAAGG 
Nppc-R GCGTCCGATGGTGTTACTTA 
  
Nrip2-F CGCTGCTCTCGCCTATTATT 
Nrip2-R CCCTATAGCTTCTGCCTTTCTC 

B A 
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Supplementary Table 3.8.1 Quality control metrics 
(A) Quality Control metrics for the RNA-Sequencing data (B) Quality Control metrics for the 
ChIP-Sequencing data 
 
A 
 
Sample Number of Reads 

(Millions) 
Aligned exactly one time 
(Millions) 

0h eCG        1 
                     
                     2 
                    
                     3            

21 
 
26 
 
25 

19 
(89.22%) 
23 
(89.81%) 
22 
(90.54%) 

48h eCG      1  
  
                     2 
                       
                     3 

19 
 
34 
 
17 

17 
(88.48%) 
31 
(90.75%) 
15 
(87.94%) 

  
 
B 
 
Sample Number of 

Reads 
(millions) 

Overall 
Alignment rate 

Aligned 
Exactly 1 time 
(millions) 

0h eCG    1 
                 
                 2 

34 
 
24 

97.21% 
 
97.69% 

23 
(68.04%) 
17 
(70.4%) 

48h eCG  1 
                
                  2 

32 
 
34 

97.83% 
 
97.95% 

24 
 (74.52%) 
24 
(69.39%) 
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Supplementary Table 3.8.2 FSH-regulated transcripts identified using the Kallisto-Sleuth 
pipeline 
 
 
 
Gene ID Gene Symbol Transcript ID b pval qval 
ENSMUSG00000032937 Fshr ENSMUST00000035701.4 1.07 7.67E-19 2.25E-16 
ENSMUSG00000024107 Lhcgr ENSMUST00000024916.5 2.75 1.58E-25 1.10E-22 
ENSMUSG00000032274 Cyp19a1 ENSMUST00000034811.7 2.07 2.99E-04 4.80E-03 
ENSMUSG00000032274 Cyp19a1 ENSMUST00000215736.1 1.44 5.74E-13 7.14E-11 
ENSMUSG00000032323 Cyp11a1 ENSMUST00000034874.13 1.50 9.85E-12 9.69E-10 
ENSMUSG00000019256 Ahr ENSMUST00000116436.8 1.09 1.38E-25 9.81E-23 
ENSMUSG00000028370 Pappa ENSMUST00000084501.3 3.04 2.35E-42 5.97E-39 
ENSMUSG00000032193 Ldlr ENSMUST00000034713.8 1.31 1.04E-18 3.02E-16 
ENSMUSG00000026241 Nppc ENSMUST00000027449.5 1.23 2.29E-17 5.54E-15 
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CONNECTING STATEMENT 1 
 

FSH induces follicular development in granulosa cells. Follicular development is the first step 

towards successful ovulation. In the first study, we identified previously known as well as novel 

FSH-regulated genes. We also looked at the H3K4me3 enrichment profile at the promoters of these 

genes and found a correlation between FSH regulated gene expression and the H3K4me3 profile 

at the promoter sites of some genes involved in follicular development such as Cyp19a1 and Lhcgr. 

The next step is regulated by the LH surge that induces ovulation. In the next study, we investigated 

the role of ERK1/2 in the deposition of H3K4me3 at the promoter of LH-regulated genes using 

ChIP-Seq, RNA-Seq and pharmacological inhibition of ERK1/2.  
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4.1 Abstract   

The ERK1/2 signaling pathway, induced by the luteinizing hormone (LH) surge, is important for 

ovulation. Histone modifications such as trimethylation of lysine 4 of histone 3 (H3K4me3) are 

associated with gene transcription. Here, we hypothesized that LH regulates ovulatory genes 

through H3K4me3 and ERK1/2 modulates the H3K4me3 deposition at LH-regulated genes. We 

first analyzed the LH-regulated transcriptome in granulosa cells collected before (0h) or 4h after 

hCG treatment in superovulated immature mice. We then employed chromatin 

immunoprecipitation and sequencing to explore H3K4me3 enrichment prior to and 4h after hCG 

treatment. We found that there was an increase (from 66.2% to 82.6%) in the number of genes 

with H3K4me3 enrichment at the promoter region at 4h hCG. About a quarter (1198) of the LH-

regulated genes, including Pgr, Ptgs2, Star, Tnfaip6, had differential enrichment of H3K4me3 at 

their promoters. Next, we analyzed the transcriptome profile of granulosa cells collected at 4h 

post-hCG from mice treated with vehicle or the MEK inhibitor PD0325901. Among the 2504 

ERK1/2-dependent genes, 609 genes, including Star, Pgr, Ptgs2, Sult1e1, Tnfaip6, Timp1 and 

Cyp19a1, were LH-regulated genes with differential H3K4me3 deposition. We were able to 

confirm these results using ChIP-qPCR analysis. In conclusion, these findings implicate ERK1/2 

pathway in modulating H3K4me3 deposition on the LH-regulated ovulatory genes in granulosa 

cells.  
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4.2 Introduction 

The process of ovulation, induced by the preovulatory LH surge, involves multiple 

processes including cumulus cell expansion, terminal differentiation of granulosa cells to luteal 

cells, oocyte meiotic resumption and follicle rupture (Duggavathi and Murphy, 2009, Richards et 

al., 2002b, Xu et al., 2011). Cumulus expansion involves secretion of hyaluronic acid by the 

cumulus cells of the ovulating follicle resulting in an increase in the space between the cells filled 

with extracellular matrix, a process that is vital for fertilization (Zhang et al., 2014, Brown et al., 

2010). LH stimulates the expression of genes that are proposed be involved in oocyte complex 

(COC) expansion such as Ptgs2, Tnfaip6, Has2, Ptx3 and Pgr (Wigglesworth et al., 2015, Fan et 

al., 2009b).  

Luteinization is the process wherein granulosa cells terminally differentiate into luteal 

cells, which switch from estradiol producing cells to progesterone producing cells (Nimz et al., 

2010, Richards, 1994). LH induces the expression of steroidogenic genes needed for progesterone 

production including Star, Cyp11a1 and Hsd3b1 (King and LaVoie, 2012). Depending on the 

species, LH also terminates estrogen synthesis in luteinizing cells by downregulating the 

expression of the estrogen synthesizing enzyme, Cyp19a1 (Duffy et al, 2019) and by upregulating 

genes involved in estrogen metabolism such as Sult1e1 (Duggavathi et al., 2008b). Follicle rupture 

and repair involves inflammatory-like processes that are regionally regulated within the ovulating 

follicle. High level mediators of inflammation include enzymes of prostaglandin E2 synthesis, 

angiogenic cytokines and chemotactic agents of immune cell trafficking. Of these, the genes 

involved in PGE2 synthesis and signaling are known to be directly induced by LH. Finally, 

follicular wall rupture and repair involves multiple extracellular matrix modifying enzymes such 

as matrix metalloproteinases (MMP and ADAMTS families) and their inhibitors (TIMP family), 
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which are expressed by granulosa and theca cells. However, with regards to genes involved in 

angiogenesis, immune cell trafficking and extracellular matrix modifying enzymes, it is not clear 

if LH regulates their expression directly or indirectly through other cytokines such as EGF-like 

growth factors; although, the LH surge is necessary for their expression.  

LH induces several intracellular signaling pathways including the ERK1/2 signaling 

pathway. Both gene targeting and pharmacological inhibition models have been used to show that 

ERK1/2 plays a critical role in LH-induced gene expression in granulosa cells (Fan et al., 2009b, 

Schuermann et al., 2018, Siddappa et al., 2015). Transcription factors, Cebpb (Fan et al 2009) and 

Egr1 (Siddappa 2015) have been shown to be ERK1/2 mediators in regulating LH-induced 

ovulatory genes. However, ERK1/2 is needed for the expression of these transcription factors 

themselves raising the question; what are the transcriptional mechanisms by which activated 

ERK1/2 regulate expression of LH-induced genes? 

Therefore, we hypothesized that LH surge regulates the granulosa transcriptome through 

changes in trimethylation of lysine 4 of histone 3 (H3K4me3) at their promoters and that ERK1/2 

signaling is required for LH-dependent changes in H3K4me3. Here, we have used chromatin 

immunoprecipitation, next-generation sequencing and bioinformatics tools along with 

pharmacological inhibition of ERK1/2 signaling to test these hypotheses in immature 

superovulated mice.  
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4.3 Materials and methods 

4.3.1 Granulosa cell collection 

Immature (post-natal 21-23 days) C57BL/6NCrl female mice (Charles River) were housed 

in standard plastic rodent cages and maintained on a 12-h light and 12-h dark cycle with feed and 

water provided ad libitum (Rodent Diet from Harlan Teklad, Canada). All animal experiments 

were approved by the Animal Care and Use Committee of McGill University.  Immature mice 

were injected intraperitoneally with 5 IU of eCG (Folligon, Merck) to stimulate follicular 

development. Forty-eight hours later, they were treated with a dose of 5 IU of hCG (Chorulon, 

Merck) to stimulate ovulation. In experiments testing the role of ERK1/2, eCG-stimulated mice 

were challenged with a dose of either vehicle (0.9% NaCl; Saline) or PD0325901 (a highly specific 

MEK inhibitor, Selleckchem) at 25µg/g body weight 30 minutes before hCG stimulation 

(Siddappa et al., 2015). Granulosa cells were collected at 0h and 4h timepoints relative to hCG 

stimulation as described in our previous studies (Duggavathi et al., 2008a, Dupuis et al., 2014). 

The authors acknowledge that LH surge-induced gene expression and histone modification would 

begin with the surge itself. However, we chose the 4h post-hCG timepoint to examine gene 

expression and histone modifications because it is the timepoint that is used by many studies to 

report LH-induced gene expression.  

4.3.2 RNA purification and sequencing 

Granulosa cells from one mouse yielded sufficient RNA for sequencing. RNA was purified 

from granulosa cells collected prior to (0 hCG) and 4h after hCG treatment (4h hCG Veh and 4h 

hCG PD) using the Direct-Zol RNA MiniPrep Isolation Kit (Zymo Research, Cedarlane 

Laboratories) as per the manufacturer’s protocol. RNA was quantified using the Nanodrop 2000 

spectrophotometer (Thermofisher Scientific). Samples were sent to the functional Genomics 
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platform (McGill University and Genome Quebec Innovation Centre) for library preparation using 

250ng of RNA. Only RNA samples with an RNA integrity number (RIN) of 8 and above were 

used (N = 4 mice per group). The libraries were sequenced using the Illumina HiSeq 4000 chip 

with 100 base pair-ended sequencing. The RNA-Seq data will be available from the GEO data 

repository (submission in progress). RNA-Seq quality metrics are presented in Supplementary 

Table 1A. Upon confirmation of high-quality sequence data, we proceeded with bioinformatic 

analyses. 

4.3.3 RNA-Seq data analysis 

Sequenced reads were assessed for quality using FastQC; v 0.11.5 (Andrews, 2014). The 

STAR  program, a splice aware aligner, was used for read alignment (Dobin et al., 2013) and 

uniquely mapped reads were 87-90 percent. The read counts were then uploaded to Network 

Analyst (Xia et al., 2015) for analysis of differential expression.  

4.3.4 Chromatin Immunoprecipitation and sequencing 

Since chromatin immunoprecipitation (ChIP) requires pooling of granulosa cells from 

multiple mice, we did not include ERK1/2 inhibited mice in the ChIP-seq experiment. For ChIP-

seq, we collected granulosa cells 48h after eCG treatment but prior to hCG treatment (0h hCG) 

and 4h after hCG treatment (4h hCG). Chromatin immunoprecipitation was carried out using 

granulosa cells from four mice for each replicate (N = 2 replicates per timepoint). This protocol 

was adapted from previous reports (Haring et al., 2007, Hisano et al., 2013b, Kuo and Allis, 1999, 

Svotelis et al., 2009, Bianco et al., 2014b). Briefly, pelleted granulosa cells were crosslinked with 

1% formaldehyde in PBS for 15 minutes at room temperature. Cells were lysed and sonicated (Q55 

Sonicator, Fisher Scientific USA) to obtain chromatin fragments of 200-500bp. Ten percent of the 

sonicated chromatin was removed as input and 5% to evaluate sonication efficiency. The rest of 
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the chromatin was immunoprecipitated at 4° overnight with either H3K4me3 antibody (Abcam; 

ab8580) or Rabbit IgG (Abcam; ab171870). The next day, magnetic beads (Protein A Dynabeads; 

Life technologies) were added to the reaction and incubated with rotation at 4°C for 4 hours. DNA-

protein complexes were eluted after washing with a low salt buffer, high salt buffer, LiCl buffer 

and three times with TE buffer and crosslinks were reversed by incubating overnight at 65° C. 

After treatment with RNase A and proteinase K, DNA was then purified using the Qiagen PCR 

Purification kit (Qiagen) and quantified using the Nanodrop 2000 spectrophotometer 

(Thermofisher Scientific). Samples were sent to the functional Genomics platform McGill 

University and Genome Quebec Innovation Centre for library preparation and sequencing using 

the Illumina HiSeq 2000 SR 50. The ChIP-Seq data will be available from the GEO data repository 

(submission in progress). ChIP-Seq quality metrics are presented in Supplementary Table 1B. 

Upon confirmation of high-quality sequence data, we proceeded with bioinformatic analyses. 

4.3.5 ChIP-Seq data analysis 

Sequenced reads were assessed for quality using FastQC; v 0.11.5 (Andrews, 2014) and 

adapters trimmed using Trimmomatic; v 0.36 (Bolger, 2014). Subsequently, sequences were 

mapped to the mouse genome (mm10) using Bowtie2; v 2.2.9 (Langmead and Salzberg, 2012) and 

peak calling was performed using MACS2; v 2.1.1 (Zhang et al., 2008) and a matrix of counts 

(enrichment) was obtained ( (Hisano et al., 2013b) that was then used to analyze differential 

enrichment of H3K4me3 using Network Analyst, a tool designed to enable statistical and visual 

analyses of gene expression data (Xia et al., 2015, Xia et al., 2013). Peaks were also annotated 

using ChIPseeker; v 1.18.0 (Yu et al., 2015) and peak data visualized using the integrative 

genomics viewer (IGV) (Robinson et al., 2011).  
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4.3.6 Pathway Analysis 

EGSEA (Alhamdoosh et al., 2017) and Network Analyst (Xia et al., 2015) were used for 

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, as well as enrichment 

analysis of biological processes using the list of LH-regulated genes (DEGs; n = 4873) and 

ERK1/2-inhibited genes (DEGs; n=2504). This list was also uploaded and used for data analysis 

and interpretation using various functions in the Ingenuity pathway analysis (IPA; Ingenuity 

Systems Inc., Redwood City, CA) tool.  

4.3.7 RT-PCR 

For validation of RNA-Seq results and characterization of the histone modifying enzymes, 

total RNA was extracted (Qiagen microRNA kit; Qiagen, Toronto, CA) from granulosa cells 

collected at 0h hCG, 4h hCG Veh and 4h hCG PD (N = 4 biological replicates per timepoint). The 

purity and quantity of each sample was measured using the Nanodrop 2000 (ThermoScientific). 

We synthesized cDNA from 250ng of total RNA using the iScript cDNA Synthesis kit (BioRad) 

according to the manufacturer’s instructions. All primers were purchased from Integrated DNA 

technologies (IDT, USA). We analyzed mRNA expression by RT-PCR using the CFX384 

(BioRad). Expression data for each gene of interest was normalized to mean expression levels of 

four reference genes Gapdh, B2m, L19 and Sdha. One-way analysis of variance (ANOVA) 

followed by Tukey’s was used for statistical significance between timepoints. The sequences of 

the primer sets used are listed in (Table 1A). 

4.3.8 ChIP-qPCR 

Chromatin immunoprecipitation was carried out as previously described using H3K4me3 

and IgG antibodies (Abcam). A 10% aliquot was taken from each sample after sonication but prior 

to incubation with the respective antibodies to serve as input for the qPCR reaction. Primers were 
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designed (IDT) to amplify a region within the H3K4me3 peaks identified in ChIP-seq data. The 

primer sequences for the promoters of Pgr, Star, Ptgs2, Cyp19a1, Egr1, Sult1e1, Timp1, Tnfaip6, 

Nppc and Hsd17b1 are listed in (Table 1B). The purified DNA was then used in the qPCR reaction 

(ChIP-qPCR) using the CFX384 Real time PCR system (BioRad). Amplicon abundance in 

immunoprecipitated DNA was expressed as the percent relative to the input DNA. One-way 

analysis of variance (ANOVA) was used for statistical significance between groups.  
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4.4 Results 

4.4.1 LH-regulated granulosa cell transcriptome 

First, we sought to investigate the regulation of gene expression by LH at the level of the 

transcriptome. Sequenced reads were assessed for quality and then mapped to the mouse reference 

genome, mm10. Uniquely mapped reads accounted for 86-91% of the total reads (Supplementary 

Table 1A). Differential gene expression analysis using edgeR revealed 4873 differentially 

expressed genes (DEGs) between 0h hCG and 4h hCG. Of these, 2518 genes were upregulated, 

whereas 2355 genes were downregulated. Well known LH-induced genes among these DEGs were 

Star, Pgr, Ptgs2 and Tnfaip6. 

 We used Ingenuity pathway analysis (IPA) to find functional categories among the 4873 

LH-regulated genes using the core analysis function. Majority of these genes were located in the 

cytoplasm and plasma membrane, as well as the extracellular space and nucleus (Figure 1A). The 

top functional categories of these genes included enzymes, transcription regulators, ion 

channels/transporters, receptors, kinases, non-coding RNA and growth factors (Figure 1B). 

Among these, “enzymes” was the biggest class followed by ion channels/transporters. Some of the 

differentially regulated enzymes were Cyp11a1, Cyp19a1 and Hsd17b1. Of interest were the genes 

among growth factors (Areg and Vegfa) and transcription regulators (Cebpb and Foxo1). The 

differentially regulated non-coding RNA genes included Mir132 and Snord37. 

4.4.2 Regulation of H3K4me3 in granulosa cells 

We then evaluated LH-regulated changes in H3K4me3 in granulosa cells, because 

H3K4me3 is a histone modification that has been associated with active transcription in multiple 

cell types and species (Santos-Rosa et al., 2002, Lee et al., 2013, Zubek et al., 2016, Cao et al., 
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2017, Dahl et al., 2016). Overall alignment rate of reads to the mouse reference genome (mm10) 

was above 97 percent for all samples (Supplementary Table 1B).  

We first examined the nature of the genomic addresses with H3K4me3 peaks. At 0h hCG, 

about 66% of the peaks were located in the promoter region within 1 kilobase (£ 1kb) from the 

transcription start site (TSS), the remainder being distributed over other gene features including 

the 3’-untranslated region (UTR), 5’-UTR, exons, introns and distal intergenic regions (Figure 

2A). However, at 4h hCG, the number of peaks in the promoter region increased to about 82% 

(Figure 2A). Upon differential analysis using edgeR and applying a filter of absolute log fold 

change > 1 and FDR < 0.05, we found that 8349 genes had differential H3K4me3 enrichment at 

4h hCG compared to 0h hCG. Of these, 8255 genes, including Ptgs2, had increased H3K4me3 

enrichment and 94 genes, including Fshr, had reduced H3K4me enrichment. Again, we used IPA 

to identify the functional categories and location of these genes. Top functional categories were 

enzymes, transcription regulators, ion channels/transporters, receptors, kinases, non-coding RNA 

and growth factors and the genes were located in the plasma membrane, cytoplasm, extracellular 

space and nucleus (Figure 2B). 

4.4.3 Relationship between LH-regulated H3K4me3 enrichment and transcriptome  

We explored if there were any changes in H3K4me3 enrichment associated with the genes 

that were differentially expressed in response to hCG treatment. Among the 4873 differentially 

expressed genes in RNA-Seq dataset and 8349 genes with differential H3K4me3 enrichment in 

ChIP-Seq dataset, 1198 genes were common to both datasets (Figure 3). Of these, 768 genes 

showed higher mRNA levels as well as higher H3K4me3 deposition including Ptgs2, Pgr, and 

Star (Figure 4A); while 75 genes that showed lower mRNA abundance as well as a lower 

H3K4me3 enrichment including Nppc, Inhbb, and Hsd17b1 (Figure 4B). Conversely, 354 genes 
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showed lower mRNA levels despite elevated H3K4me3 enrichment including Cyp19a1 (Figure 

4C). Only one gene, 2810055G20Rik showed higher mRNA levels with lower H3K4me3 

enrichment. Nonetheless, 3675 genes showed an increase/decrease in gene expression but did not 

show differential H3K4me3 enrichment including Nrip1 and 7151 genes showed differential 

H3K4me3 enrichment but no differential gene expression including Esr2 (Figure 4C). 

4.4.4 Effect of ERK1/2 inhibition on LH-regulated transcriptome 

In order to test the role of ERK1/2 in LH-regulated histone modification, we first sought 

to profile ERK1/2-regulated genes using RNA-seq analysis. There were 2504 DEGs between 

granulosa cells from 4h hCG Veh and 4h hCG PD mice (abs[logFC] > 1 and FDR < 0.05). Of 

these, 1129 genes were upregulated, whereas 1375 genes were downregulated. Well known 

ERK1/2-regulated genes among these DEGs were Star, Pgr, Ptgs2, Cyp19a1 and Tnfaip6. 

Functional categories identified by IPA included enzymes as the biggest class, followed by 

ion channels/transporters (Cacna1a and Kcna4), receptors (Oxtr and Tshr), transcription regulators 

(Cited4 and Fosl1), kinases (Fgr and Cdkn1a), growth factors (Epgn and Inhbb), noncoding RNA 

(Mir132 and Snora23), nuclear receptors (Pgr and Nrob2) and translation regulators (Eif4e and 

Celf4) (Figure 5A). These genes were located in the cytoplasm (Cyp19a1 and Sult1e1), plasma 

membrane (Fshr and Npr1), nucleus (Pgr and Nupr1) and extracellular space (Il6 and Timp1) 

(Figure 5B). 

4.4.5 Role of ERK1/2 signaling in LH-regulated cellular pathways 

Next, we used datasets of LH-regulated DEGs and ERK1/2-regulated DEGs to uncover the 

role of ERK1/2 signaling at the level of cellular pathways. For this, we used EGSEA and IPA to 

identify KEGG pathways differentially regulated by hCG treatment (LH DEGs) and altered by 

ERK1/2 inhibition (ERK1/2 DEGs). The common KEGG pathways identified, using EGSEA, in 
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both datasets were TNF signaling pathway, MAPK signaling pathway, Transcriptional 

misregulation in cancer, VEGF signaling pathway and Chemokine signaling pathway (AdjP < 

0.05). These pathways were enriched among LH DEGs but downregulated among ERK1/2 DEGs 

(Table 2).  The top molecular and cellular functions in the LH DEGs, analyzed by IPA, were 

cellular movement, cellular growth and proliferation, cellular function and maintenance, cellular 

development and cellular assembly and organization (Supplementary Table 2A) (p<0.05) all with 

a predicted increase. Among ERK1/2 DEGs, all these molecular and cellular functions were still 

among the top functions, but, with a predicted decrease. The top physiological functions among 

LH DEGs were tissue morphology, hematological system development and function, immune cell 

trafficking, organismal development and lymphoid tissue structure and development 

(Supplementary Table 2B) (p<0.05). Similar to the molecular and cellular functions, these 

physiological functions also showed a predicted increase among LH DEGs and a predicted 

decrease among ERK1/2 DEGs. 

The top upstream regulators predicted to be activated among the LH DEGs were 

lipopolysaccharide (LPS) with 636 target genes including Areg, Ereg, Tnfaip6 and Ptx3. Other 

upstream regulators among LH DEGs were TNF (622 target genes), CG (194 target genes), 

TGFB1 (600 target genes), STAT3 (223 target genes) and EGF (196 target genes), all of which 

were predicted to be activated. All these pathways showed a predicted inhibition among ERK1/2 

DEGs (Supplementary Table 3). Further, U0126 and PD98059 (known ERK1/2 inhibitors) were 

identified as activated upstream regulators among ERK1/2 DEGs. 

4.4.6 Relationship between LH-regulated ERK1/2-dependent genes and H3K4me3   

Finally, to uncover the role of ERK1/2 in H3K4me3 deposition onto LH-induced genes we 

analyzed association between ERK1/2-regulated genes (2504 DEGs) with LH-regulated genes that 
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showed differential gene expression and associated H3K4me3 enrichment (1198 genes common 

to LH-regulated ChIP- and RNA- Seq datasets). This led to the discovery of 609 ERK1/2-

dependent genes with changes in gene expression and H3K4me3 enrichment (Star, Pgr, Ptgs2, 

Sult1e1, Tnfaip6, Btc, Hsd17b1, Fshr, Inhbb, Foxl2, Fosl1, Timp1, Runx2, Has1, Cited4, Nupr1, 

Nppc and Epgn) (Figure 6).  

The top PANTHER pathways for these 609 genes were Inflammation mediated by 

chemokine and cytokine signaling pathways, followed by Gonadotropin releasing hormone 

receptor pathway, integrin signaling pathway, interleukin signaling pathway and CCKR signaling. 

The top protein classes were signaling molecules, receptors, hydrolases, enzyme modulators and 

defense/immunity proteins (Table 3). 

4.4.7 Confirmation of sequencing data using qPCR and ChIP-qPCR  

We then undertook a targeted-gene approach to confirm the role of ERK1/2 in H3K4me3 

deposition at the promoters of LH-regulated genes using qPCR and ChIP-qPCR, respectively. 

Using qPCR, we were able to show that there was higher mRNA abundance of Pgr, Star, Ptgs2, 

Sult1e1, Timp1, and Tnfaip6 at 4h hCG Veh compared to 0h hCG (Figure 7A). The transcript 

abundance of these genes in 4h hCG PD group was significantly lower and was similar to the 

amounts seen in 0h hCG group (P > 0.05; Figure 7A). Similarly, we found lower mRNA abundance 

of Cyp19a1, Hsd17b1 and Nppc at 4h hCG Veh compared to 0h hCG. For Cyp19a1 and Hsd17b1, 

transcript abundance was significantly higher at 4h hCG PD compared to 4h hCG Veh (p < 0.05; 

Figure 7B).  

Using ChIP-qPCR, we found higher H3K4me3 enrichment at the promoter regions of Pgr, 

Star, Ptgs2, Sult1e1, Timp1, and Tnfaip6 (p < 0.05) at 4h hCG compared to 0h hCG (p < 0.05; 

Figure 7A).  However, in 4h hCG PD granulosa cells, H3K4me3 enrichment was lower at the 
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promoter region of these genes (p < 0.05; Figure 7A). These higher and lower levels of H3K4me3 

deposition at the promoter regions were similar to higher and lower mRNA levels for these genes. 

On the other hand, enrichment levels significantly increased between 4h hCG Veh and 4h hCG 

PD for Cyp19a1 and Hsd17b1, two genes that are known to be downregulated by the LH surge (p 

< 0.05; Figure 7B). 

4.4.8 Expression of H3K4me3 methylation and demethylation enzymes 

We examined the genes coding for histone methyltransferases and demethylases in the 

RNA-Seq data and found that hCG treatment resulted in a 2-fold increase in the gene expression 

of demethylases, Kdm1a (Lsd1) and Kdm1b (Lsd2) (FDR < 0.05%). The other methyltransferases 

– Kmt2a (Mll1), Kmt2c (Mll3), Kmt2e (Mll5) Ash1l (Kmt2h) and Setd1b (Kmt2g), or 

demethylases – Kdm5a (Jarid1a), Kdm5b (Jarid1b) and Kdm5c (Jarid1c) did not appear to be 

regulated by hCG treatment. Looking at H3K4me3 enrichment, none of the genes were found to 

have differential enrichment in the ChIP-Seq data. However, we found that the promoters of all 

these genes, except Ash1l, did have H3K4me3 deposition. 

We looked at the impact of ERK1/2 on these enzymes and found that Kdm1a (Lsd1) and 

Kdm1b (Lsd2) were ERK1/2-dependent as the expression of both genes was decreased 2-fold in 

granulosa cells of PD0325901-treated compared to vehicle-treated mice (FDR < 0.05%). The other 

genes did not appear to be differentially regulated. 

Confirmation of these genes via qPCR revealed that none of the methyltransferases showed 

a significant difference in mRNA abundance (p > 0.05; Figure 8A). For the demethylases, only 

Kdm1a and Kdm5b showed lower mRNA abundance in 4h hCG PD compared to 4h hCG Veh in 

granulosa cells (p < 0.05; Figure 8B) and there was no difference in mRNA levels of Kdm1b 

between vehicle- and PD0325901-treated granulosa cells.   
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4.5 Discussion 

Initially thought to be regulated by a simple mechanism, ovulation has been shown to be a 

more complex process. Technological advancements have enabled a more accurate determination 

of the number (and function) of LH-regulated genes over the years (Espey and Richards, 2002, Xu 

et al., 2011, Liu et al., 2017, McRae et al., 2005). Sequencing of entire genomes as well as next 

generation sequencing have made vast contributions to our current body of knowledge.   

Our RNA-Seq data revealed 4873 LH-regulated DEGs with 2518 upregulated and 2355 

downregulated. A previous study found 563 LH-regulated DEGs, however, this study used a 4-

fold change to classify DEGs (Fan et al., 2009b) in contrast to the 2-fold (1-log-fold) cut off used 

in this study. Our confidence in using the lower cut-off was based on the use of four biological 

replicates. Nonetheless, the top LH-regulated DEGs in both of these mouse studies were similar 

including well-known LH-regulated genes, Star, Pgr, Ptgs2, Cyp19a1 and Tnfaip6. 

LH induced genes such as progesterone receptor (Pgr) which is required for follicular rupture. 

We confirmed these via ChIP-Seq and RT-PCR. Pgr, a transcription factor and nuclear receptor, 

is required for ovulation (Dinh et al., 2019). Lack of Pgr expression leads to anovulation with 

trapped oocytes in mice (Lydon et al., 1995, Robker et al., 2000a) and this holds true for other 

species including rhesus monkeys and humans (Robker et al., 2018). Pgr mediates the expression 

of several downstream targets such as Adamts1, Cxcr4 and Edn2 (Palanisamy et al., 2006, Robker 

et al., 2000a, Choi et al., 2017) and hypoxia-inducible factors (Hif1A, Hif1b and Hif2a) (Kim et 

al., 2009). 454 genes were found to have altered regulation in Pgr-null mice, with 310 showing an 

increase and 114 showing a decrease in Pgr null mice compared to WT (fold change 1.5) (Kim et 

al., 2009). This study from Kim et al. (2009) used a microarray and looked at 0h hCG and 11h 

hCG. 
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Ovulation has been likened to an inflammatory reaction due to the similarities with injury-

related inflammation (Espey, 1980, Duffy et al., 2019, Richards et al., 2002b). The LH surge 

induces genes associated with the inflammatory response. Progesterone and prostaglandins 

mediate this inflammatory response (Mo et al., 2006). LH also induces angiogenesis and extensive 

tissue remodeling (Duffy et al., 2019). In line with these observations, we found enrichment of 

functions associated with cellular movement, growth, organization and assembly among LH-

regulated genes. Vascular endothelial growth factor (Vegf) signaling was one of the enriched 

pathways among LH-regulated genes. Indeed, Vegf has been reported to be induced by the LH 

surge and required for events surrounding tissue remodeling and follicular rupture [vascular 

permeability] (Redmer and Reynolds, 1996, Hazzard et al., 2000, Koos, 1995, Bianco et al., 2019, 

Schuermann et al., 2018).  In line with this, chemokine signaling was also one of the top enriched 

pathways among LH-regulated genes including chemokine genes such as Ccl2, Csf1, Cxcl1 and 

Cxcl10, along with the chemokine receptor, Cxcr4. The chemokine receptor, Cxcr4, reportedly 

plays a role in the ovulatory process and has been found to be upregulated in granulosa cells in 

women (Choi et al., 2017), equine and bovine (Sayasith and Sirois, 2014) and mice (Kim et al., 

2009). The endothelins, Edn1 and Edn2, were also among upregulated DEGs. It has been reported 

that Edn2 is required for follicular rupture and is also involved in oocyte release (Cacioppo et al., 

2017, Palanisamy et al., 2006, Ko et al., 2006).  

Histone modifications and histone modifying enzymes regulate transcription by altering 

chromatin accessibility (Wu, 1997, Wozniak and Strahl, 2014). Previous studies have shown 

increases in chromatin accessibility post LH surge which have been proposed to make the promoter 

more amenable to binding of regulatory elements, thereby promoting transcription (Bianco et al., 

2019). Our ChIP-Seq analysis revealed an increase in the percent of genes with H3K4me3 peaks 
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from 66.2% to 82.6% at the ≤1kb promoter region suggesting that overall, the LH surge initiates 

events that favor the recruitment of regulatory elements that subsequently result in increased 

H3K4me3 deposition. We also identified 8349 genes with differential H3K4me3 enrichment, 

about 99% of which had higher H3K4me3 deposition in response to hCG treatment. This 

observation further buttresses the increased chromatin accessibility by the preovulatory LH surge. 

H3K4me3 was previously shown to increase at the promoter of Star and Cyp19a1 post LH in rats 

(Lee et al., 2013), a finding we also observed in this study.  

Intriguingly, of the 12024 genes with differential abundance of either mRNA or H3K4me3 

enrichment, 1198 genes had both features differentially regulated by hCG treatment. A large 

proportion of these genes (843 genes) had similar differential abundance of mRNA and H3K4me3 

demonstrating that increased or decreased expression of these genes was associated with 

concomitant increased or decreased H3K4me3 deposition at their promoters. The observation that 

there were many other genes that did not have both features regulated could be due to analysis at 

one time-point (4h post-hCG).  Analyses at additional time-points during the 12-14h ovulation 

period may be necessary to correlate mRNA abundance with the level of H3K4me3 deposition. 

These findings may also suggest that for some genes, mechanisms besides H3K4me3 enrichment 

may be required for transcription. 

 In the present study, we used the drug PD0325901, a highly specific MEK1/2 inhibitor, to 

prevent the activation of hCG-induced ERK1/2 (Tee et al., 2014, Siddappa et al., 2015, 

Schuermann et al., 2018) and  identified 2504 ERK1/2-regulated genes. Our previous studies have 

shown abrogation of ovulation when LH-induced ERK1/2 signaling was thwarted in mice 

(Siddappa et al., 2015) and cows (Schuermann et al., 2018). Transcriptome analyses in bovine 

(Schuermann et al., 2018) and mouse (Fan et al., 2009b) studies revealed 285 and 433 ERK1/2-
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dependent genes, respectively. These studies reported Pgr, Ptgs2, Star, Tnfaip6, Btc and Sult1e1 

as LH-induced genes (Fan et al., 2009b, Schuermann et al., 2018) all of which were found to be 

altered in PD0325901-treated granulosa cells in our study. The top LH-enriched pathways; TNF 

signaling, VEGF signaling and MAPK signaling were decreased by ERK1/2 inhibition. 

Furthermore, the top cellular and molecular functions enriched by the LH surge including cellular 

movement, assembly and organization were also downregulated in response to ERK1/2 inhibition. 

Taken together, these studies demonstrate that LH-induced immediate early ERK1/2 signals are 

upstream of cellular and extracellular processes necessary for ovulation (Wigglesworth et al., 

2015, Fan et al., 2009b, Robker et al., 2018).  

We sought to understand the relationship between H3K4me3 enrichment and ERK1/2-

regulated genes. We found that 609 genes that were regulated by hCG through H3K4me3 

deposition were also ERK1/2-dependent genes. This suggests that H3K4me3 enrichment at these 

genes may require ERK1/2 signaling. We confirmed these findings using ChIP-qPCR for 

important LH-regulated genes known to be involved in ovulation. In a study using human 

melanoma cell lines, genetic and pharmacological inhibition of ERK1/2 resulted in lower 

H3K4me3 enrichment at the promoter of the telomerase reverse transcriptase (TERT) gene 

decreasing in its expression (Li et al., 2016). ERK1/2 has also been shown to regulate the 

deposition of the polycomb repressive complex 2 (PRC2) complex, which is an enzyme complex 

known to catalyze the transcriptional repression marker, H3K27me2/3 at the promoter of 

developmental genes in mouse embryonic stem cells (Tee et al., 2014). These studies demonstrate 

that ERK1/2 play a significant role in histone methylation thereby regulating gene expression. 

Thus, the data from our study demonstrate that ERK1/2 is necessary for LH-induced deposition of 

H3K4me3 at the promoters of ovulatory genes including Pgr, Star, Ptgs2 among others.  
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There are several histone methyltransferases; however, the mechanisms of regulation are 

still poorly understood due to a combination of substrate specificity, cofactors and coactivators 

which differ between enzymes (Marmorstein and Trievel, 2009). We did not observe any 

significant changes in the levels of the H3K4 methyltransferases or demethylases. The fact that 

our ChIP-seq data showed no modulation of H3K4me3 at the promoter sites of histone modifying 

enzymes suggests that these enzymes may not be regulated at the transcriptional level.  It is 

possible that recruitment of histone methylation enzymes at promoter sites may be regulated by 

the initial recruitment of phosphorylated ERK1/2 at the promoters of their target genes, as shown 

in mouse embryonic stem cells (Tee et al., 2014).  

In conclusion, the data from our study suggest that the preovulatory LH surge regulates the 

ovulatory gene expression program, at least in part, through regulation of trimethylation of H3K4 

at their promoters or other regions of the target genes. Most importantly, these findings implicate 

the ERK1/2 pathway in modulating H3K4me3 deposition on the LH-regulated ovulatory genes in 

granulosa cells. With the analyses used in this study, the mechanisms by which ERK1/2 regulate 

H3K4me3 deposition was not elucidated. Nonetheless, this study serves as the basis for a ChIP-

seq study in ERK1/2 inhibited granulosa cells to identify global genomic regions where ERK1/2 

directs LH-induced H3K4me3 modification.  
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4.7 Figures 
 

Figure 4.7.1 Functional categorization of 4873 LH DEGs using IPA (A) Location of genes; 
(B) Type of Genes. 
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Figure 4.7.2 Genomic features and functional categorization (A) Genomic features of 
H3K4me3 peaks identified by Macs2 and annotated with ChIPseeker; (B) Functional 
categorization of 8349 genes with differential H3K4me3 enrichment using IPA. 
 
 
 
 

  

A 
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4.7.3 Interaction of ChIP- and RNA-Seq regulated genes 
(A) Venn diagram showing the interaction of the 4873 DEGs with the 8349 genes with 
differential H3K4me3 enrichment; (B) Number of genes in each category 
 
 
 

  

A 

B 
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Figure 4.7.4 Representative IGV images showing genes (A) Upregulated in RNA-Seq and 
ChIP-Seq (B) Downregulated in RNA-Seq and ChIP-Seq (C) Other categories 
 
 
 
 

 
 

 
 
 

  

A 

B 

C 

IGV plots of H3K4me3 enrichment      ☐ 0h hCG  ☐ 4h hCG 
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Figure 4.7.5 Functional categorization of 2504 ERK1/2-regulated genes using IPA 
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Figure 4.7.6 Interaction of ChIP- and RNA-Seq regulated genes with ERK1/2 regulated 
genes 
Interaction between 1198 genes common to both LH RNA- and ChIP-Seq and 2504 ERK1/2 
regulated genes. All genes meet the criteria of abs[logFC] > 1 and FDR < 0.05 
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Figure 4.7.7 RT-PCR and ChIP-qPCR graphs 
Graphs showing mRNA abundance (RT-PCR) and percent input (ChIP-qPCR) of (A) Pgr, Ptgs2, 
Star, Ptgs2, Sult1e1, Timp1 and Tnfaip6, (B) Cyp19a1, Hsd17b1 and Nppc 
All data are expressed as a mean ± S.E.M, where different letters represent differences at p < 
0.05 after a one-way ANOVA followed by Tukey’s test. *AC signifies a trend 
 
 

 
 
  

A 
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Figure 4.7.8 Expression of H3K4me3 methylases and demethylases 
Graphs showing mRNA abundance (RT-PCR) of (A) Histone methyltransferases Kmt2a, Kmt2c, 
Kmt2e, Ash1l and Setd1b (B) Histone demethylases Kdm1a, Kdm1b, Kdm5a, Kdm5b and Kdm5c 
All data are expressed as a mean ± S.E.M, where different letters represent differences at p < 
0.05 after a one-way ANOVA followed by Tukey’s test 
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4.8 Tables 
 
Table 4.8.1 List of primer sequences 
(A) Primer sequences for RT-PCR (B) Primer sequences for ChIP-qPCR (C) Primer sequences 
for RT-PCR: Histone modifying enzymes 
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Table 4.8.2 KEGG pathways 
KEGG Pathways identified by EGSEA and IPA for 4874 LH DEGs and 2504 ERK1/2 DEGs 
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Table 4.8.3 Pathways and Protein classes 
(A) Top pathways for the 609 genes regulated by LH and ERK1/2 identified by PANTHER  
(B) Top protein classes for the 609 genes regulated by LH and ERK1/2 identified by PANTHER 
 
 

Category name 
Number 
of genes 

Percent of gene hits 
against total # genes 

Percent of gene hits 
against total # 
pathway hits 

Inflammation mediated by chemokine and cytokine 
signaling pathway  25 4.70% 11.90% 
Gonadotropin-releasing hormone receptor pathway  12 2.30% 5.70% 
Integrin signalling pathway  11 2.10% 5.20% 
Interleukin signaling pathway 9 1.70% 4.30% 
CCKR signaling map 8 1.50% 3.80% 
Nicotinic acetylcholine receptor signaling pathway 8 1.50% 3.80% 
Heterotrimeric G-protein signaling pathway-Gi 
alpha and Gs alpha mediated pathway  6 1.10% 2.90% 
Alzheimer disease-presenilin pathway 5 0.90% 2.40% 
Wnt signaling pathway 5 0.90% 2.40% 
Thyrotropin-releasing hormone receptor signaling 
pathway 5 0.90% 2.40% 
TGF-beta signaling pathway  5 0.90% 2.40% 
Apoptosis signaling pathway 4 0.80% 1.90% 
Plasminogen activating cascade  4 0.80% 1.90% 
Endothelin signaling pathway  4 0.80% 1.90% 
 
 

Category name 
Number of 
genes 

Percent of gene hits 
against total # genes 

Percent of gene hits against 
total # pathway hits 

Signaling molecule 51 9.60% 15.20% 
Receptor  41 7.80% 12.20% 
Hydrolase 40 7.60% 11.90% 
Enzyme modulator 39 7.40% 11.60% 
Defense/immunity protein  24 4.50% 7.20% 
Transporter  21 4.00% 6.30% 
Oxidoreductase 16 3.00% 4.80% 
Transcription factor  16 3.00% 4.80% 
Transferase 15 2.80% 4.50% 
Nucleic acid binding 14 2.60% 4.20% 
Cell adhesion molecule 12 2.30% 3.60% 
Cytoskeletal protein 11 2.10% 3.30% 
Membrane traffic protein  8 1.50% 2.40% 
Extracellular matrix protein  6 1.10% 1.80% 
Cell junction protein 5 0.90% 1.50% 
  

B 

A 
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Supplementary Table 4.8.1: Quality control metrics 
(A) Quality control metrics for the RNA-Sequencing data; (B) Quality control metrics for the 
ChIP-Sequencing data 
 
 
Sample Number of Reads 

(Millions) 
Aligned exactly one time 
(Millions) 

0h hCG          1 
                     
                       2 
                    
                       3 

19 
 
34 
 
17 

17 
(88.48%) 
31 
(90.75%) 
15 
(87.94%) 

4h hCG Veh   1  
  
                       2 
                      
                       3 

15 
 
38 
 
29 

14 
(87.17%) 
34 
(87.97%) 
26 
(86.99%) 

4h hCG PD    1   
 
                       2 
 
                       3 

20 
 
21 
 
21 

18 
(89.47%) 
18 
(88.10%) 
18 
(86.67%) 

 
 
 
 
Sample Number of 

Reads 
(millions) 

Overall 
Alignment rate 

Aligned 
Exactly 1 time 
(millions) 

0h hCG    1 
                 
                2 

32 
 
34 

97.83% 
 
97.95% 

24 
(74.52%) 
24 
(69.39%) 

4h hCG  1 
                
               2 

31 
 
26 

97.66% 
 
98.03% 

21 
 (68.01%) 
17 
(65.59%) 

  

 B 

 A 



 105 

Supplementary Table 4.8.2: Top functions 
(A) Top molecular and cellular functions of 4873 LH regulated genes identified by IPA; (B) Top 
physiological system development and function of 4873 LH regulated genes identified by IPA 
 
 
Top Molecular and Cellular 
Functions 

Number of Genes  Including: 

Movement 1113 Sult1e1, Npy, Nts, Ptgs2, 
Ereg, Tnfaip6 

Growth and proliferation 1426 Adcyap1, Il6, Cxcr4, mir-
17, Tnf, Trem1, mir-21 

Function and Maintenance 1337 Il6, Tnf, Slc2a1, Ptx3, 
Fpr1, Ch25h, 

Development 1447 Lepr, Il6, Il7, Egr3, 
Sult1e1, Epgn 

Assembly and Organization 840 Ptx3, Vgf, Fgf5, mir-132, 
Has2, 

 
 
 
Top Physiological System 
Development and Function 

Number of Genes  Including: 

Tissue Morphology 1202 Sult1e1, Vgf, Tnfaip6, Il6, 
Adcyap1, Btc, Trh 

Hematological System 
Development and Function 

1057 Nmu, Il6, F3, Il17a, 
Cxcr4, Cebpe, Gpr83, 
Ccl11,   

Organismal Development 1672 Ptgs2, Egr3, Lepr, Il6, 
Spp1, Il17a, Cnr1, Hgf,  
Fgf2, Vegfa, 

Immune cell trafficking 651 Npy, Ptgs2, Il6, Olr1, F3, 
Il17a, Cxcr4, Itgs2, Tnf, 
Cxcl3, Ccr9 

Lymphoid Tissue structure and 
Development 

747 Il6, F3, Il17a, Cxcr4, Il7, 
Kl, Serpinb2, Runx1, 
Timp1 

 
  

 B 

 A 
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Supplementary Table 4.8.3: Top Upstream regulators of LH and ERK1/2 regulated genes 
 
 
Top Upstream Regulators LH ERK 

Lipopolysaccharide Activated Inhibited 

TNF Activated Inhibited 

CG Activated Inhibited 

TGFB1 Activated Inhibited 
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CONNECTING STATEMENT 2 
 

In Study 2, we established that inhibition of the LH-induced immediate early ERK1/2 signaling 

abrogates ovulation through altered gene expression program in granulosa cells. We also observed 

that Rps6ka2 was induced by LH surge hinting that it may participate in prolongation of ERK1/2 

signals beyond immediate early time-points of ovulation. In Study 3, we sought to clarify the role 

of sustained ERK1/2 signaling on cumulus expansion, oocyte meiotic resumption and luteinization 

by inhibiting ERK1/2 at 4h post hCG.  

 
 

  



 112 

CHAPTER 5 

Manuscript under Review by the peer reviewed journal ‘Reproduction’ 

REP-20-0087 
 

Sustained ERK1/2 signaling is necessary for follicular rupture during ovulation in mice 

Ejimedo Madogwe1, Yasmin Schuermann1,#, Dayananda Siddappa1,#, Vilceu Bordignon1, Philippe 

P. Roux2 and Raj Duggavathi1* 

 

Affiliations 

1Department of Animal Science, McGill University, Sainte-Anne-de-Bellevue, QC H9X 3V9  

2Institute for Research in Immunology and Cancer, Université de Montréal, Montreal, QC H3C 

3J7 

 

*Corresponding author: raj.duggavathi@mcgill.ca, Ph: +1 514 398-7803 

# Authors’ contributed equally 

 

Short Title: Sustained ERK1/2 signaling during ovulation 

 

Key words: Granulosa cells, ERK1/2, knockout, PD0325901, RSK3, ovulation, extracellular 

matrix, follicle rupture. 

 

Word count of full article: 4704 

 

  



 113 

5.1 Abstract 

Abolition of LH-induced ERK1/2 pathway leads to dramatic changes in gene expression in 

granulosa cells, subsequently abrogating ovulation. Here we explored whether sustained ERK1/2 

signaling beyond immediate early hours of the LH surge is important for ovulation in mice. First, 

we examined the effect of inhibition of ERK1/2 activity at 4h after hCG stimulation on ovulation 

in superovulated immature mice. Treatment with the ERK1/2 pathway inhibitor PD0325901 at 4h 

post-hCG disrupted follicular rupture without altering cumulus expansion, oocyte meiotic 

maturation and luteinization. Profiling the expression pattern of genes of the RSK family of 

ERK1/2 signal mediators revealed that RSK3, but not other isoforms, was induced by hCG 

treatment. Further, RSK3-knockout mice were sub-fertile with reduced ovulation rate and smaller 

litter size compared to wild type mice. Given that PD0325901 inhibits all mediators of ERK1/2 

signaling, we chose to evaluate the gene expression underlying deficient follicular rupture in 

ERK1/2-inhibited mice. We found that inhibition of ERK1/2 signaling at 4h post-hCG resulted in 

imbalance in the expression of genes involved in extracellular matrix degradation and leukocyte 

infiltration necessary for follicular rupture. In conclusion, our data demonstrate that sustained 

ERK1/2 signaling during ovulation is not required for cumulus expansion, oocyte meiotic 

maturation and luteinization, but is required for follicular rupture.  
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5.2 Introduction  

Ovulation is a unique biological event, which is essential for reproductive success in all 

mammals. It is a prolonged process (12-16h in mice and 36-40h in primates) involving multiple 

events including oocyte maturation, luteinization and follicular rupture. The single trigger for the 

initiation of ovulation is the preovulatory surge of luteinizing hormone (LH) from the pituitary. 

Acting through its receptors (Lhcgr), LH triggers multiple signaling pathways (Richards, 2005). 

Some of the important signaling pathways through which LH brings about ovulatory events are 

cAMP/PKA pathway, ERK1/2 pathway and PI3K-Akt pathway (Ben-Ami et al., 2009, Ashkenazi 

et al., 2005, Park et al., 2004, Fan et al., 2008).  These signaling pathways initiate an intricate gene 

expression program that underpins oocyte maturation, follicular rupture and luteinization.  

Signals from extracellular signal-regulated kinases 1 and 2 (ERK1/2) are mediated through 

multiple proteins both in the cytoplasm and the nucleus. Among the cytoplasmic targets of ERK1/2 

are the 90 kDa ribosomal S6 kinases (RSKs), which belong to the family of serine/threonine 

kinases (Anjum and Blenis, 2008a). In mice and humans, there are four isoforms of RSKs (RSK1, 

2, 3 and 4), encoded by four genes Rps6ka1, Rps6ka3, Rps6ka2 and Rps6ka6, respectively (Anjum 

and Blenis, 2008a, Kim et al., 2006). Abolition of LH-induced ERK1/2 pathway leads to dramatic 

changes in gene expression in granulosa cells, subsequently abrogating ovulation (Siddappa et al., 

2015, Fan et al., 2009b). However, these studies inherently tested the role of ERK1/2 signaling as 

part of the immediate early response to LH surge by abrogating ERK1/2 signal prior to the LH 

surge. One of the important mediators of ERK1/2 signals, RSK3 (Rps6ka2), was shown to be 

induced in granulosa cells by the LH surge (Fan et al., 2009b). This indicates that ERK1/2 signals 

may continue to be activated by the mediators that become available later during the ovulatory 

process. Consistent with this, RPS6KA2 expression in human cumulus cells was shown to be 



 115 

associated with higher quality of embryos (Adriaenssens et al., 2010). Therefore, it is possible that 

the lingering ERK1/2 signals may play important roles in the later processes of ovulation. We 

hypothesized that the continued ERK1/2 signaling beyond immediate early hours of LH surge is 

important for ovulation in mice. To test this hypothesis, we inhibited periovulatory ERK1/2 

signaling by administering the pharmacological inhibitor, PD0325901, 4h after hCG stimulation 

in superovulated immature mice. We also examined the role of the ERK1/2 mediator, RSK3, in 

ovulation and fertility using RSK3-knockout mice (Li et al., 2013). Here we show that sustained 

ERK1/2 signaling later during the ovulatory process regulates follicular rupture. 

5.3 Materials and methods  

5.3.1 Animal Model 

We used immature superovulated C57BL/6NCrl mice (Charles River) to investigate the 

effect of abolition of ERK1/2 signaling 4h after hCG stimulus on ovulation. The animal use 

protocol for the use of C57BL/6NCrl mice (PD0325901 studies) was approved by the Facility 

Animal Care and Use Committee of McGill University. We also used wild type (RSK3+/+) and 

knockout (RSK3-/-) mice, which have been previously described (Li et al., 2013), for studies 

investigating the role of RSK3 in the ovary. The animal use protocol for the use of RSK3 wildtype 

and knockout mice was approved by the animal care committee of Université de Montréal. Mice 

were housed in standard animal cages and provided water and feed (Rodent Diet, Harlan Teklad, 

Montreal, Canada) ad libitum. They were maintained under a 12-hour light and 12-hour dark cycle.  

5.3.2 Superovulation and sample collection 

Immature mice (23-25d old) were first treated with equine chorionic gonadotropin (eCG; 

Sigma Life Sciences; 5 IU i.p.) to stimulate follicle development. Forty-eight hours later, mice 

were treated with human chorionic gonadotropin (hCG; Sigma Life Sciences; 5 IU i.p.) to induce 
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ovulation and luteinization. In this protocol, ovulation occurs at 12-14h post-hCG (Richards et al., 

2002a, Duggavathi et al., 2008b). Ovaries were collected at specific time-points relative to 

superovulation as described for each experiment. Granulosa cell and cumulus-oocyte-complex 

samples, when needed, were collected by follicular puncture as described previously (Dupuis et 

al., 2014). These samples were either processed immediately or stored at –80 °C until further use. 

5.3.3 Inhibition of ERK1/2 activity 

We have used the Mp2k1/Mp2k2 (MEK1/2) inhibitor PD0325901 (Selleckchem, USA) 

previously to inhibit ERK1/2 activation in the ovary (Siddappa et al., 2015). A dosing solution of 

2.5 µg/µl in 5% DMSO in saline was prepared just before treatment. For inhibition of ERK1/2 

activity, mice were administered a single dose of PD0325901 (25 µg/g body weight, i.p.) at 4h 

after hCG stimulation. Mice treated with 5% DMSO in saline served as vehicle controls. We 

determined ERK1/2 activity by measuring the abundance of the phosphorylated isoform of 

ERK1/2 (at Thr202/Tyr204) relative to its total isoform.  

5.3.4 Assessment of ovulation rate, oocyte maturation and ovarian histology in vehicle and 

PD0325901 treated mice 

To test the effect of ERK1/2 inhibition at 4h post-hCG, we collected oviducts from vehicle- 

and PD0325901-treated mice (N=7-10 per group) at 18h post-hCG to count the number of 

cumulus-oocyte complexes (COCs) ovulated. To evaluate the maturation status of oocytes 

ovulated, the COCs were denuded using hyaluronidase enzyme to get rid of cumulus cells from 

oocytes. These denuded oocytes were stained using DAPI and observed under fluorescent 

microscope (Nikon) to evaluate oocyte meiotic maturation.  For histological evaluation, ovaries 

collected at 18h post-hCG from these mice were fixed in 10% neutral buffered formalin for at least 

2 days. Ovaries were also frozen in liquid nitrogen and stored at - 80° C for protein extraction. For 
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histology, ovaries were embedded in paraffin and were cut (4-5µ thickness) using a rotatory 

microtome (Leica RM2125RT). Sections were stained by hematoxylin and eosin for histological 

observation under Leica DM200 microscope attached to a Leica EC3 camera. 

5.3.5 Reproductive phenotyping of RSK3-/- mice 

We first assessed ovulation rate in immature superovulated mice and also in adult cyclic 

mice. Oviducts from immature superovulated RSK3+/+ and RSK3-/- (N=5-6 per genotype) mice 

were collected at 18h post-hCG to count the number of COCs ovulated. To assess ovulation rate 

in adult mice, post-pubertal knockout and wildtype females (8-9 weeks) were housed with 

C57BL/6NCrl proven males and inspected for vaginal plugs daily 08:30-9:30 am. On the day when 

the vaginal plug was observed, confirming that mating had occurred, oviducts were collected from 

RSK3+/+ and RSK3 -/- females (N=4 per genotype). A 27G needle was used to puncture oviducts 

and allow the oocytes to flow out so as to determine the number of ovulations. Finally, fertility 

was assessed by mating C57BL/6NCrl proven males with female RSK3-/- mice (N=4) or RSK3+/+ 

mice (N=4) for six months. The frequency and number of pups per litter were noted for each 

female.   

5.3.6 RT PCR 

Total RNA was purified from granulosa cells or isolated ovulating follicles (described in 

Results section) using the Direct-zol RNA miniprep isolation kit from Zymo Research (R2050). 

The purity and quantity of RNA was evaluated using the Nanodrop 2000 (Thermo Scientific), 

followed by cDNA synthesis from 250ng of total RNA using the iScript cDNA Synthesis kit 

(BioRad). qPCR assays to determine relative mRNA abundance were conducted on CFX384 

(BioRad) with diluted cDNA samples. The succeeding conditions were performed by CFX384: an 

initial denaturation of 95°C for 5 minutes followed by 39 cycles of 95°C for 15 seconds, 58°C for 
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30 seconds for annealing and 95°C for 10 seconds. The primers, used for the experiments with 

efficiencies ranging from 90-110% and a correlation coefficient of 0.95-1.00, are given in Table 

1. Transcript abundance was normalized to four control genes (B2m, Gapdh, L19 and Sdha).  

5.3.7 PCR arrays 

We performed three PCR arrays using RNA from isolated ovulating follicles of 

superovulated immature mice treated with PD0325901 and vehicle (N=3 mice per group). Each 

plate had samples from one vehicle and one inhibitor treated mice. Ovaries were collected at 8h 

after hCG stimulation and 2 follicles were isolated per mouse (1 follicle per ovary). Next, we 

purified RNA from these 2 follicles and carried out cDNA synthesis using the RT2 First strand Kit 

(Qiagen #330401) to synthesize cDNA from 400ng of total RNA. We ran the RT2 Wound Healing 

Profiler PCR Array (Qiagen #330231 PAMM1212E-4) with 84 genes (associated with tissue 

remodeling and leukocyte infiltration), 5 reference genes and 7 proprietary controls to monitor 

genomic DNA contamination, first strand synthesis and real time PCR efficiency. We chose the 

Wound Healing array as it contains genes involved in both tissue remodeling (e.g. Actc1, Col1a1 

and Ctsl) and leukocyte infiltration (e.g. Ccl7, Cxcl11 and Fgf2). The array was performed 

according to the manufacturer’s instructions. Briefly, we prepared the PCR components in a 

loading reservoir and added 10µl of mix to each well using a multichannel pipette and EZ load 

covers (included in the kit). We ran the recommended qPCR program of 1 cycle for 10 minutes at 

95 °C, 40 cycles of 15 seconds at 60 °C and 1 minute at 60 °C.  We also ran a dissociation (melting) 

curve analysis to verify PCR specificity. The threshold cycle (Cq) values were transferred to a 

blank excel sheet, formatted, and uploaded to the Qiagen website for analysis. We then performed 

qPCR to confirm the differentially expressed genes from the PCR arrays. 
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5.3.8 Protein extraction and immunoblotting 

Total protein was extracted from either a pure population of granulosa cells collected at 8h 

post-hCG (for ERK1/2 pathway evaluation) or whole ovaries collected at 18h post-hCG (for 

quantifying Star abundance). Samples were homogenized in total extract lysis buffer (25mM Tris-

HCl pH 7.5, 5mM MgCl2, 10% glycerol, 100mM NaCl, 0.01% NP-40, 500µM dithiothreitol and 

distilled water) with freshly added 1% protease and phosphatase inhibitors (G Biosciences, St. 

Louis, MO, U.S.A) and stored at -80°C until further use. At the time of immunoblotting, 5% 

Laemmli solution was added to each sample, which was subsequently boiled at 95°C for 5 minutes. 

A 10% SDS-PAGE gel was used to separate proteins by electrophoresis and then transferred onto 

a nitrocellulose membrane followed by blocking in 5% milk in Tris-buffered saline with 0.1% 

Tween-20 (TBS-T) at room temperature. Membranes were incubated overnight at 4°C with 

primary antibodies against: phospho-ERK1/2 (Thr202/Tyr204; #4376, Cell Signaling, dilution of 

1:1000), total-ERK1/2 (#4695, Cell Signaling, 1:1000), Star (#sc-25806, Santa Cruz, 1:500) and 

beta-actin (Actb; ab8227, Abcam, 1:10 000). Membranes were washed three times for 10 minutes 

in TBS-T before and after incubation with secondary antibody goat anti-rabbit-IgG (1:10000, 

#ab6721, Abcam) for 1.5 hours at room temperature. The Immun-Star Western Chemi luminescent 

Kit (Bio-Rad) and Chemidoc Analyzer were used to detect immunoblotted proteins. Densitometry 

of the protein bands was measured using ImageLab software. For measurement of ERK1/2 

activity, the membranes were first blotted with phospho-ERK1/2 antibody and following its 

readout, the membranes were stripped using stripping buffer (10 % SDS – 20 ml, 0.5 M Tris – Hcl, 

pH 6.8 – 12.5 ml, DEPC H2O – 67.5 ml and 2-mercaptoethanol – 0.8 ml) and re-blotted with total-

ERK1/2 antibody. 

 



 120 

5.3.9 Statistical Analysis 

Ovulation data and mRNA abundance data were expressed as mean ± SEM and analyses 

were performed using SigmaPlot 12.3 Software, San Jose, CA, U.S.A. The data was checked for 

normality by the Shapiro-Wilke test and analyzed via the unpaired Student’s t-test. Data involving 

more than one time point were analyzed by one-way ANOVA. A significance level of P<0.05 was 

used for statistical inference.  

5.4 Results  

5.4.1 PD0325901 treatment at 4h post-hCG inhibits ERK1/2 activity in granulosa cells 

We have previously demonstrated that PD0325901 pretreatment 2h before hCG stimulus 

inhibits immediate early ERK1/2 activity in granulosa cells leading to anovulation (Siddappa et 

al., 2015). In the present study we wanted to test if PD0325901 at 4h after hCG treatment impacts 

ovulation in mice. First, we examined if this treatment resulted in inactivation of ERK1/2 signaling 

as measured by phospho-ERK1/2 levels in purified granulosa cells at 8h post-hCG (Fig. 1A).  

5.4.2 PD0325901 treatment at 4h post-hCG inhibits follicular rupture without altering oocyte 

maturation and luteinization 

In our previous study, we showed that inhibition of ERK1/2 activity at 2h before hCG 

treatment resulted in anovulation with trapped oocytes within large antral follicles. The oocytes 

within these non-luteinized follicles were in germinal vesicle (GV) stage indicating failure of 

meiotic resumption and cumulus cells failed to undergo expansion.  In the current study, we found 

that inhibition of ERK1/2 activity 4h after the LH surge dramatically reduced the ovulation rate 

(P< 0.05) compared to vehicle-treated mice (Fig. 1B). Histologically, the ovaries of vehicle-treated 

mice showed numerous well-developed corpora lutea (Fig. 1C). Conversely, the ovaries of 

PD0325901-treated mice showed numerous distended unruptured preovulatory follicles with 
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sporadic corpora lutea compared to vehicle-treated mice (Fig. 1C). Upon close observation, 

cumulus expansion was evident in follicles of PD0325901-treated mice (Fig. 2A) and was 

comparable to those of vehicle-treated mice. Some of the oocytes in histological sections showed 

polar body (Fig. 2A). We also examined the ovulated oocytes collected from the oviducts in both 

vehicle and PD0325901-treated mice for meiotic resumption. Polar bodies, indicative of 

metaphase II, were evident upon DAPI staining of ovulated oocytes in PD0325901-treated mice 

(Fig. 2B), similar to those of vehicle-treated mice (data not shown). These observations 

demonstrated that inhibition of ERK1/2 at 4h post-hCG did not affect oocyte maturation.  

Further, observation at higher magnification revealed that the unruptured ovulatory-sized 

follicles in PD0325901-treated mice appeared to have undergone luteinization as evidenced by 

granulosa cells showing morphological features of luteal cells (Fig. 2C). There was also evidence 

of neovascularization as indicated by presence of numerous capillaries containing red blood cells 

among granulosa cells within unruptured ovulatory-sized follicles in PD0325901-treated mice 

(Fig. 2C). Immunoblot analysis of ovaries from PD0325901-treated mice collected at 18h post-

hCG revealed similar levels of Star protein compared to those of vehicle-treated mice even though 

inhibitor treated mice had markedly fewer ovulations (Fig. 2D).  

5.4.3 Expression profile of RSK isoforms in granulosa cells 

It was reported that RSK3 is one of the ERK1/2 targets that is induced by LH surge in 

granulosa cells of ovulating follicles (Fan et al., 2009b). Therefore, we wanted to test if RSK3, as 

mediator of continued ERK1/2 signaling, plays a role in the mouse ovary. First, we determined the 

expression pattern of all four RSK isoforms in granulosa and luteal cells collected at specific stages 

of gonadotropin stimulated follicular and luteal growth. The mRNA abundance of Rps6ka2 

(RSK3) remained unchanged through eCG-induced follicular growth, but its relative amounts were 
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higher by about 5-fold at 4h post-hCG compared to 48h post-eCG (P<0.003, Fig. 3). The levels of 

RSK3 mRNA remained high at 7 and 12h post-hCG and returned to baseline by 24h post-hCG. 

On the contrary, there were no significant changes in Rps6ka1 (RSK1), Rps6ka3 (RSK2) and 

Rps6ka6 (RSK4) transcript abundance through follicular and luteal development (P > 0.05; Fig. 

3). 

5.4.4 Ovulation rate and fertility of RSK3-/- mice  

Based on unique hCG-induced expression of Rps6ka2, we hypothesized that RSK3 may 

play a significant role in ovulation in mice. We used the recently developed RSK3 knockout mice 

(RSK3-/-) (Li et al., 2013) to investigate the potential role of RSK3 in ovulation and fertility. First, 

we examined the expression of RSK3 in granulosa cells at peak expression time-point, 4h post-

hCG. As expected, transcript abundance of Rps6ka2 was 13-fold lower in RSK3-/- granulosa cells 

compared to RSK3+/+ granulosa cells (P < 0.01, Fig. 4A). On the contrary, mRNA levels of 

Rps6ka1, Rps6ka3 and Rps6ka6 genes were similar between granulosa cells of both genotypes 

(data not shown) demonstrating that there was no compensatory expression of other RSK isoforms.  

As part of reproductive phenotyping, we first examined the superovulatory response in 

immature RSK3-/- and RSK3+/+ mice. Ovulation rate in response to superovulation treatment was 

about 80% lower in RSK3-/- than RSK3+/+ mice (P < 0.01; Fig. 4B). We then examined ovulation 

rate in adult RSK3-knockout and wildtype mice. Ovulation rate, as measured by the number of 

oocytes in the oviducts on the day of vaginal plug, was about 40% lower in RSK3-/- than RSK3+/+ 

mice (P < 0.05; Fig. 4C). In line with this aberrant ovulatory phenotype, breeding trials revealed 

that RSK3-/- mice were sub-fertile with smaller litter size than RSK3+/+ mice (P < 0.05; Fig. 4D).  
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5.4.5 PD0325901 treatment at 4h post-hCG results in aberrant expression of genes involved 

in tissue remodeling and leukocyte infiltration in ovulating follicles 

Data from both pharmacological and genetic models showed that lack of ERK1/2 signaling 

beyond 4h post-hCG results in defective follicular rupture. We sought to define the molecular 

determinants of this deficient follicular rupture. We chose to use a pharmacological inhibition 

model for two reasons. First, the pharmacological model allows us to inhibit ERK1/2 signals at a 

precise time point during the ovulatory process. Second, the pharmacological model would inhibit 

all downstream mediators of ERK1/2 signals resulting in robust anovulatory phenotype, whereas 

sub-fertile RSK3-/- mice lacked one of the many ERK1/2 mediators.  

Our initial qPCR analyses of RNA from granulosa cells collected from the whole ovaries 

at 8h post-hCG showed mostly non-significant differences in transcript abundance between vehicle 

and PD0325901-treated mice (data not shown). We reasoned that this may be because collection 

of granulosa cells from the whole ovary may not enrich the small number of cells with gene 

expression differences localized to a small area of the ovulatory follicle. For that reason, we chose 

to isolate two ovulatory follicles per mouse (one per ovary) and purify RNA from the whole 

follicles. Even though this method would yield a mixture of granulosa, theca and oocytes, it is still 

a better option to obtain an enriched population of cells expressing genes involved in follicle 

rupture.  

First, we examined the transcript abundance of the genes involved in extracellular matrix 

remodeling during ovulation in ovulating follicles of vehicle and PD0325901-treated mice (Duffy 

et al., 2019). There were higher levels of Timp2, Adamts10, and Mmp11, but lower level of Timp1 

at 8h post-hCG in ovulating follicles of PD0325901-treated than those of vehicle-treated mice 

(Fig. 5A). With this observation of imbalance in the expression of the extracellular matrix 
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proteases and their inhibitors, we sought to identify other dysregulated genes involved in tissue 

remodeling and leukocyte infiltration associated with follicular rupture (Oakley et al., 2010). We 

used a PCR-array to identify differentially expressed genes between vehicle and PD0325901-

treated follicles. Upon running the arrays in three replicates using follicular samples from separate 

groups of mice, we found one upregulated gene (Actc1) and four downregulated genes (Ccl7, 

Ccl12, Cxcl1 and Cxcl3) common for the three array replicates (Fig. 5B). Of these, we were able 

to confirm higher levels of Actc1 and lower levels of Ccl7 transcripts in ovulating follicles of 

PD0325901-treated compared to those of vehicle-treated mice (Fig. 5C). 

5.5 Discussion 

In the present study, inhibition of ERK1/2 activity at 4h after hCG stimulation disrupted 

follicular rupture without altering cumulus expansion and oocyte meiotic maturation. Reduced 

ovulation rate due to ERK1/2 inhibition in our current model is different from previous studies 

(Siddappa et al., 2015, Fan et al., 2009b), which demonstrated anovulation due to lack of LH- 

induced ERK1/2 activity. In those studies, ERK1/2 signals were absent right from the beginning 

of the ovulatory process. Whereas in the present study, initial ERK1/2 activity was not affected as 

the inhibitor was administered only at 4h after hCG treatment. Like those previous studies, there 

were large distended unruptured preovulatory follicles in ovaries of mice with ERK1/2 inhibition 

at 4h hCG. However, contrary to those previous studies, trapped oocytes within the unruptured 

follicles from PD0325901-treated mice in this study were meiotically mature with normally 

expanded cumulus. This observation is consistent with the fact that cumulus expansion and oocyte 

meiotic resumption would have started by 4h post-hCG when the inhibitor was administered. 

Indeed, genes critical for meiotic resumption and cumulus expansion such as Has2, Areg, Ereg, 
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Ptx3 and others are all highly expressed, by 4h post-hCG in mice (Wigglesworth et al., 2015, Fan 

et al., 2009b, Robker et al., 2018). 

Another important contrast between this study and the previous studies (Siddappa et al., 

2015, Fan et al., 2009b) with ERK1/2 signal abrogation from the beginning of the ovulatory 

process is luteinization. In both studies, abolition of ERK1/2 signal at the time of hCG treatment 

resulted in dramatically reduced expression of Star and complete absence of epithelial-to-

mesenchymal transition, which is the hallmark of luteinization (Irving-Rodgers et al., 2004). In 

this study, we found that although the follicles that ovulated formed corpus luteum, the granulosa 

cells of large distended follicles that remained unruptured appeared to have undergone 

luteinization. This was supported by the fact that Star levels were similar in the ovaries of both 

vehicle and PD0325901-treated mice. In addition, the presence of blood-filled capillaries among 

granulosa cells indicated that the luteinization process was underway (Murphy, 2000). Since the 

marker of luteinization, Star as well as the driver of neovascularization, Vegfa are induced by 

immediate early transcription factors such as Cebpa/b (Sterneck et al., 1997, Fan et al., 2011), 

Nr5a2 (Duggavathi et al., 2008b) and Hif1/2 (Kim et al., 2009), it is possible that inhibition of 

ERK1/2 after their activation does not impact luteinization and angiogenesis. In line with this, intra 

luteal infusion of another ERK1/2 inhibitor PD98059 to bonnet monkeys on day 9 of luteal phase 

(period of high functioning corpus luteum), did not affect STAR mRNA levels and circulating 

progesterone concentration (Yadav and Medhamurthy, 2006). All these studies indicate that 

ERK1/2 signals beyond 4h post-hCG may not be necessary for luteinization and cumulus 

expansion. 

Our data showed a dramatic induction of RSK3 in granulosa cells of ovulating follicles 

indicating that ERK1/2 signals are sustained beyond 4h and may play a role during mouse 
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ovulation. Confirming this hypothesis, RSK3-/- showed reduced ovulation rate both in adult and 

superovulated immature mice and they were sub-fertile. These data clearly demonstrate that RSK3, 

one of the many ERK1/2 signal mediators, is important for ovulation. As it was shown that RSK3 

in the oocyte is not necessary for maturation and meiotic progression (Dumont et al., 2005), it is 

likely that infertility in RSK3-/- mice is due to molecular defects in other cell types in ovulating 

follicles. Taken together, data from both pharmacological and genetic models demonstrate that 

ERK1/2 signals beyond 4h post-hCG are needed for follicular rupture.  

While most parts of the ovulating follicle are undergoing luteinization and angiogenesis, a 

small region in the follicular wall towards the ovarian surface undergoes a separate set of 

morphological changes (reviewed in (Duffy et al., 2019)). These unique regional changes lead to 

breaching of the follicular wall so that the COCs will be released into oviduct. This region-specific 

regulation of cellular differentiation and extracellular matrix remodeling has been a barrier to 

studying molecular mechanisms regulating follicular rupture. There have been several studies 

proposing various cytokines, cell types (granulosa, theca and leukocytes) and tissue remodeling 

enzymes involved in the ovulatory processes of angiogenesis, cell motility and follicular rupture 

(Brown et al., 2010, Cacioppo et al., 2017, Choi et al., 2017, Fraser and Duncan, 2005, Hazzard et 

al., 2000, Ko et al., 2006, Oakley et al., 2010, Palanisamy et al., 2006, Redmer and Reynolds, 

1996). At the time of follicular rupture, proteinases degrade extracellular matrix and connective 

tissues at the apex of follicle in a circumferential manner (Russell and Robker, 2007). Important 

proteinases involved in the proteolysis of the extracellular matrix during follicular rupture include 

matrix metalloproteinases (MMPs), serine proteinases (Plasminogen activators and plasmin), a 

disintegrin and metalloproteinase domain with thrombospondin motifs (ADAMTSs) and cathepsin 

L (Ohnishi et al., 2005). Tissue inhibitors of metalloproteinases (TIMPs) regulate proteolytic 
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activities of MMPs and a ratio in favor of MMP activity results in ECM degradation whereas a 

ratio in favor of TIMP inhibits ECM degradation (McIntush and Smith, 1998). Among the tissue 

remodeling enzymes, TIMPs play contrasting roles because of their ability to regulate membrane- 

bound and secreted MMPs. For example, while TIMP2 inhibits MMP2 by direct binding in 

extracellular space, TIMP2 also participates in the activation of MMP2 through membrane-bound 

MMP14 (Jezierska and Motyl, 2009, Wang et al., 2000). These data demonstrate that both higher 

and lower expression of TIMPs can have negative impact on the activity of MMPs. Thus, a 

balanced expression of various tissue remodeling enzymes is necessary for normal follicular 

rupture. Our data of lower Timp1 and higher Timp2 demonstrated an imbalance of TIMPs in 

ovulatory follicles of PD0325901-treated mice. Supporting this, it has been reported that presence 

of excessive TIMP2 can inhibit MMP14 activity and decrease the processing of proMMP2 to 

active MMP2 in BS-C-1 cells (Hernandez-Barrantes et al., 2000, Bernardo and Fridman, 2003). 

Further, our data of abnormal expression of Adamts10 and Mmp11 are consistent with dysregulated 

matrix protease machinery in ovulating follicles in which ERK1/2 signaling was inhibited at 4h 

post-hCG. This imbalance in matrix proteases and their inhibitors may have resulted in inefficient 

proteolysis of the extracellular matrix, which is required for normal follicular rupture.  

 In conclusion, our data from both pharmacological and genetic models demonstrate that 

lack of ERK1/2 signaling during ovulation results in abnormal follicular rupture. Most 

importantly, our pharmacological inhibition of ERK1/2 at 4h post-hCG inhibited follicular rupture 

without affecting luteinization, oocyte meiosis and cumulus expansion. Our molecular 

phenotyping indicate that sustained ERK1/2 signals play a critical role in balanced expression of 

genes involved in extracellular matrix degradation and leukocyte infiltration necessary for 

successful follicular rupture (Figure 8). Finally, this pharmacological method of separation of 
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follicular rupture from luteinization and oocyte maturation offers an excellent experimental model 

to study molecular mechanisms of divergent tissue remodeling processes associated with 

luteinization and follicular rupture. 
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5.7 Figures 
 
Figure 5.7.1 Inhibition of ERK1/2 at 4h post-hCG results in reduced ovulation rate 
 

(A) Transient inhibition of hCG induced ERK1/2 activity by PD0325901 treatment. Granulosa 

cells from mice treated with PD0325901 at 4h after hCG administration were collected at 7h after 

hCG treatment and showed absence of phosphorylation of ERK1/2 at Thr202/Tyr204 compared 

to vehicle-treated mice. N=2 mice/group. (B) Treatment of immature mice with a single dose of 

25μg/g of PD0325901 at 4h hCG reduced the ovulation rate compared to vehicle-treated mice 

during superovulation. (Vehicle control, n=7 mice, PD0325901 n=10 mice). * indicates significant 

difference between the two groups (P < 0.05). (C) Histology of the ovaries collected at 18h after 

hCG from PD0325901 or vehicle treated mice. Numerous corpora lutea were observed in ovaries 

collected from mice which were treated with vehicle. Ovaries from PD0325901-treated mice 

showed distended unruptured preovulatory follicles with reduced number of corpus luteum 

compared to vehicle treated mice.  
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Figure 5.7.2 Inhibition of ERK1/2 at 4h post-hCG disrupts follicular rupture without 

affecting cumulus expansion, oocyte maturation and luteinization  

(A) Metaphase II oocyte that was trapped inside the unruptured follicle showing extruded polar 

body (arrow) indicating unaltered oocyte maturation. Trapped cumulus-oocyte complexes inside 

the unruptured follicles showed normal cumulus expansion (arrowhead). Mice were administered 

with PD0325901 at 4h hCG during superovulation and ovaries were collected at 18h after hCG. 

(B) Metaphase II oocytes with extruded polar body in PD0325901 treated mice. COCs were 

collected from the oviduct at 18h hCG. (C) In response to the LH surge, granulosa cells adjacent 

to the basement membrane inside the distended unruptured follicle underwent luteinization and 

neovascularization. (D) Expression of steroidogenesis related protein Star was unaltered in mice 

treated with PD0325901 at 4h after hCG. Ovaries were collected at 18h after hCG.  
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Figure 5.7.3 RSK3 is dramatically induced by hCG treatment 

Relative mRNA levels of Rps6ka2, Rps6ka1, Rps6ka3 and Rps6ka6 in granulosa and luteal cells 

collected at different time points of superovulation from murine ovaries. Data are expressed as a 

mean ± S.E.M. **P<0.01 
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Figure 5.7.4 Reproductive phenotype of RSK3-/- mice 

(A) Relative mRNA levels of Rps6ka2 in granulosa cells from RSK3+/+ and RSK3-/- mice (N=3 

per genotype) collected at 4h post-hCG. Data are expressed as a mean ± S.E.M. *P<0.05 

(B and C) RSK3+/+ and RSK3-/- mice have different ovulation rates. Ovulation rate was 

established by counting the number of oocytes in the oviducts of superovulated mice wild-type 

(N=5) mice and RSK3-knockout (N=6) mice 18h-post hCG administration.  

(D) Litter sizes from wild-type mice (N=4) and RSK3-knockout mice (N=4) were averaged 

amongst litters per mouse over a 6-month breeding trial. Data are expressed as mean ± S.E.M. 

from both genotyped groups. *P<0.05 and **P<0.01 
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Figure 5.7.5 Inhibition of ERK1/2 at 4h post-hCG results in abnormal expression of genes 

associated with extracellular matrix degradation and leukocyte infiltration 

(A) Gene expression of Timp1, Timp2, Adamts10 and Mmp11 was measured in granulosa cells 

collected by follicular puncture at 8h post-hCG with or without inhibition of ERK1/2 at 4h hCG. 

Data are expressed as a mean ± S.E.M. *P<0.05 (B) Number of upregulated and downregulated 

genes in the PCR arrays. (C) Relative mRNA levels of Actc1, Ccl7, Ccl12 and Cxcl1 in granulosa 

cells collected at 8h hCG with or without inhibition of ERK1/2 at 4h hCG. Data are expressed as 

a mean ± S.E.M. *P<0.05 
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Figure 5.7.6 Proposed mechanism for ERK1/2 regulation of follicular rupture.  
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5.8 Tables 
 
Table 5.8.1 List of primer sequences used in RT-PCR 
 
Gene Forward Primer Reverse Primer 

Actc1 CTGGATTCTGGCGATGGTGTA CGGACAATTTCACGTTCAGCA 
Adamts10 GGCTGGGCCTCACATTCAA GAAGGCAATCTCATAGCTCTCC 
B2m TTCTGGTGCTTGTCTCACTGA CAGTATGTTCGGCTTCCCATTC 
Ccl12 ATTTCCACACTTCTATGCCTCCT ATCCAGTATGGTCCTGAAGATCA 
Ccl7 GCTGCTTTCAGCATCCAAGTG CCAGGGACACCGACTACTG 
Cxcl1 CTGGGATTCACCTCAAGAACATC CAGGGTCAAGGCAAGCCTC 
Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 
L19 ATGAGTATGCTCAGGCTACAGA GCATTGGCGATTTCATTGGTC 
Mmp11 CCGGAGAGTCACCGTCATC GCAGGACTAGGGACCCAATG 
Rps6ka1 CCATCACACACCACGTCAAG TTGCGTACCAGGAAGACTTTG 
Rps6ka2 GCAGGTTCTTCTCCGTGTACC GAGGGGTCTGCCTTCTCAAA 
Rps6ka3 ATGGATGAACCTATGGGAGAGG AAGCTGTCTAGCATCAGAGCC 
Rps6ka6 CGCCATCAGCCAAACTCAGAT ATGTTCGCTTTTTCATGTTCCG 
Sdha GGAACACTCCAAAAACAGACCT CCACCACTGGGTATTGAGTAGAA 
Timp1 GCAACTCGGACCTGGTCATAA CGGCCCGTGATGAGAAACT 
Timp2 TCAGAGCCAAAGCAGTGAGC GCCGTGTAGATAAACTCGATGTC 
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CHAPTER 6 

General discussion and conclusions 

Problems associated with ovulation account for 30 percent of fertility problems in women 

(Health Canada). Polycystic ovary syndrome (PCOS), luteinized unruptured follicle (LUF) 

syndrome and other ovulatory disorders show phenotypes that can be associated with improper 

development (signaling) and dysregulation of gene expression of the preovulatory follicle leading 

to ovulatory failure (Duffy et al., 2019). Furthermore, luteinization is essential for maintenance of 

pregnancy and early embryonic losses occur as a result of defective luteinization. It is therefore 

necessary to improve our knowledge of the mechanisms by which FSH and LH regulate these 

events in order to better understand and consequently, provide a basis for the development of 

therapeutics tailored to addressing these challenges.  

There is a paucity of information on the impact of FSH on the transcriptome as well as the 

involvement of histone modifications such as H3K4me3. The expression profile of FSH-regulated 

genes have mostly come from studies in the bovine, utilizing the dominant and subordinate 

follicles (Xu et al., 1995, Fortune et al., 2001, Ginther et al., 1996, Bao et al., 1997). Furthermore, 

majority of these studies used microarrays. We used RNA-Sequencing to study the effects of FSH 

in granulosa cells and found 1463 FSH-regulated genes, including previously identified genes such 

as Lhcgr and Cyp19a1. Next, we explored the role of FSH in the regulation of the active 

transcription marker, H3K4me3 using ChIP-Sequencing. Our data suggests that FSH regulates 

follicular development through changes in the transcriptome through deposition of H3K4me3 at 

the promoters of these genes.  

Many studies have established that the LH surge positively regulates genes involved in 

inflammation, cellular movement, tissue remodeling and angiogenesis, while switching off the 
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expression of genes involved in metabolism and proliferation in multiple species (Rao et al., 2011, 

Wissing et al., 2014, Liu et al., 2017). The LH-induced ERK1/2 pathway has also been shown to 

be essential for ovulation. Inhibition of ERK1/2 in vivo results in an anovulatory phenotype with 

trapped oocytes and defective follicular rupture (Fan et al., 2009b, Schuermann et al., 2018, 

Siddappa et al., 2015). The switch from estrogen to progesterone production is a key factor in LH 

regulation of ovulation. However, ERK1/2 inhibition interferes with this switch and the follicle 

continues to produce high levels of estradiol. Sult1e1 misregulation results in high estradiol 

concentrations which affects fertility as shown in Sult1e1 knockout mice (Gershon et al., 2007). 

Additionally, Cyp19a1 expression, which is usually repressed by LH, was not downregulated in 

the ERK1/2 inhibited granulosa cells, contributing to the increased estrogen levels.  

We were interested in exploring the LH-regulated transcriptome. However, we also sought to 

understand how ERK1/2 and histone modifications such as H3K4me3 play a role in the regulation 

of the many genes that are required for ovulation. By combining data from ChIP-Sequencing, 

RNA-Sequencing and pharmacological inhibition of ERK1/2, we found that ERK1/2 regulates the 

deposition of H3K4me3 on the promoter region of 609 LH-regulated genes. Similar findings have 

been reported in developmental cells in mice and human melanoma cell lines, but not in granulosa 

cells (Li et al., 2016, Tee et al., 2014). Moreover, we were able to confirm our findings using qPCR 

and ChIP-qPCR. We also observed an enrichment of LH-induced pathways involved in TNF 

signaling, MAPK signaling and VEGF signaling, which was reversed by ERK1/2 inhibition. 

Finally, having established the effect of inhibition of early ERK1/2 signaling on ovulation, we 

decided to take it a step further by exploring the role of sustained ERK1/2 signaling. We did this 

by pharmacological inhibition of ERK1/2 at four hours after the LH surge. Surprisingly, we did 

not find any effect on COC expansion, meiotic resumption and luteinization. However, follicular 
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rupture was disrupted, and genes involved in the regulation of the extracellular matrix and 

leukocyte were affected. We also looked at the RSK family which are effectors of the ERK1/2 

signal (Anjum and Blenis, 2008b, Dumont et al., 2005) and found that LH induced the expression 

of RSK3 (we found a 3.5 fold increase in our RNA-Seq data) but not the other RSKs in granulosa 

cells of ovulating follicles. Therefore, we explored the role of RSK3 using a knockout mouse 

model and found a decrease in ovulation rate and smaller litter size. Thus, sustained ERK1/2 

signaling appears to be critical for follicular rupture but not cumulus expansion, resumption of 

meiosis or luteinization. 

Ovulation runs like a well-oiled machine, with different genes and pathways working in a 

temporal and spatial manner for the sole purpose of releasing a fertilizable oocyte in preparation 

for fertilization and pregnancy. The wealth of data in these studies have contributed in taking us 

one step closer to understanding the basic mechanisms of FSH and LH regulation of follicular 

development and ovulation. Furthermore, we have also highlighted the role of ERK1/2 in 

H3K4me3 deposition at the promoters of several ovulatory genes in granulosa cells. 

Further studies need to be done to investigate the mechanism by which ERK1/2 regulates 

H3K4me3 deposition during follicular development and ovulation. It will also be interesting to 

understand the mechanism of regulation of H3K4me3 in terms of the precise enzymes that lead to 

its enrichment. In developmental genes, chromatin has been reported to exist in a poised state 

consisting of a bivalent domain with the presence of both a transcriptional activator (such as 

H3K4me3) and a transcriptional repressor (H3K27me3), which supposedly keeps these genes 

primed for activation (Tee et al., 2014). Thus, it will be interesting to see if a similar mechanism 

exists for the interaction of H3K4me3 with the deposition or removal of other histone marks such 

as H3K9me3 during follicular development and ovulation in granulosa cells. Finally, the 
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significance of differential transcript expression involving isoform switching events and 

differential transcript usage as well as their regulatory mechanisms need to be further explored.  
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