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ABSTRACT 
 
 
 

MicroRNA REGULATION OF OVARIAN ANGIOGENESIS AND 
FOLLICULOGENESIS IN BOVINE CYSTIC OVARIAN DISEASE 

 
 

Allyssa Lorin Hooper                Advisor: 
 
University of Guelph, 2018                Dr. Jim Petrik 
 
 

Cystic ovarian disease (COD) is a major contributor of infertility in cattle, with both 

angiogenic and genetic contributions proposed. We hypothesized that miRNAs are integral to the 

regulation of ovarian function and that altered miRNA expression contributes to the onset and 

progression of reproductive disorders in cattle. miRNAs known to target VEGF or TSP-1 were 

analyzed in granulosa and endothelial cell lines treated with recombinant VEGF and 3TSR, which 

resulted in a significant increase in miR-15a, miR-29a, miR-126, and miR-132 expression. In 

addition, miRNA, mRNA, and protein expression levels were analyzed in large and cystic bovine 

follicles. VEGF and miR-29a were found to have enhanced expression, while miR-132 expression 

decreased in cystic follicles as compared to large. Our findings suggest that these miRNAs may 

play a role in maintaining the balance between VEGF and TSP-1 in the ovary, and if disrupted 

could potentiate ovarian-based reproductive disorders.   
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INTRODUCTION 
 

The investigation of angiogenesis in the context of ovarian physiology has been a focus of 

our lab for many years. Angiogenesis has been shown to be essential for the proper development 

of ovarian follicles and corpora lutea. Disruption of vasculature growth and regression can lead to 

attenuation in follicle growth, ovulation, and luteal development; ultimately resulting in infertility. 

Two angiogenic factors that have been shown to be key regulators of blood vessel growth and 

ovarian function are vascular endothelial growth factor (VEGF), a pro-angiogenic factor, and 

thrombospondin-1 (TSP-1), an anti-angiogenic factor. Previously, it was thought that VEGF 

functions were restricted to promoting blood vessel development, however, we identified 

expression of the VEGF receptor, VEGFR2, in granulosa cells, determining that VEGF signaling 

was cytoprotective for these cells and integral to the regulation of follicular recruitment, 

progression, and function. An inverse relationship between VEGF and TSP-1 has also been 

identified where VEGF expression increases while TSP-1 decreases throughout follicle 

development. In addition, we have also shown that TSP-1 has a direct inhibitory effect on VEGF 

(Greenaway, 2005; Greenaway, 2007). Together, it is evident that VEGF and TSP-1 are playing 

an essential regulatory role throughout the ovarian cycle.  

In the cattle industry, ovarian-based reproductive disorders are on the rise. It is estimated 

that up to 30% of cattle develop cystic ovarian disease (COD) during a given lactation cycle, 

ultimately rendering them anovulatory, thereby causing a significant economic burden (Peter, 

2004). The exact cause of COD is unknown, but is thought to be multifactorial with endocrine, 

environmental, angiogenic, and genetic contributions proposed (Peter, 2004). As cows do not 

develop cysts with every lactation, or during every ovarian cycle, a change in gene expression 

could be a potential mediator and contributor to this disease (Peter, 2004). It has been suggested 

that microRNAs (miRNAs), small non-coding RNAs that regulate gene expression, may be central 

regulators of a variety of cellular processes throughout the ovarian cycle. Previous studies have 

begun to analyze the role that miRNAs play throughout folliculogenesis, ovulation, and luteal 

development, however very little is known about miRNA regulation of VEGF and TSP-1 within 

the ovary. Our study focuses on eight miRNAs known to target VEGF or TSP-1, how their 

expression and function within the ovary regulates folliculogenesis and blood vessel growth, and 

how altered expression could lead to reproductive insufficiency such as bovine COD.  
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REVIEW OF LITERATURE 
 
The Ovarian Cycle 
 
 In female species, the ovary represents an essential structural support for the development 

of primordial germ cells (PGCs), the site of folliculogenesis, ovulation, luteal development, and 

plays an important role in endocrine physiology. Once puberty has been reached, the ovary begins 

to undergo cyclical changes throughout every menstrual or estrous cycle in order to produce a 

viable oocyte for ovulation, potential fertilization, implantation, and pregnancy. Female 

reproductive physiology requires intricate regulation of hormones, metabolites, and intra- and 

extraovarian factors, in order to achieve successive development of female gametes and fertility 

(Rojas, 2015). The human female ovarian cycle is 28 days in duration, while the bovine ovarian 

cycle is 21 days in duration. There are two main phases of the mammalian ovarian cycle; the 

follicular phase and the luteal phase. The follicular phase consists of the maturation of primordial 

follicles to tertiary follicles and ends upon ovulation of the dominant follicle. In contrast, the luteal 

phase follows the follicular phase, where the corpus luteum forms, produces progesterone, and 

ends in luteolysis (Johnson, 2013).  

 
Follicle Development 
 
 The ovarian follicle is the fundamental unit of the ovary and contains the oocyte that may 

ovulate and undergo fertilization to become an embryo. The follicle also provides the steroid and 

protein hormones required for the maintenance of the ovarian cycle, secondary sex characteristics, 

and preparation of the uterus for implantation (Findlay et al., 2009).  

 In mammals, the ovaries contain a large reserve of non-growing primordial follicles, which 

consist of an immature, quiescent oocyte, surrounded by a single squamous layer of granulosa 

cells. In humans and most domesticated animal species, the stock of primordial follicles develops 

during fetal development. As the primordial germ cells (PGCs) migrate from the yolk sac to the 

gonads, they continue to multiply by mitotic division. Once in the gonad, the PGCs continue to 

proliferate, however before birth, the number of oocytes dramatically decreases due to apoptosis 

(Aerts, 2010). In humans the maximum number of PGCs, 7 million, is reached at 5 months 

gestational age, however only 2 million remain at birth (Pepling, 2001). In the cow, the maximum 
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number of PGCs during gestation is approximately 2.1 million, however only 130,000 remain at 

the time of birth (Erickson, 1966).  

Initiation or activation of primordial follicles results in the transition from primordial to 

primary and is accompanied by proliferation and differentiation of granulosa cells. In the primary 

follicle, the granulosa cells are cuboidal in shape and the number surrounding the oocyte increases. 

Primary follicles then differentiate into secondary follicles, characterized by two or more layers of 

granulosa cells and by the development of the zona pellucida between the oocyte and the granulosa 

cells. Secondary follicles then mature to the final stage of folliculogenesis; tertiary or antral 

follicles. Tertiary follicles are characterized by further proliferation of granulosa cells and the 

formation of a cavity or antrum that is filled with follicular fluid. The oocyte in a tertiary follicle 

is surrounded by cumulus cells, known as the cumulus oophorus, and suspended on a cumulus cell 

pedestal in the antrum. Theca cells, derived from the interstitial stroma, are present on the basement 

membrane of primary follicles. These theca cells further differentiate into theca interna and externa 

as the follicle develops. The first theca interna cells can be identified in secondary follicles but 

become fully distinguished in tertiary follicles. The theca externa is highly vascularized and is 

therefore capable of providing the follicle with nutrients, oxygen, and endocrine factors (Aerts, 

2010; Fair, 2003; Smitz, 2002).  

The process by which primordial follicles are stimulated to begin developing into pre-antral 

follicles and how those follicles are selected is not yet fully understood. A balance of inhibitory 

and facilitatory intra-ovarian growth factors appear to regulate the rate at which primordial follicles 

are recruited, thereby avoiding premature exhaustion of the follicular pool (Johnson, 2013). Anti-

Mullerian hormone (AMH) from granulosa cells of growing preantral and small antral follicles 

appears to exercise a restraining negative feedback on the recruitment of primordial follicles. 

Positive recruitment of primordial follicles involves the expression of leukaemia inhibitory factor 

(LIF) from granulosa cells, as well as stem cell factor (SCF) expressed by granulosa cells and 

receptor c-kit expressed on the oocyte and thecal cells. In addition, thecal and stromal derived 

fibroblast growth factor-7 (FGF-7) and FGF-2 have also been shown to be positive regulators of 

the primordial-to-primary follicle transition and exert their effects by upregulating SCF expression 

in granulosa cells. The growth of follicles after stimulation from the primordial follicle reserve is 

also mediated through various cytokines including transforming growth factor beta (TGFb) super 

family members; including bone morphogenetic proteins (BMPs) from oocytes and stromal cells 
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and growth differentiation factor 9 (GDF-9) from oocytes. Mutations in these genes can lead to 

arrest of follicle development in the preantral phase and premature ovarian failure due to reduced 

granulosa cell proliferation (Armstrong, 1997; Erickson, 2001; Johnson, 2013).  

Additional factors such as gonadotropins are also required for folliculogenesis. Follicle 

stimulating hormone (FSH), secreted by the anterior pituitary gland is able to initiate follicular 

growth by binding to receptors located on granulosa cells. Luteinizing hormone (LH) further 

assists in antral follicle expansion, however LH receptors are only located on the cells of the theca 

interna. In order to support follicular growth and prevent follicular atresia, FSH and LH bind to 

their respective receptors to stimulate antral growth (Hull, 2001; Johnson, 2013).  

The antral follicle also produces and releases increasing amounts of steroids under the 

influence of gonadotropins. The main estrogens produced by the antral follicle, estradiol 17b and 

estrone, together account for 30-70% of the circulating androgens found in females. When 

separated in vitro, the thecal cells have been found to synthesize androgens from acetate and 

cholesterol, with this conversion being stimulated by LH. Interestingly, only very limited estrogen 

synthesis by thecal cells is possible. In contrast, the granulosa cells are supplied with exogenous 

androgens, and therefore possess enzymes that will convert these androgens into estrogens. This 

process is facilitated via the granulosa-mediated aromatization of androgens to estrogens, 

stimulated by FSH. Overall, in the developing follicles, androgens are derived exclusively from 

the thecal cells, whereas the estrogens can arise via two pathways; thecal androgens aromatized 

via granulosa cells or synthesized de novo from acetate in thecal cells (Drummond, 2006; Johnson, 

2013).  

The production of steroids throughout folliculogenesis is correlated to the size of the antral 

follicle. In addition to the release of steroid hormone systemically, they also play an important role 

at the level of the follicle. These roles include (1) androgens serve as substrates for conversion to 

estrogens, (2) acting with FSH, androgens stimulate the proliferation of granulosa cells, and (3) 

androgens stimulate aromatase activity, thereby promoting estrogen synthesis. Therefore, the 

increase in androgen output via the thecal cells fuels an increase in estrogen, thereby further 

enhancing the ability of estrogens to stimulate granulosa cell proliferation. This creates a powerful 

positive feedback system that results in a surge of circulating estrogen from the most advanced 

follicles towards the end of the follicular phase. Ultimately, intra-ovarian growth factors, 

cytokines, gonadotropins, and sex steroids all play an essential role in the recruitment of primordial 
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follicles and maturation of the follicle throughout the follicular phase of the ovarian cycle 

(Drummond, 2006; Hull, 2001; Johnson, 2013).  

Figure 1: Schematic of folliculogenesis, luteal development, and hormone levels during the 
ovarian cycle. Follicles from the primordial follicle reserve are activated by regulatory factors, 
mature into antral follicles, ovulate an oocyte, and then form the corpus luteum. AMH produced 
from the granulosa cells of the developing follicles has a negative feedback on the primordial 
follicle pool, thereby inhibiting their maturation (red arrow). A variety of other intra-ovarian 
growth factors and cytokines are positive regulators of follicle development and promote 
folliculogenesis (green arrows). FSH promotes follicle development and increases at the time of 
ovulation. LH also promotes follicle development by binding to receptors on thecal cells and a 
surge in LH at the end of the follicular phase causes ovulation to occur. Antral follicles produce 
estradiol (yellow arrow), while the corpus luteum produces progesterone (blue arrow). At the end 
of the luteal cycle, if no pregnancy occurs, progesterone levels will decrease, the corpus luteum 
will degrade to the corpus albicans, and a new ovarian cycle will begin. Follicle images obtained 
and modified from (Araújo, 2014), figure constructed and designed by Hooper, A.  

 
Luteal Development 
 
 At the end of the follicular phase of the ovarian cycle, a surge in LH will cause ovulation 

to occur. Following ovulation, the collapsed follicle transforms to the corpus luteum (CL). The 

basement membrane between the granulosa and thecal cell layers breaks down and blood vessels 

begin to invade; all contributing to the CL. The granulosa cells stop dividing and hypertrophy to 
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form large lutein cells, known as luteinization. The main role of the CL is to produce progesterone 

via the large luteal cells, which will act to thicken the endometrial lining and prepare the female 

reproductive tract for potential implantation and pregnancy (Johnson, 2013).  

 The CL is the main ovarian structure during the luteal phase of the ovarian cycle. At the 

end of the luteal phase, luteal regression or luteolysis occurs, which involves the collapse of the 

lutein cells, cell death, and reduction in progesterone levels. The CL degrades into a white, scar-

like tissue known as the corpus albicans, which is eventually absorbed into the stromal tissue of 

the ovary after several weeks. In most mammals, luteolysis occurs due to the production of 

prostaglandin F2 alpha (PGF2a) produced by the endometrial lining of the uterus. PGF2a is 

secreted in a series of pulses from the epithelial and glandular cells of the uterus, and then passes 

from the endometrium into the uterine artery, up to the ovary, where CL regression occurs 

(Johnson, 2013; Stouffer, 2003).  

 
Angiogenesis 
 

Angiogenesis, the formation of new blood vessels from pre-existing vasculature, involves 

a variety of cellular processes and molecular changes. Angiogenesis is essential for organogenesis, 

cellular proliferation, and cellular differentiation during embryonic development (Modlich, 1996). 

In adult tissues, angiogenesis can be classified as both pathological and physiological. Pathological 

angiogenesis involves uncontrolled proliferation of capillary endothelium as seen in 

atherosclerosis, hemangiomas, and tumor growth. In contrast, physiological angiogenesis is a 

highly regulated process that is seen in wound healing and throughout the female reproductive 

system, such as the ovary and endometrium (Khuda, 2005). The ovary and endometrium undergo 

cyclical growth and regression of vasculature during each menstrual or estrous cycle. In the 

absence of fertilization and embryo implantation, physiological angiogenesis is followed by blood 

vessel regression (Redmer, 1996).  

Angiogenesis occurs through a series of steps involving (1) the breakdown of the basement 

membrane of pre-existing vasculature, (2) the migration of endothelial cells towards angiogenic 

stimuli in the interstitial space, (3) the proliferation of endothelial cells, and (4) the formation of 

new functional blood vessels (Khuda, 2005). In adult tissues, quiescent blood vessels are covered 

on the basal surface with a continuous basement membrane consisting primarily of laminins, 

collagen type IV, nidogens, and perlecan. However, when stimulated to undergo new blood vessel 
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growth via the angiogenic chemokine VEGF, the basement membrane is degraded. After the 

basement membrane is degraded and vascular sprouting begins, the vessels become leaky and 

hyperpermeable to blood plasma proteins. As vascular morphogenesis continues, vascular sprouts 

acquire a lumen and begin to mature, these vessels are again covered by a basement membrane 

with associated pericytes in order to achieve stability (Risau, 1997; Senger, 2011). Ultimately, it 

is this process that allows for new blood vessel growth from pre-existing vasculature in both 

pathological and physiological states in adult tissues.  

 
Ovarian Angiogenesis 
  

Ovarian physiology is dependent on the establishment and continual remodelling of 

vasculature in order to provide the follicle and corpus luteum with an adequate supply of nutrients, 

oxygen, and hormonal support, as well as facilitate the distribution of steroid hormones produced 

from these ovarian structures. If angiogenesis throughout the ovarian cycle is disrupted in any way, 

this can lead to attenuation of follicle growth, interference of ovulation, and effect the development 

and function of the follicle and corpus luteum (Robinson, 2009).  

Primordial and primary follicles receive sufficient nutrients and oxygen via passive 

diffusion from the ovarian stromal vasculature, however for a follicle to grow beyond the primary 

stage, formation of an individual capillary network is required. This capillary network is initially 

very thin, roughly structured, and confined to a single layer in the thecal cells, with the granulosa 

cell layers remaining avascular throughout folliculogenesis (Robinson, 2009; Tamanini, 2004). 

There is a large increase in not only total vasculature but also vascular density during pre-antral 

follicle growth, where approximately 40% of all proliferating cells in the theca are of endothelial 

origin. Along with this increase in vasculature, there is also a parallel increase in vascular 

endothelial growth factor (VEGF) in both the theca and granulosa cell layers, suggesting a positive 

correlation and theory that antral follicle selection is based on the presence of vascular supply 

(Martelli, 2006). By the antral follicle stage, the follicular vasculature consists of two concentric 

capillary networks, with one layer directly below the basement membrane separating the theca and 

granulosa cells, and the other within the theca externa (Robinson, 2009).  

The transition from antral follicle to CL is a dynamic process involving a series of 

biochemical and morphological changes, including angiogenesis. Follicle and luteal angiogenesis 

are very similar, however there are some important differences. First, after ovulation the basement 
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membrane breaks down, enabling endothelial cells and pericytes to invade and vascularize the 

luteinising granulosa cells. Second, the time for luteal development in some mammalian species 

is much shorter than follicle development, therefore luteal angiogenesis must be much more 

intense (Robinson, 2009). It has been estimated that up to 85% of proliferating cells within the 

developing CL are vascular cells (Reynolds, 1999). The CL has extensive vascularization, where 

virtually every luteal cell is in contact with an endothelial cell, resulting in the CL receiving one 

of the highest blood flows per unit tissue mass. Luteal blood flow begins at similar levels to the 

pre-ovulatory follicle, but increases with luteal size and progesterone production (Acosta, 2003).  

The process of controlled, physiological angiogenesis is essential for folliculogenesis, 

ovulation, and luteal development and requires the coordinated activity of multiple cell types and 

various angiogenic factors.  

 
The Role of Pro- and Anti-Angiogenic Factors in Folliculogenesis and Luteal Development 
 

Neovascularization in the ovary is coordinated via a balance of pro-angiogenic and anti-

angiogenic factors. There are several key pro-angiogenic factors that have been extensively studied 

in angiogenesis, including fibroblast growth factor 2 (FGF2), platelet-derived growth factor 

(PDGF), angiopoietin (ANGPT), and vascular endothelial growth factor (VEGF). Previous studies 

have inhibited or blocked these factors in order to understand the critical role that these factors 

play in not only angiogenesis, but also ovarian function. For example, in primates, inhibition of 

VEGF signalling results in disrupted ovulation, inhibition of vascularization of the developing CL, 

and prevented the post-ovulatory rise in progesterone (Fraser, 2001). In contrast, anti-angiogenic 

factors such as angiostatin, thrombospondin-1 (TSP-1), and thrombospondin-2 (TSP-2), inhibit 

angiogenesis by associating with the extracellular matrix (ECM) in order to prevent endothelial 

cell migration as well as stimulate endothelial cell apoptosis (Armstrong, 2003).  

 
Folliculogenesis  
 
 While there are a variety of angiogenic factors regulating angiogenesis, VEGF has been 

established as one of main factors regulating this phenomenon. During the initial recruitment of 

vasculature in the thecal cell layer of the developing follicle, VEGF has been shown to be detected 

in both the granulosa and theca layers of secondary follicles in cows. Interestingly, ANGPT and 

FGF2 are not expressed until the antral stage of follicle development. While VEGF mRNA is 
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expressed in the theca and granulosa cell layers of secondary follicles and expression increases 

throughout follicular development; translated VEGF protein is localized predominantly in the 

granulosa cells (Greenaway, 2005; Martelli, 2006). In addition, VEGFR2, a receptor for VEGF, 

has been shown to be co-expressed in ovarian granulosa cells in both bovine and murine models. 

Expression of VEGF and VEGFR2 has been shown to increase in expression throughout follicular 

development and treatment of granulosa cells in vitro results in enhanced cell survival due to the 

presence VEGFR2 (Greenaway, 2004). Previous studies have also shown that VEGF 

administration in cattle stimulates the development of secondary follicles (Yang, 2007), while 

inhibition of VEGF via VEGF Trap results in the reduction of endothelial cells in secondary 

follicles and overall inhibition of the formation of antral follicles (Wulff, 2002).  

 During early pre-antral follicle growth, there exists a positive correlation between the 

degree of granulosa cell proliferation and vascular area, suggesting that pre-antral follicle selection 

is based on vascular supply (Martelli, 2009). In addition, during dominant follicle selection, 

follicles that have the greatest estrogen level also have greater vascularization and VEGF 

expression levels (Grazul-Bilska, 2007). Changes in ovarian blood flow in mares, have shown 

follicles that become dominant have increased blood flow compared to non-dominant follicles. 

Similarly, a rapid reduction in blood flow in subordinate follicles after dominant follicle selection 

has been observed in cattle (Acosta, 2004; Acosta, 2005).  

Various studies have been conducted in order to determine which factors stimulate VEGF 

expression throughout folliculogenesis. Hypoxia-induced factor 1 alpha (HIF1a) is a transcription 

factor that is induced in hypoxic conditions and has also been shown to be a potent inducer of 

VEGF. However, interestingly, it has been shown that follicles during the pre-antral stage do not 

express HIF1a (Duncan, 2008). In addition, VEGF expression has been shown to be regulated via 

anti-angiogenic factors, specifically TSP-1. TSP-1 is an extracellular matrix glycoprotein that is 

anti-angiogenic and plays a role in cellular development, differentiation, and function. Protein 

expression of TSP-1 and its receptor, CD36, have been shown to be present in the early antral 

phase of folliculogenesis and are localized primarily to the granulosa cell layer (Petrik, 2002). An 

inverse relationship between VEGF and TSP-1 has been identified where protein expression 

analyses of small, medium, and large bovine follicles showed an increase in VEGF expression 

throughout the pre-antral and antral stages of folliculogenesis, in contrast to decreasing expression 

of TSP-1 (Greenaway, 2005). In addition to this relationship between VEGF and TSP-1 throughout 



 

  10 

folliculogenesis, TSP-1 has also been found to have a direct inhibitory effect on the expression of 

VEGF during follicle development. TSP-1 binds VEGF and internalizes it via LRP-1, a low-

density lipoprotein receptor-related protein, resulting in the degradation of VEGF (Greenaway, 

2007). In vivo murine studies have also shown that inhibition of TSP-1 leads to subfertility, with 

ovarian hypervascularization and altered ovarian morphology, suggesting that TSP-1 is an 

essential regulator of VEGF, angiogenesis, and follicle development in the ovary (Greenaway, 

2007). CD36 null mice were also found to have hypervascularized ovaries with increased 

expression of VEGF and its receptor VEGFR2, increased number of pre-ovulatory follicles, and 

decreased number of corpora lutea (Osz, 2014). TSP-1 expression has also been shown to be 

upregulated during follicular atresia, suggesting that TSP-1 may play a key role in regulating 

atresia by inhibiting angiogenesis (Thomas, 2008). 

 

Figure 2: Schematic of angiogenesis and angiogenic factors throughout folliculogenesis. 
Blood vessels appear within follicles at the late secondary stage, remaining in the thecal cell layer 
due to the presence of the basement membrane. VEGF protein expression increases throughout 
follicular development in cattle, while TSP-1 expression decreases (Greenaway, 2005). Follicle 
images obtained and modified from (Fraser, 2009), figure constructed and designed by Hooper, A.  
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Luteal Development 
 
 The follicular vascular bed provides the basis on which the luteal vasculature is formed in 

addition to the pro-angiogenic factors that have accumulated during the latter stages of follicle 

development. The LH surge that induces ovulation also results in a series of cellular and 

biochemical changes. It has been suggested that LH may have a direct effect on initiating 

angiogenesis during the luteal phase of the ovarian cycle. Studies have shown that mRNA and 

protein expression of follicular FGF2 increases following the LH surge in cattle, in addition to 

FGF2 translocating from thecal endothelial cells to the nucleus of granulosa cells (Berisha, 2008; 

Robinson, 2007). VEGF expression has been shown to increase in vitro when granulosa cells are 

treated with LH.  However, in vivo studies proved to be variable, with some species, primates and 

mice, showing increased VEGF expression due to LH stimulation, while other species, cows and 

pigs, showed only transient increases in VEGF expression (Robinson, 2009).  

 VEGF is expressed in the early CL by the luteinized granulosa cells. Inhibition of VEGF 

during luteal development results in decreased vascularization, decreased endothelial cell 

proliferation, increased endothelial cell apoptosis, and reduced progesterone production (Fraser, 

2000). VEGFR2 has also been shown to be expressed in the corpus luteum. Inhibition of VEGFR2 

via administration of anti-VEGFR2 antibody prior to and during ovulation in rats, results in 

decreased ovarian weight, reduced number of corpora lutea, and decreased progesterone secretion 

(Pauli, 2005). Midway through the luteal phase of the ovarian cycle, angiogenesis begins to 

subside, however VEGF expression is continued, suggesting that VEGF may play an additional 

role in the function or survival of luteal endothelial cells (Fraser, 2009).  

Angiogenesis in the CL is modulated by a variety of factors including angiostatin, TSP-1, 

and TSP-2. Administration of angiostatin has been shown to impair the development and function 

of the CL in a dose-dependent manner as well as create areas with excessive numbers of blood 

cells within the ovary (Hazzard, 2002). In the early luteal phase, TSP-1 and TSP-2 mRNA 

expression increase. During this period, vascularization is very active, therefore thrombospondins 

may be acting to prevent excessive vascular development (Petrik, 2002). TSP-1 and CD36 mRNA 

expression in the CL is high during the estrous cycle in cattle, however decreased significantly 

during pregnancy. As well, upon induction of luteolysis, TSP-1 expression increases, reaching its 

maximum level only 12 hours after luteolysis; all together suggesting the importance of the 

inhibitory role that TSP-1 plays in ovarian angiogenesis (Berisha, 2016). 
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The development and regression of vasculature in the ovary during folliculogenesis and 

luteal development involves a variety of pro- and anti-angiogenic factors. These factors all play 

important regulatory roles with regards to angiogenesis in the ovary, and therefore are essential 

for fertility and ovarian function.  

 

Figure 3: Schematic of angiogenesis and angiogenic factors throughout luteal development. 
At ovulation, the basement membrane breaks down, angiogenesis intensifies as blood vessels 
begin to invade the developing corpus luteum. VEGF mRNA expression in cattle is high 
throughout luteal development and maturation and then decreases during luteal regression (Fraser, 
2009). In contrast, TSP-1 mRNA expression in cattle increases as the CL develops and remains 
high during CL regression (Berisha, 2016). CL images obtained and modified from (Fraser, 2009), 
figure constructed and designed by Hooper, A.  

 
MicroRNA Biogenesis & Mechanism of Action 
 
 Non-coding RNAs (ncRNA) are RNA transcripts that do not encode a protein, however 

still play a vital role in cellular function. There are a variety of ncRNAs, which can be divided into 

two main groups; short ncRNAs, less than 30 nucleotides in length, and long ncRNAs, greater than 

200 nucleotides. The three major classes of short ncRNAs are short interfering RNAs (siRNA), 

piwi-interacting RNAs (piRNA), and microRNAs (miRNA). Theses RNAs orchestrate a variety 

of signals that control various levels of gene expression in physiology and development, including 

chromatin structure, transcription, RNA splicing, and translation (Mattick, 2006). These RNA 



 

  13 

regulatory networks have been shown to play a role in disease and genetic variation and as a result 

have been studied extensively over the past 20 years.   

 MicroRNAs (miRNA) are single-stranded, short non-coding RNAs, 19-24 nucleotides in 

length that play important gene regulatory roles in plants and animals by binding to target mRNAs 

of protein-coding genes, resulting in post-transcriptional repression (Bartel, 2009). The first 

miRNA, lin-4, was discovered in 1993 in C. elegans and was found to negatively regulate the 

mRNA of the protein-coding gene lin-14, which ensures proper transition between C. elegans 

larval stages (Lee, 1993; Wightman, 1993). Soon after the discovery of lin-4, let-7 was also 

discovered in C. elegans, regulating cell differentiation and proliferation. Interestingly, in contrast 

to lin-4, let-7 is not species-specific, but is evolutionary conserved, suggesting that miRNAs have 

essential functions in a variety of organisms (Reinhart, 2000). Since the first discovery of lin-4 in 

1993, over 35,000 mature miRNA sequences have been identified and listed in miRbase (Griffiths-

Jones, 2004).  

 
MicroRNA Processing in the Nucleus 
 

MiRNAs are encoded at various locations within the genome, either independent or as 

clustered transcriptional units. miRNAs are first transcribed in the nucleus via RNA polymerase 

II or RNA polymerase III into a precursor transcript known as primary miRNA (pri-miRNA) 

(Bartel, 2009; Lee, 2004). Pri-miRNAs have a characteristic hairpin-like structure with a 33 base 

pair (bp) stem, a terminal loop, a capped 5’ end, and a polyadenylated 3’ end (Cai, 2004; Carthew, 

2009). Next, the pri-miRNA is cleaved via a microprocessor complex composed of Drosha, an 

RNase III type endonuclease, and its cofactor DGCR8, a double-stranded RNA binding protein. 

DGCR8 has the ability to bind to the stem of the pri-miRNA and then interact with Drosha in order 

to cleave the stem region off of the pri-miRNA. The two RNase domains of Drosha cleave the 5’ 

and 3’ arms of the pri-miRNA hairpin, whereas DGCR8 directly binds and stabilizes the pri-

miRNA in order to ensure proper molecular measurement and to determine the precise cleavage 

site. (Han, 2006; Zeng, 2005). Drosha-mediated cleavage of the pri-miRNA occurs co-

transcriptionally and precedes any splicing of protein-encoding host RNA that contains the 

miRNA sequence (Morlando, 2008). The cleavage of the pri-miRNA generates a 60-80 nucleotide 

hairpin structure known as a pre-miRNA (Winter, 2009).  
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MicroRNA Maturation in the Cytoplasm 
 

After nuclear processing, pre-miRNAs are then shuttled out of the nucleus via Exportin-5 

and Ran-GTP (Yi, 2003). Knockdown of Exportin-5 results in a decreased abundance of mature 

miRNAs, however does not result in accumulation of pre-miRNAs in the nucleus, suggesting that 

Exportin-5 also protects pre-miRNAs against nuclear digestion (Bohnsack, 2004). The double-

stranded hairpin stem and the 3’ overhangs are essential for successful binding of Exportin-5, 

which ensures that only the correctly processed pre-miRNAs are exported to the cytoplasm (Zeng, 

2004).  

In order for a mature miRNA to be fully functional, it must be guided to its target mRNA 

via the RNA-induced silencing complex (RISC). Cytoplasmic processing and RISC assembly are 

all mediated via the RISC loading complex (RLC), which is comprised of the RNase III enzyme 

Dicer, a double-stranded RNA-binding protein TRBP, and the core component Argonaute-2 

(Ago2). The formation of the RLC complex is initiated by the assembly of Dicer, TRBP, and Ago2, 

with the pre-miRNA only joining after this initial complex is formed. The PAZ domain of Dicer 

allows it to bind to the 3’ overhang of the pre-miRNA in order to cleave off the terminal hairpin 

loop, generating a 19-24 nucleotide double-stranded miRNA duplex. Deletion of Dicer results in 

the decrease or abolishment of mature miRNAs (Chendrimada, 2005; Gregory, 2005). 

 Once Dicer has cleaved the pre-miRNA, Dicer and TRBP dissociate from the miRNA 

duplex. In order for a miRNA to be fully functional it needs to be single stranded, therefore the 

miRNA duplex needs to be separated into a functional guide strand, which is complementary to 

its target, and a passenger strand, which is subsequently degraded. The miRNA duplex is then able 

to associate with an Ago2 which facilitates duplex unwinding and RISC activation (Diederichs, 

2007). The functional asymmetry of the mature miRNA depends on the thermodynamic stability 

of the base pairs at the two ends of the duplex; where the miRNA strand with the least stable base 

pair at its 5’ end is loaded in the RISC. The RISC, along with its mature miRNA, is then able to 

bind to its target 3’ untranslated region (3’UTR) via complementary binding and carry out its 

functional effects within the cell. Mature miRNAs are able to regulate gene expression through 

direct mRNA target cleavage, translational repression by blocking the ribosomal binding site, or 

through mRNA deadenylation (Winter, 2009). 
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Figure 4: MicroRNA processing pathway. In order to create functionally mature miRNA, 
transcripts must undergo a series of processing steps. Primary-microRNAs are transcribed via 
RNA polymerase II or III and then cleaved by Drosha and DGCR8 to create a pre-microRNA. The 
pre-microRNA is then exported out of the nucleus via Exportin-5 and Ran GTP and then cleaved 
into a microRNA duplex via Dicer and TRBP. The microRNA duplex is then unwound by Ago2. 
The passenger strand is degraded while the functional guide strand joins the RISC in order to target 
mRNAs through direct target cleavage, translational repression, or mRNA deadenylation. Figure 
adapted from (Winter, 2009).  
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MicroRNA Regulation of Ovarian Function 
 
 MicroRNAs, endogenous siRNAs, and piRNAs make up the majority of small non-coding 

RNAs within ovarian tissues, with miRNAs being the most abundant. MiRNAs have emerged as 

master regulators of tissue growth and differentiation, however in comparison to other body 

tissues, little is known about the functional effect of miRNAs in the ovary. As the ovary is 

heterogeneous, containing both germ cells and somatic cells, there is great diversity in the 

expression of miRNAs and other small non-coding RNAs (Christenson, 2010). By better 

understanding the regulatory abilities of miRNAs in the ovary, this can lead to potential for miRNA 

diagnostics and therapeutics, which could lead to substantial benefits to reproductive medicine and 

health.  

 The importance and necessity of miRNA regulation for ovarian function was first 

discovered through targeted deletion or inhibition of Dicer in ovarian cells and tissue. Deletion of 

Dicer in oocytes using a zona pellucida sperm-binding protein 3 (ZP-3) promoter-Cre revealed 

oocyte defects after ovulation, however ovarian folliculogenesis appeared normal, indicating that 

oocyte miRNAs did not have an impact on genes involved in regulating the surrounding cumulus 

cells (Murchison, 2007). Later studies deleted Dicer in a murine model using anti-Mullerian 

hormone receptor type 2 (AMHR2) promoter-Cre, which resulted in defects in uterine and oviduct 

development as well as ovarian function. These mice exhibited reduced ovulation rates and 

oviductal defects, which was attributed to the loss of miRNAs within the granulosa cells that 

express AMHR-2 (Hong, 2008; Nagaraja, 2008). Female infertility was also discovered in another 

mouse model with inhibited Dicer expression, where mice exhibited normal ovulation rates, 

however the corpora lutea had reduced progesterone output, which lead to the inability of the mice 

to sustain pregnancies. In addition, the Dicer knock-down lead to decreased vascularization of 

follicles and corpora lutea. Interestingly, administration of exogenous miRNAs, let-7b and miR-

17-5p, could reverse the negative fertility outcomes, thereby showing the importance that miRNAs 

play in fertility and ovarian function (Otsuka, 2008).  

 Gene expression analyses using cloning or sequencing, have shown that miRNAs are 

widely expressed in the mammalian ovary, with estimates ranging from 373 to 679 different 

miRNAs being present in whole ovarian tissues of various species (Fitzgerald, 2016). Ovarian-

expressed miRNAs can be mapped throughout the genome, however chromosomes X and 2 have 

been shown to contain a high number of ovarian miRNAs in several species (Ahn, 2010). Many 
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studies have analyzed miRNA expression in whole ovarian tissue of a variety of species. The ten 

most abundant miRNAs found in human (Landgraf, 2007), cow (Hossain, 2009), and mouse 

(Mishima, 2008) ovarian tissue are detailed in Table 1. While these results assess the whole tissue 

rather than specific somatic cell types such as granulosa, theca, or luteal cells, it still provides a 

starting point for identifying which miRNAs may be playing an important role in ovarian function 

and fertility.  

 

Table 1: Most abundant miRNAs in whole ovaries of adult human, bovine, and murine species. 

Species MicroRNA Reference 

Human let-7a, let-7b, let-7c, miR-16, 
miR-26a, miR-29a, miR-99a,  
miR-125b, miR-126,  
miR-143-3p 

Landgraf, 2007 

Cow let-7a, let-7b, let-7c, miR-21, 
miR-23b, miR-24, miR-27a, 
miR-126, miR-143, miR-652 

Hossain, 2009 

Mouse miR-21, miR-93, miR-99a, 
miR-125b, miR-143-3p,  
miR-145, miR-199a-3p,  
miR-214-3p, miR-322,  
miR-351 

Mishima, 2008 

Table adapted from (Maalouf, 2016). 

 

MicroRNAs in Folliculogenesis 
 
 Dynamic changes in the level of various miRNAs throughout follicle development have 

been reported in a variety of species. From the beginning of folliculogenesis, the formation and 

maintenance of the primordial follicle pool has been shown to be regulated by miR-376a, -143, 

and -145. MiR-376a has been shown to target proliferating cell nuclear antigen (PCNA), which 

promotes the apoptosis of oocytes in fetal murine ovaries, and subsequent transfection of miR-

376a results in an increase in the number of primordial follicles and reduces oocyte apoptosis 

(Zhang, 2014). MiR-143 is expressed in pre-granulosa cells of murine neonates, but not in the 

oocytes. Functional studies of miR-143 demonstrated that miR-143 inhibits primordial follicle 
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formation by reducing proliferation and decreasing the expression of cell-cycle-related genes 

(Zhang, 2013). Finally, inhibition of miR-145 in neonatal murine ovaries leads to decreased 

expression of zona pellucida (ZP) genes ZP1, ZP2, and ZP3, as well as increases the expression of 

transforming growth factor beta receptor 2 (TGFbR2). This results in the activation of the TGFb 

signalling pathway, which has been shown to be important in primordial and primary follicle 

activation (Yang, 2013).  

 MiRNA regulation has also been shown to play an important role in follicular growth and 

the selection of the dominant follicle. Microarray analysis of bovine follicles, comparing small and 

large follicles as well as comparing large healthy and large atretic follicles was conducted 

(Sontakke, 2014). Researchers found that a total of 523 miRNAs were expressed in bovine 

follicles. MiR-144, -202, -451, -652, and -873 were found to be upregulated in large follicles as 

compared to small follicles. In addition, miR-144, -202, -873 were expressed at a higher level in 

granulosa cells as compared to theca cells. In contrast, miR-652 was expressed at equal levels in 

both granulosa and theca cells, whereas miR-451 was upregulated in theca cells (Sontakke, 2014). 

Researchers also discovered a greater expression of miR-144, -202, and -873 in large healthy 

follicles as compared to large atretic follicle, therefore suggesting that these miRNAs may be 

involved in the regulation of granulosa cell function in dominant follicles (Sontakke, 2014). In 

another study analyzing bovine follicles, 244 miRNAs were found to be commonly expressed in 

both small and large follicles and of these, the let-7 family, miR-10b, -26a, -27b, and -99b were 

found to be highly expressed in follicles regardless of which stage of the estrous cycle they were 

collected (Salilew-Wondim, 2014). In the horse, miR-21, -132, -145, -212, -224, and -378 were 

found to be differentially expressed in dominant follicles as compared to subordinate follicles 

(Schauer, 2013). These results suggest that miRNAs may be involved in the selection of the 

dominant follicle, however more functional analysis is required.  

 While miRNA expression analyses allow us to determine which miRNAs are expressed in 

certain tissues or cell types, in order to fully understand the role that each miRNA plays with 

regards to folliculogenesis, functional analyses must be conducted. Functional studies using 

granulosa cells in vitro has begun to elucidate the potential role that these miRNAs play in 

follicular development, maturation, and atresia. Several studies have shown that miRNAs are 

involved in granulosa cell proliferation, survival, and function, as outlined in Table 2. For 

example, miR-21 has been shown to play a role in protection against apoptosis, whereby inhibition 
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of miR-21 in granulosa cells leads to increased apoptosis and decreased ovulation rates (Carletti, 

2010). One might expect genes for proliferation and apoptosis to be inversely regulated by 

miRNAs, however this is not necessarily the case as some miRNAs have the ability to regulate 

both proliferation and apoptosis related genes. MiRNAs have the ability to fine tune target 

pathways, however their actions may also depend on the presence of other miRNAs or hormones. 

For example, the let-7 family has been shown to decrease proteins involved in both proliferation 

and apoptosis in folliculogenesis (Cao, 2015; Sirotkin, 2010).  

 
 Table 2: Function of microRNAs in granulosa cells.  

Table adapted from (Maalouf, 2016). 

 

Function MicroRNA References 

Increase proliferation miR-7, miR-9, miR-93,  
miR-105, miR-108, miR-128, 
miR-132, miR-141, miR-142, 
miR-152, miR-188, miR-191, 
miR-224 

Sirotkin, 2010 
Yao, 2010 
Jiang, 2015 
 

Decrease proliferation miR-125b, miR-181a,  
miR-320, miR-383, miR-503 

Sirotkin, 2010 
Zhang, 2013 
Yin, 2014 
 

Induce apoptosis let-7g, miR-15a, miR-18,  
miR-23a, miR-26b, miR-29a, 
miR-32, miR-34a, miR-92,  
miR-96, miR-124, miR-125a, 
miR-136, miR-147, miR-183 

Sirotkin, 2010 
Yang, 2012  
Liu, 2014 
Tu, 2014 
Cao, 2015 

Inhibit apoptosis miR-21, miR-92a, miR-125b Carletti, 2010 
Sirotkin, 2010  
Liu, 2014 

Regulate steroidogenesis Let-7 family, miR-15a,  
miR-16, miR-23a, miR-34a, 
miR-125b, miR-132,  
miR-145, miR-210, miR-224, 
miR-320, miR-378, miR-383, 
miR-423-5p, miR-513a-3p 

Sirotkin, 2009 
Yin, 2014  
Toms, 2015 
Wu, 2015 
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MiRNAs have also been shown to be involved in the regulation of steroidogenesis in 

granulosa and theca cells. MiR-378 has been shown to inhibit aromatase expression and estradiol 

production in porcine granulosa cells, in addition to miR-34a and miR-320, which have been 

shown to inhibit estradiol production in murine and human granulosa cells (Toms, 2015). In 

contrast, miR-383 and miR-132 have been shown to increase estradiol production, but do not affect 

progesterone release (Yin, 2014). Therefore, not only are miRNAs involved in the regulation of 

genes for proliferation and apoptosis, but they also play a role in the regulation of steroid 

production. Taken together, it is evident that miRNAs play an important regulatory role in 

granulosa cell function and follicle development. Future studies in this field will aim to elucidate 

the way in which these miRNAs work together to regulate translation of their many target mRNAs. 

 
MicroRNAs in Luteal Development 
 
 Similar to the miRNA studies on follicle development, miRNA profiles have been 

conducted on corpora lutea of various species. The most abundantly expressed miRNAs in the 

ovine CL are let-7a, let-7b, miR-16b, -21, and -125b (McBride, 2012). Similarly, members of the 

let-7 family and miR-21 are also among the most highly expressed miRNAs in bovine CL, along 

with miR-140, -199a-3p, and -320. The let-7 family, while also expressed in granulosa cells, has 

been shown to have a significantly greater expression in CL tissue, thereby suggesting that it may 

play an important function in steroidogenesis (Maalouf, 2014). In addition, miR-21 has been 

shown to increase during the follicular-luteal transition and show even greater expression in mature 

CLs, therefore suggesting that miR-21 may play a key role in luteinization (Maalouf, 2014; 

Maalouf, 2016). Expression of miR-126 has been shown to increase during the luteal phase, peak 

around mid-cycle, and then begin to decline when regression of the CL occurs. MiR-126 is also 

expressed in both luteal cells as well as luteal endothelial cells, suggesting that it miR-126 may 

play an important role in vascularization of the CL (Dai, 2014).  

 MicroRNA regulation of luteal development is evident, but another area of interest is the 

regulation of an essential point in the ovarian cycle; luteolysis. Microarray analyses have shown 

that miR-21, -26a, -99a, -186, -190a, -199a-3p, -320, and -455 have significantly greater 

expression at mid-cycle while miR-22-5p, -24, -107, -147, -148b, -378, and -877 were significantly 

greater in regressed bovine CLs (Ma, 2011). As prevention of luteolysis is a critical event in the 

establishment of pregnancy, it is hypothesized that maternal recognition of pregnancy also includes 
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changes in luteal miRNA expression that target pathways that are important for luteal survival and 

regression. Microarray analysis of corpora lutea from ovaries in the estrous cycle versus ovaries 

from pregnant bovine found twelve differentially expression miRNAs, including miR-10b, -122, 

and -222, with many of their target genes involved in apoptosis and regulation of immune response 

(Maalouf, 2014). Overall, it is evident that miRNA regulation is important during various stages 

of the luteal phase in order to facilitate luteal development, maintenance, and regression. 

 
MicroRNAs in Angiogenesis 
 

 As mentioned previously, angiogenesis is essential for follicle and luteal development and 

overall ovarian function. While the study of miRNA regulation of angiogenesis in the ovary is 

very limited, there have been studies that have assessed the role of miRNA regulation in 

endothelial function and blood vessel growth. Beginning with miRNA processing, Dicer-deficient 

mice have been shown to have impaired blood vessel formation and yolk sac vascularization 

(Yang, 2005). In addition, in vitro studies have shown that Dicer knockdown in endothelial cells 

results in diminished cell migration, reduction in the formation of capillary-like structures, and 

reduced proliferation (Keuhbacher, 2007; Suarez, 2008). Similarly, in vitro knockdowns of Drosha 

also result in significant impairment of endothelial cell proliferation in addition to an accumulation 

of pri-miRNAs and a reduction of pre- and mature miRNAs (Kuehbacher, 2007; Suarez, 2008). 

Together, these studies indicate that miRNAs play an important role in the regulation endothelial 

cell proliferation and blood vessel growth.  

 MiRNA expression profiles have been conducted in order to determine endothelial cell 

specific miRNA expression. MiRNAs that are highly expressed in endothelial cells include let-7b, 

miR-16, -21, -23a, -29, -100, -126, -221, and -222 (Poliseno, 2006). A variety of pro-angiogenic 

miRNAs have also been identified including let-7f, miR-130a, -17, -27b, -210, and -378, as well 

as various anti-angiogenic miRNAs including miR-15, -16, -20a, -20b, -221, and -222 (Urbich, 

2008). These expression profiles provide us with a baseline from which to study miRNA regulation 

in various angiogenic mechanisms. 

 VEGF expression is essential for blood vessel growth and is therefore extensively studied 

with regards to miRNA regulation of angiogenesis. MiR-93 and miR-200b target the 3’UTR of 

VEGF and have been found to be significantly down-regulated during hyperglycemic conditions 

(Long, 2010; McArthur, 2011). Furthermore, miR-15a has been shown to decrease expression of 
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VEGF and FGF2 in endothelial cells, thereby inhibiting blood vessel formation (Yin, 2012). In 

addition to miRNA regulation of VEGF signalling, miRNA expression has also been shown to be 

induced downstream of VEGF signalling. For example, VEGF induces the expression of miR-16 

and miR-424, which act in a negative feedback loop to control angiogenesis by targeting VEGF 

and VEGFR2 (Chamorro-Jorganes, 2011). Not only is there miRNA regulation of angiogenesis at 

the level of the ligand and the receptor, but several intracellular signalling effectors utilized 

downstream of VEGF have also been shown to be targeted by miRNAs. During vascular 

development, VEGF will bind to VEGFR2 and activate both the phosphoinositide-3-kinase (PI3K) 

and mitogen-activated protein kinase/extracellular signal-regulated kinases (MAPK/ERK) 

signalling pathways. MiR-126 and miR-221 have both been shown to inhibit PI3K expression 

(Fish, 2008; Nicoli, 2012). Additionally, miR-132 has been shown to be a key regulator of Ras, 

which mediates activation of the MAPK/ERK pathway downstream of VEGF signalling. MiR-132 

is highly expression in tumor endothelial cells, and its expression can be induced by VEGF and 

FGF2 (Anand, 2010). Overall, this phenomenon illustrates that miRNAs play a dynamic role in 

regulating gene expression at various levels of angiogenic signalling cascades, suggesting that the 

role that each miRNA plays may be multifaceted. 

 The anti-angiogenic factor TSP-1 has also been shown to be regulated via miRNAs. In 

2006, the miRNA cluster known as miR-17~92 was first linked to angiogenesis due to its ability 

to repress the level of anti-angiogenic factors including TSP-1. This miRNA cluster is a 

polycistronic miRNA gene encoding for six miRNAs including miR-17, -18a, -19a, -19b, -20a, 

and -92, which are tightly grouped on chromosome 13. MiR-18a and miR-19 were shown to be 

primarily responsible for the down-regulation of TSP-1, which leads to enhanced angiogenesis 

(Dews, 2006). In addition, vascular smooth muscle cells treated with TSP-1 have been shown to 

have a significant upregulation of miR-512-3p and downregulation of miR-25-5p and the miR-

17~92 cluster (Maier, 2016). Overall, previous studies have demonstrated that miRNAs play an 

important role in regulating angiogenesis, however there is limited research on the miRNA 

regulation of VEGF and TSP-1 with regards to ovarian angiogenesis.  
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MicroRNAs and Ovarian-Based Reproductive Disorders 
 
 In recent years, studies have aimed to uncover the potential role that miRNAs may play in 

a variety of female reproductive disorders. The ovary undergoes changes in structure and cellular 

identify during each estrous or menstrual cycle and if this cycle is altered or inhibited in any way, 

this can lead to various ovarian-based reproductive disorders such as bovine cystic ovarian disease 

(COD) and polycystic ovarian syndrome (PCOS) in humans. These cyclic changes are believed to 

be highly regulated and that miRNAs may play a vital role in the intricate regulation of genes 

throughout each cycle. 

 
Bovine Cystic Ovarian Disease 
 
 Cystic ovarian disease (COD) is a major contributor of infertility in cattle causing severe 

economic loss to the dairy industry (Peter, 2004). Ovarian cysts result in reproductive failure as 

the mature follicle fails to ovulate at the appointed time in the estrous cycle. Cysts are defined as 

follicle-like structures on the surface of the ovary that have persisted for more than 10 days, have 

a diameter greater than 2 cm, and occur in the absence of luteal tissue (Peter, 2004). These 

follicular cysts are thought to develop due to an endocrine imbalance in the hypothalamo-

hypophyseal-gonadal axis, which results in inappropriate production of LH and steroid hormones 

(Peter, 2004). However, as cows do not develop cysts during every lactation or during every 

ovarian cycle, a change in gene expression is thought be a potential mediator of the disease (Grado-

Ahuir, 2011).  

 The accumulation of excess follicular fluid (FF) in a cystic follicle is also accompanied by 

a highly developed vascular network within the theca interna (Isobe, 2008). This increased density 

and complexity of vasculature within cystic follicles is believed to play a critical role in the 

accumulation of FF, thus potentiating COD. Vascular factors are able to permeate through the 

basement membrane and into the follicular fluid, including VEGF and TSP-1 (Isobe, 2008). Cystic 

follicles have been shown to express protein and mRNA of VEGF and its receptors Flt-1 and 

VEGFR2 in both the granulosa and thecal cell layers (Isobe, 2008). It has been suggested that 

VEGF plays a pivotal role in the influx of serum components into the follicular antrum, leading to 

the expansion and growth of the follicle.  (Isobe, 2008).   

 The mechanisms leading to follicular cysts in cattle are still poorly understood. It is 

believed that the condition is multifactorial with a variety of contributions proposed such as 
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environmental, hereditary, and gene regulatory factors (Peter, 2004). As a result, miRNA 

regulation may be an important link to better understanding this disease. While very little is known 

about the miRNA expression profiles of COD, more research has focused on the role that miRNAs 

play in PCOS, which provides potential insight into the pathophysiology of COD.  

 
Polycystic Ovarian Syndrome 
 
 Polycystic ovarian syndrome (PCOS) is a common endocrine disorder affecting 5-7% of 

reproductive age women (Tal, 2015). PCOS is typically characterized by anovulatory infertility, 

hyperandrogenism, and cystic follicle development. In addition, patients with PCOS have an 

increased number of follicles at all growing stages, excluding primordial follicles, resulting in 

increased ovarian mass. PCOS can present with a wide spectrum of indicators such as obesity, 

hyperlipidemia, insulin resistance, and type II diabetes (Tal, 2015). While the pathophysiology of 

PCOS is not fully understood, it has been suggested that dysregulation of angiogenic factors may 

be potentiating the disease.  

VEGF is the most extensively studied angiogenic factor in the context of PCOS. Studies 

have shown an over expression of VEGF within the ovarian stroma in women with PCOS, which 

is associated with increased blood flow (Agrawal, 1998). It has also been reported that there is a 

significant increase in VEGF expression in the follicular fluid and a decrease in VEGFR2, thereby 

resulting in increased VEGF bioavailability (Agrawal, 1998; Ferrara, 2003).  

Due to the involvement of miRNAs in other diseases, it has been proposed that miRNA 

expression in the ovary may have a direct regulatory effect on the expression of specific genes 

involved in folliculogenesis and ovarian steroidogenesis, thereby playing a role in PCOS. 

Researchers have analyzed follicular fluid from patients with PCOS in order to characterize the 

miRNA expression profile as compared to healthy follicles. MiR-132 and miR-320 were found to 

have decreased expression whereas miR-9, -18b, -32, -34c, and -135a were found to be over 

expressed in PCOS follicles (Roth, 2014; Sang, 2013). In addition, miR-132, -222, -320, and -

520c-3p were shown to play a role in regulating estradiol concentrations, while miR-24, -193b, 

and -483-5p were shown to regulate progesterone concentrations in PCOS patients (Roth, 2014; 

Sang, 2013). Follicular fluid miRNA expression analyses have also been used to correlate fertility 

outcomes in patients with PCOS and found an increase in miR-30a and a decrease in miR-140 and 

let-7b in PCOS patients (Scalici, 2016). Circulating miRNAs have also been studied in patients 
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with PCOS. Serum samples analyzed via microarray showed a significant increase in let-7i and 

miR-638 as well as a significant decrease in let-7c, miR-29a-3p, -124-3p, and -128 (Ding, 2015). 

In another study, serum miRNA levels of miR-30c, -146a, and -222, were significantly 

upregulated, with the researchers hypothesizing that these miRNAs could act as potential 

biomarkers for diagnosis of PCOS (Long, 2014). 

Identification of miRNAs in body fluids has paved the way for their use as novel 

biomarkers for clinical diagnoses. MiRNAs have been shown to be stable and remain intact in 

clinical samples. As such, miRNAs in serum and other fluids hold great promise as minimally 

invasive biomarkers (Chen, 2008). By better understanding the role of miRNAs and their 

expression patterns in healthy versus pathological tissues, we can potentially use these tools to 

diagnose and better treat reproductive disorders such as COD and PCOS. 

 
MicroRNA Based Therapies 
 

MicroRNA research began with expression profiles in various whole tissues and cells, 

which quickly developed into functional analysis of miRNA regulation. Now, miRNA research 

has begun to elucidate the potential of miRNAs as therapeutics or biomarkers for disease and 

pathology. There are two major approaches to developing miRNA-based therapeutics: antagonists 

and mimics. MiRNA antagonists act to inhibit endogenous miRNAs that have been shown to have 

pathogenic gain-of-function in diseased tissues. In contrast, miRNA mimics are used to restore the 

loss of function of miRNAs that have been shown to be beneficial under normal physiological 

conditions (Caporali, 2011). While the idea of utilizing antagonists and mimics appears promising, 

there are a variety of obstacles that must be overcome in order for these to become potential 

therapies, such as delivery of the miRNA to specific tissues, avoiding off-target effects, and 

optimizing the dosages (Caporali, 2011).  

MiRNA antagonists or antagomiRs, are modified antisense RNA molecules that contain 

the full or partial complementary reverse sequence of a mature miRNA that acts by reducing 

endogenous levels of miRNAs and therefore increasing the expression of its mRNA targets 

(Rupaimoole, 2017). Several antagomiRs have begun to be tested in clinical trials including miR-

122, miR-103, and miR-155; targeting diseases such as hepatitis C, type 2 diabetes, and T cell 

lymphoma, respectively (Rupaimoole, 2017).  In contrast, miRNA mimics are double-stranded 

RNA molecules that mimic endogenous mature miRNAs. Again, several miRNA mimics have 
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proceeded to clinical trials in the last few years including miR-29, miR-16, and miR-34, targeting 

diseases such as scleroderma, non-small cell lung cancer, and haematological malignancies, 

respectively. (Rupaimoole, 2017).  

One of the challenges with targeting miRNAs in vivo is ensuring safe and effective delivery 

of the oligonucleotide without any off-target effects while still maintaining sufficient cellular 

uptake. Recent research has studied the use of nano and microparticles as delivery methods (Liu, 

2011). Delivery of anti-miR-132 to diseased blood vessels using vessel-targeted nanoparticles has 

been shown to be effective, resulting in inhibition of miR-132 expression in the vasculature while 

having minimal toxic side effects (Liu, 2011).  

Overall, there are many challenges to overcome before miRNA-based therapeutics become 

potential therapies for a variety of diseases and pathologies. By better understanding the role that 

specific miRNAs in ovarian physiology, we can identify miRNAs that may have therapeutic 

benefits to ovarian-based reproductive disorders such as bovine cystic ovarian disease and 

polycystic ovarian syndrome.  

 
Summary 
 
 It has been well established that miRNAs play an important role in gene regulation within 

the ovary and that VEGF and TSP-1 are essential for ovarian physiology. What has yet to be 

uncovered is how miRNAs, that target VEGF and TSP-1, play a functional role in governing 

folliculogenesis, luteal development, and angiogenesis in the ovary. By better understanding the 

role that miRNAs play, the better we will be able to understand ovarian-based reproductive 

disorders such as bovine cystic ovarian disease.  
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RATIONALE 
 

Reproductive insufficiency results in a significant economic problem in the cattle industry 

in Canada, as the incidence of these disorders is on the rise. Cystic ovarian disease (COD) is a 

major contributor to infertility in cattle, with 30% of cows developing ovarian cysts during a given 

lactation and becoming anovulatory. The cause of COD has remained elusive and is thought to be 

multifactorial, with both genetic and angiogenic contributions proposed. As cows do not develop 

cysts with every lactation, or during every ovarian cycle, it is thought that a change in gene 

expression may be an important mediator and contributor to this disease. MicroRNAs (miRNAs), 

small non-coding RNAs that regulate gene expression, have been shown to be central regulators 

of various cellular processes throughout the ovarian cycle and increasing evidence suggests that 

miRNAs may be involved in a number of ovarian-based reproductive disorders. 

Previous research in our lab has focused on investigating the role of angiogenesis in ovarian 

biology. Vascular endothelial growth factor (VEGF), a pro-angiogenic factor and 

Thrombospondin-1 (TSP-1), an anti-angiogenic factor, have both been extensively studied in our 

lab. These factors not only coordinate angiogenesis throughout the ovarian cycle, but they also 

exhibit an inverse and reciprocal relationship throughout follicular and luteal development. 

VEGF and TSP-1 have been shown to be essential for ovarian angiogenesis and 

folliculogenesis, however, the regulation of these factors via miRNAs throughout the ovarian cycle 

and in ovarian pathology has yet to be discovered.  Therefore, this study aims to test the hypothesis 

miRNAs are integral to the regulation of ovarian function and the coordination of 

angiogenesis and follicular development and that altered miRNA expression contributes to 

the onset and progression of ovarian dysfunction and reproductive disorders in cattle.  

 

OBJECTIVES 
 

1. To determine which microRNAs, that target the 3’UTR of VEGF and TSP-1, play a key 

role in regulating ovarian angiogenesis and folliculogenesis. 

2. To characterize the microRNA, mRNA, and protein expression profiles in large and cystic 

bovine ovarian follicles. 
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MATERIALS AND METHODS 
 
Murine Model 
 
Treatment Schedules 
 
 All animal care and experimental procedures were approved by the Animal Care 

Committee of the University of Guelph (AUP #1972) and were in accordance with the regulations 

established by the Canadian Council on Animal Care. Six-week-old C57Bl6 mice (Charles River 

Laboratories; n=45) were housed at the University of Guelph Central Animal Facility under 

standard conditions and with free access to food and water. Mice were randomly assigned to Low-

Dose Metronomic (LDM) or Maximum Tolerated Dose (MTD) cyclophosphamide (Sigma-

Aldrich Canada Ltd., Oakville, ON), or phosphate buffered saline (PBS; vehicle control) treatment 

groups (n=15/group). All treatments were delivered as equal volume intraperitoneal (IP) 

injections. The MTD treatments were administered in 6-day cycles, with MTD cyclophosphamide 

(100mg/kg body weight) on Day 1 followed by 5 days of PBS injections, for a total of 2.5 cycles. 

The LDM group received 20mg/kg body weight cyclophosphamide IP injections daily and control 

mice received daily injections of sterile PBS. On Day 13, each mouse was given 2.5 international 

units (IU) of pregnant mare serum gonadotropin (PMSG; Sigma-Aldrich Canada Ltd., Oakville, 

ON) IP to stimulate synchronous follicle development and maturation. Ovulation was induced 48-

hours post-PMSG (Day 15) by IP injection of 2.5 IU of human chorionic gonadotropin (hCG; 

Sigma-Aldrich Canada Ltd., Oakville, ON). Ovaries were collected at time points representative 

of antral (24 hours post-PMSG), ovulatory (6 hours post-hCG), early luteal (12 hours post-hCG), 

and luteal (24 hours post-hCG) stages of follicle development or corpus luteum formation. 

Equivalent cumulative doses (300mg/kg) of cyclophosphamide were received by all mice by the 

final day of tissue collection. Treatment schedules and tissue collection times points are 

summarized in Figure 5.  
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Figure 5: Schematic diagram of in vivo mouse model. A) The division of mice into one of 15 
experimental groups (3 treatment groups x 5 time points each). B) Treatment timeline (in days): 
mice were treated with LDM (blue arrow) or MTD (red arrow) scheduled chemotherapy with 
cyclophosphamide for approximately two weeks. Mouse ovarian cycles were synchronized with 
PMSG followed by hCG 48 hours later (closed circles). Ovarian tissue was collected at time points 
representative of preantral, antral, ovulatory, early luteal, and luteal stages (open circles). 
Equivalent cumulative doses of cyclophosphamide were administered by the final day of tissue 
collection (300mg/kg). Figure adapted from Dynes, J., MSc Thesis, University of Guelph, 
December 2014.                                 

 
Tissue Collection and Preparation 
 
 Mice were humanely euthanized by CO2 asphyxiation followed by cervical dislocation. 

Ovaries were trimmed of fat and connective tissue and weighed upon collection. One ovary from 

each mouse was fixed overnight in 10% neutral buffered formalin (Fisher Scientific, Whitby, ON) 

and transferred to 70% ethanol (EtOH; Greenfield Ethanol Inc., Brampton, ON) at least 24 hours 
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prior to paraffin processing. The remaining ovaries from were flash frozen in liquid nitrogen for 

additional protein and RNA expression analyses and stored at -80°C. 

 
DNA/RNA/Protein Extraction 
 

Genomic DNA, total RNA, and protein were collected from murine ovarian tissue using 

the Norgen Biotek Corporation RNA/DNA/Protein Plus Micro Extraction kit (Norgen Biotek, 

Thorold, ON). Ovaries that had been previously flash frozen and stored in -80°C were transferred 

into a RNase-free microcentrifuge tube and ground thoroughly using a pestle. 300µL of lysis buffer 

SKP was added to each tissue sample and further ground with the pestle until the sample had been 

homogenized. In order to homogenize the tissue further, the lysate was passed 5-10 times through 

a 25-gauge needle attached syringe until fully homogenized. The lysate was then centrifuged at 

8000rpm for 2 minutes in order to pellet any cellular debris. Up to 600µL of the lysate supernatant 

was then transferred into a gDNA Purification Micro Column with collection tube and centrifuged 

at 8000rpm for 1 minute. Flowthrough was retained and placed on ice for RNA purification. gDNA 

purification micro column was then washed with 500µL of Wash Solution A and centrifuged at 

6000rpm for 1 minute. Flowthrough was discarded, and wash was repeated a second time. An 

additional spin at 14,000rpm for 2 minutes was conducted in order to thoroughly dry the resin. 

gDNA purification column was then transferred to a 1.7mL elution tube. 100µL of Elution Buffer 

F was added to the column and centrifuged at 2000rpm for 2 minutes followed by 14,000rpm for 

1 minute. DNA was then stored at -80°C for future use.  

For every 100µL of RNA flowthrough from gDNA extraction, 180µL of 96-100% ethanol 

was added and mixed by vortexing. Up to 600µL of RNA flowthrough and ethanol was transferred 

into an RNA/Protein Purification Micro Column with collection tube and centrifuged at 6000rpm 

for 1 minute. Flowthrough was retained and placed on ice for protein purification. Wash of 

RNA/Protein purification column was conducted three times by adding 400µL of Wash Solution 

A to the column and centrifuging at 6000rpm for 1 minute. Following the final wash, the column 

was spun at 14,000rpm for 2 minutes in order to thoroughly dry the resin. RNA/Protein purification 

column was then transferred to a 1.7mL elution tube. 50µL of Elution Solution A was added and 

centrifuged at 2000rpm for 2 minutes followed by 14,000rpm for 1 minute. RNA/Protein column 
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was retained for protein purification procedure. RNA concentration was the quantified using 

Nanodrop 2000 and stored at -80°C for future use. 

For every 100µL of flowthrough from RNA extraction, 200µL of RNase/DNase free water 

and 8µL of Binding Buffer A was added mixed thoroughly. RNA/Protein purification column was 

assembled with a collection tube and up to 600µL of pH-adjusted protein sample was added to the 

column and centrifuged at 8000rpm for 2 minutes. Flowthrough was discarded. This step was 

repeated until total protein sample had passed through the column. 500µL of Wash Solution C was 

added to the column and centrifuged at 8000rpm for 2 minutes and flowthrough was discarded. 

4.6µL of Protein Neutralizer was added to a fresh 1.7mL elution tube. Column was transferred to 

elution tube and 50µL of Elution Buffer C was added and centrifuged at 8000rpm for 2 minutes. 

Protein was then stored at -80°C for future use. 

 
cDNA Synthesis 
 
microRNA 
 
 Following RNA extraction, microRNA cDNA synthesis using reverse transcription was 

performed for expression analysis via qPCR. MiRNA cDNA synthesis was performed using 

qScript microRNA cDNA synthesis kit (Quanta Biosciences, Beverly, MA). A two-step reaction 

was performed. In the first step, 2µL of 5x Poly(A) Tailing Buffer, 1µL of Poly(A) Polymerase, 

and a variable amount of RNA and nuclease free water (up to 7µL and 1µg total RNA) were 

combined per reaction and incubated in a Bio-Rad T100 Thermal Cycler at 37°C for 60 minutes 

followed by 70°C for 5 minutes. In the second step, 9µL of microRNA cDNA Reaction Mix and 

1µL qScript Reverse Transcriptase was added to the reaction product from step 1 and incubated at 

42°C for 20 minutes followed by 85°C for 5 minutes. In addition, a No-Reverse-Transcriptase 

(NRT) control was conducted, where 1µL of qScript Reverse Transcriptase in the second step was 

replaced with 1µL of nuclease-free water in order to control for potential genomic DNA 

contamination.  The resulting cDNA product was then stored in -20°C until future use.  
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Reference Gene Selection 
 
 Candidate reference genes were selected from previous literature on miRNA reference 

gene analyses. A total of 6 candidates were chosen: miR16-5p, miR106a-5p, Let-7a-5p, miR93-

5p, miR191-5p, and U6. qPCR was performed as described below. Reference gene stability was 

assessed using three different reference gene software systems: geNorm, Normfinder, and 

Bestkeeper.  

 
Quantitative PCR (qPCR) Analysis 
  

MicroRNA 

 MicroRNA reverse transcribed cDNA was analyzed using quantitative real-time 

polymerase chain reaction (qPCR) to assess expression profiles of miRNAs of interest. Each 

analysis was performed on three biological replicates each consisting of three technical replicates. 

MicroRNA targets of interest included miR15a-5p, miR-18a-5p, miR20a-5p, miR21-5p, miR-29a-

3p, miR126-5p, miR132-3p, and Let-7a-5p, with miR16-5p and miR106a-5p used as reference 

genes (Quanta Biosciences, Beverly, MA). All primer efficiencies were calculated by performing 

a standard curve using a 2:1 dilution of a pooled reaction sample from 50ng/µL to 0.78ng/µL. Only 

primer efficiencies between 90-110% were accepted. MiRNA primer sequences and efficiencies 

can be found in Table 3. 

 For miRNA expression analysis, a master mix was created using 5µL of PerfeCTa SYBR 

Green Supermix (5x), 0.2µL PerfeCTa Universal PCR Primer (10µM), 0.2µL Quanta Biosciences 

miRNA specific primer (10µM), and 2.6µL of RNase/DNase free water in each reaction well. The 

master mix was calculated based on the number of wells required for analysis. 8µL of the master 

mix was then added to the wells followed by 2µL of diluted cDNA (1.5ng/µL per reaction); 

resulting in a reaction total of 10µL per well. Signal detection was acquired using a two-step 

protocol: 95°C for 2 minutes, followed by 44 repeated cycles of 94°C for 30 seconds and 60°C for 

30 seconds, ending with a melt curve acquisition from 65-95°C. The Bio-Rad CFX96 Real-Time 

PCR system was used for the qPCR analysis. 

Relative quantity of miRNA targets was log-transformed in BioRad CFX Manager 3.0 and 

normalized to the relative quantity of the references genes miR16-5p and miR106a-5p across all 

samples.  
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Statistics 
 

GraphPad Prism 6 software was used for statistical analysis and graph preparation. Three 

biological replicates were used in each treatment group for miRNA expression analysis of LDM 

and MTD experiments. Data was analyzed using a two-way analysis of variance (ANOVA) with 

a Tukey’s post-hoc test to determine statistical differences among group means. The two 

independent variables analyzed include the stages of the ovarian cycle and the chemotherapy 

treatment groups. Differences among groups were considered significant if p<0.05. 

 
Cell Culture Model 
 
Cell Lines and Conditions 
 

Bovine aortic endothelial cells (BAECs) were previously isolated by Dr. Jim Greenaway, 

a previous member of the Petrik lab. BAECs were cultured in Dulbecco Modified Eagle’s Medium 

(DMEM) (Life Technologies Inc., Burlington, ON) and supplemented with 10% fetal bovine 

serum (FBS), 2% L-glutamine, and 1% antibiotic-antimycotic (ABAM) (Life Technologies Inc., 

Burlington, ON). Bovine granulosa cells (BGCs) were previously isolated by Elizabeth St. John, 

a University of Guelph lab technician. BGCs were also cultured in DMEM supplemented media 

as described previously for BAECs. Spontaneously immortalized rat granulosa cells (SIGCs) were 

generously donated by Dr. Robert Burghardt (Texas A&M University, College Station, TX). 

SIGCs were cultured in Dulbecco Modified Eagle’s Medium: Nutrient Mixture F-12 (DMEM/F12) 

(Life Technologies Inc., Burlington, ON) and supplemented with 10% FBS and 1% ABAM.  

All three cell lines were maintained in 10cm culture dishes (Corning, NY). Cells were 

passaged once they reach approximately 80% confluency. Passaged cells were first washed with 

1x phosphate buffered saline (PBS) (Life Technologies Inc., Burlington, ON) and incubated at 

37°C with 10x trypsin-EDTA (Life Technologies Inc., Burlington, ON) until cells detached from 

the culture plate, approximately 1 minute for BAECs and 3 minutes for BGCs and SIGCs. Growth 

media was then added to deactivate the trypsin and the cells were re-plated in 10cm dishes with 

growth media until future use or further passaging. Cells were stored in a 37°C incubator consisting 

of 5% CO2 and 20% O2.  
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Treatment with Recombinant 3TSR and VEGF 
 
 BGCs, BAECs, and SIGCs were treated with recombinant mouse Vascular Endothelial 

Growth Factor (VEGF) (Life Technologies Inc., Burlington, ON) and Thrombospondin-1 type I 

repeats (3TSR) (Harvard University, Boston, MA) for 6 hours in order to assess miRNA regulation 

of VEGF and TSP-1. Cells were plated into 6cm cell culture dishes (Corning, NY). When cells 

reached 70% confluency, cells were then starved for 12 hours in serum free media before treatment 

was given. The following treatment groups were conducted in serum free media: VEGF vehicle 

control (PBS), 50ng/ml VEGF, 3TSR vehicle control (PBS), and 5µM 3TSR. Following treatment, 

cells were harvested for total RNA extraction.  

 
RNA Extraction 
 
 RNA extraction was conducted on the aforementioned treated cell cultures using the 

RNeasy Plus Mini Kit according to the manufacturer’s instructions (QIAGEN, Toronto, ON). 

Culture media was removed from plates and washed with 3mL of PBS. In order to lyse the cells, 

350µL of Buffer RLT Plus was added directly to the culture plate. Culture plates were scrapped to 

lyse cells and collected in 1.6mL tubes. The samples were then vortexed until homogenized, 

transferred to a gDNA eliminator spin column, and centrifuged at 10,000rpm for 30 seconds. 

350µL of 70% ethanol was added to the flow-through and mixed by pipetting. The sample was 

then transferred to a RNeasy spin column and centrifuged at 10,000rpm for 15 seconds. 700µL of 

Buffer RW1 was added to the RNeasy spin column and centrifuged at 10,000rpm for 15 seconds. 

500µL of Buffer RPE was then added to the RNeasy spin column, centrifuged at 10,000rpm for 

15 seconds, followed by an additional 500µL of Buffer RPE, centrifuged at 10,000rpm for 2 

minutes. Finally, RNeasy spin column was placed in a 1.5mL collection tube, 50µL of RNase-free 

water was added to the spin column and centrifuged at 10,000rpm for 1 minute in order to elute 

the RNA. The resulting RNA product was then stored in -80°C until future use. 
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cDNA Synthesis 
 
microRNA 
  
 Conducted as described previously in materials and methods: Murine Model.  
 
mRNA 
 
 Following RNA extraction, mRNA cDNA synthesis using reverse transcription was 

performed for expression analysis via qPCR. mRNA cDNA synthesis was performed using qScript 

cDNA SuperMix (Quanta Biosciences, Beverly, MA). 4µL of 5x qScript cDNA SuperMix was 

combined with a variable amount of RNA and RNase/DNase-free water (up to 16µL and 1µg of 

RNA) were combined per reaction and incubated in a Bio-Rad T100 Thermal Cycler at 25°C for 

5 minutes, 42°C for 30 minutes, and 85°C for 5 minutes. The resulting cDNA product was then 

stored in -20°C until future use.  

 
Reference Gene Selection 
 

Candidate reference genes were selected from previous literature on Bos Taurus mRNA 

reference gene analyses. A total of 8 candidates were chosen: ACTB, GAPDH, UBA52, RPS18, 

RPL19, HPRT1, H3F3B, and YWHAZ. Primers were also designed for Rattus Norvegicus as both 

bovine and rat cell lines would be analyzed. qPCR was performed as described previously. 

Reference gene stability was assessed using three different reference gene software systems: 

geNorm, Normfinder, and Bestkeeper. 

 
Quantitative PCR (qPCR) Analysis 
 
microRNA 
  
 Conducted as described previously in materials and methods: Murine Model.  
 

mRNA 

mRNA targets of interest included VEGFA, and TSP-1, with RPS18, RPL19, and UBA52 

used as reference genes (Lab Services, University of Guelph). All mRNA primers were either 

designed using Primer-BLAST NCBI or sequences were selected from previous literature. Primer 

efficiencies were calculated by performing a standard curve using a 2:1 dilution of a pooled 
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reaction sample from 50ng/µL to 0.78ng/µL. Only primer efficiencies between 90-110% were 

accepted. mRNA primer sequences for Bos Taurus can be found in Table 4, while mRNA primer 

sequences for Rattus Norvegicus can be found in Table 5.  

mRNA expression profiles were performed using the Bio-Rad CFX96 Real-Time PCR 

system. A master mix was created using 5µL Bio-Rad SsoFast EvaGreen Supermix (2x) (Bio-Rad, 

Mississauga, ON), 1µL forward primer (1.25µM), 1µL reverse primer (1.25µM), and 2µL 

RNase/DNase free water. The master mix was calculated based on the number of wells required 

for analysis. 9µL of the master mix was then added to the wells followed by 1µL of diluted cDNA 

(5ng/µL per reaction); resulting in a reaction total of 10µL per well. Signal detection was acquired 

using a two-step protocol: 95°C for 30 seconds, followed by 39 repeated cycles of 95°C for 5 

seconds and 60°C for 5 seconds, ending with a melt curve acquisition from 65-95°C. 

Relative quantity of gene targets was log-transformed in BioRad CFX Manager 3.0 and 

normalized to the relative quantity of the references genes RPS18, RPL19, and UBA52 across all 

samples.  

 
Statistics 
 

GraphPad Prism 6 software was used for statistical analysis and graph preparation. Three 

biological replicates were used in each treatment group for each cell line. Data was analyzed using 

a two-way analysis of variance (ANOVA) with a Tukey’s post-hoc test to determine statistical 

differences among group means. The two independent variables analyzed include the three cell 

types and the recombinant protein treatment groups. Differences among groups were considered 

significant if p<0.05. 

 
Bovine Model 
 
Granulosa Cell, Follicular Fluid, and Follicle Collection 
 
 Bovine ovaries were collected from a local slaughter house (Cargill, Guelph, ON). Follicles 

were selected based on size with large follicles measuring between 10-15mm in diameter and 

cystic follicles greater than 20mm in diameter (Figure 6). 

For follicular fluid and granulosa cell collection, follicles were aspirated using an 18G 

vacutainer needle into collection tubes. The follicular fluid and cells were then transferred to a 
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15mL tube and centrifuged at 500rpm for 5 minutes in order to pellet the cells. The follicular fluid 

supernatant was then removed and flash frozen in 1.6mL tubes and stored at -80°C until future 

use. The pelleted granulosa cells were then resuspended in 1x PBS, transferred into a 1.6mL tube 

and centrifuged at 500rpm for 5 minutes. The PBS supernatant was then removed, and the 

granulosa cell pellet was flash frozen in liquid nitrogen and stored in -80°C until future use.  

 For immunohistochemistry analyses, large and cystic follicles were selected based on size 

and then carefully dissected out from the ovarian tissue. The intact follicle was then placed in 10% 

buffered formalin for 96 hours. Follicles were then cut into smaller sections, placed into 

histological cassettes and submerged in 70% ethanol until further tissue processing. Tissues were 

then de-hydrated following standard procedures and embedded in paraffin wax for sectioning and 

IHC analyses. 

 

 

 

 

 

 

 

 

Figure 6: Representative size selection of large and cystic bovine ovarian follicles. Follicles 
selected for analysis based on diameter. A) Large follicle. Classified as large if the follicle diameter 
was between 10-15mm. B) Cystic follicle. Classified as cystic if the follicle diameter was greater 
than 20mm.  

 
DNA/RNA/Protein Extraction 
 
 Conducted as previously described in materials and methods: Murine Model. 

 

cDNA Synthesis 
 
microRNA 
  
 Conducted as previously described in materials and methods: Murine Model. 
 

A B 
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mRNA  
 
 Conducted as previously described in materials and methods: Cell Culture Model. 

Quantitative PCR (qPCR) Analysis  
 
miRNA 

Conducted as previously described in materials and methods: Murine Model and Cell 

Culture Model.  

 

mRNA 

 Conducted as previously described in materials and methods: Cell Culture Model, however 

Bio-Rad SsoFast EvaGreen Supermix (2x) (Bio-Rad, Mississauga, ON) was replaced with 

SensiFAST SYBR No-ROX (FroggaBio Scientific Solutions, Toronto, ON). 

 
Western Blot Analysis 
 
 Follicular fluid and protein extracts from granulosa cells (as described previously) were 

collected and stored at -80°C until future use. Protein concentrations of follicular fluid and cell 

lysates were determined using a DC Bio-Rad Protein Quantification Kit (Bio-Rad, Mississauga, 

ON).  

 A wet/tank blotting system (Bio-Rad Mini Trans-Blot Cell; Bio-Rad, Mississauga, ON) 

was used to prepare western blots. Equal volume samples (20µg; n=5/group) were prepared in 3x 

reducing buffer containing dithiothreitol (DTT; Life Technologies Inc., Burlington, ON) 

denaturing agent (Appendix II) and heated to 90°C for 5 minutes. Denatured samples were loaded 

into separating gels (Appendix II) and subjected to sodium dodecyl sulfate – polyacrylamide gel 

electrophoresis (SDS-PAGE) at 120 volts (V) in room temperature running buffer (Appendix II). 

Precision Plus Protein Dual Colour Standards (Bio-Rad, Mississauga, ON) were used as molecular 

weight markers. When the desired separation was achieved, gels were equilibrated in transfer 

buffer (Appendix II) for 15 minutes and transferred onto a nitrocellulose membrane (Ammersham 

Hybond ECL; GE Healthcare Bio-Sciences Corp., Piscataway, NJ) at 100V in ice-cold transfer 

buffer for 90 to 120 minutes. Following the transfer, membranes were washed in Tris-buffered 

saline with Tween 20 (TBST; Appendix II) and blocked with skim milk in TBST (Appendix II). 

After blocking for 1 hour, membranes were incubated in the appropriate primary antibody solution 
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(Table V) overnight at 4°C. The following day, membranes were washed with TBST and incubated 

in the corresponding horseradish-peroxidase (HRP) conjugated secondary antibody solution 

(Table V) for 1 hour at room temperature. Membranes were washed again in TBST and antibody 

binding was detected by enhanced chemiluminescence (ECL) (Luminata Forte Western HRP 

Substrate, Millipore Ltd., Etobicoke, ON). Signals were detected and imaged using a Bio-Rad 

ChemiDoc XRS+ system and relative densitometry was determined using Bio-Rad Image Lab 

software.  

 
Immunohistochemistry on Paraffin-Embedded Follicle Sections 
 
 Immunohistochemistry was performed by citrate buffer antigen retrieval. Slides with 

paraffin-embedded tissue sections were deparaffinized in 3 containers of xylene (Fisher Scientific, 

Whitby, ON) for 5 minutes each (3 x 5 minutes) and rehydrated by immersion in decreasing 

concentrations of ethanol (100%: 2 x 2 minutes, 90%: 2 x2 minutes, 70%: 1 x 2 minutes). 

Following rehydration, the slides were washed in PBS (Appendix II; 1 x 3 minutes) and 

endogenous peroxidase activity was blocked by a 10-minute incubation in a 1% solution of 

hydrogen peroxide (H2O2) in PBS (from 30% H2O2; Appendix II). A citrate buffer was prepared 

fresh for antigen retrieval (Appendix II) and heated to 90°C. Tissue slides were washed in PBS (2 

x 3 minutes), immersed in 90°C citrated buffer for 12 minutes. Slides remained in citrate buffer, 

removed from heat source, and allowed to cool on the benchtop for 20 minutes. Tissues were 

washed with PBS (2 x 3 minutes), during which time the individual tissues were circled with a 

hydrophobic wax barrier (ImmEdge Hydrophobic Barrier Pen; Vector Laboratories, Burlington, 

ON). Tissues were blocked for non-specific antibody binding using a 5% bovine serum albumin 

(BSA)/0.1% sodium azide blocking solution (Appendix II) for 10 minutes. After blocking, slides 

were incubated in a solution of antibody diluting fluid (Appendix II) with the appropriate 

concentration of primary antibody (Table IV) overnight at 4°C in a humidity chamber. The next 

day, tissues were washed in PBS (2 x 3 minutes) and incubated in the corresponding biotinylated 

secondary antibody solution (Table IV) for 2 hours at room temperature. They were then washed 

again in PBS (2 x 3 minutes) and incubated for 1 hour at room temperature with a 1:50 dilution of 

avidin and biotinylated horseradish peroxidase (ExtrAvidin-Peroxidase; Sigma-Aldrich Canada 

Ltd., Oakville, ON) in antibody diluting fluid. Tissues were then washed with PBS (2 x 3 minutes, 

antibody immunolocalization was detected by incubation with fresh 3,3’-diaminobenzidine (DAB 
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tablets, 10mg; Sigma-Aldrich Canada Ltd., Oakville, ON) dissolved in 5mL of reverse osmosis 

water (RO H2O). The DAB colour reaction time varied depending on the antibody used (Table 

IV); however, incubation time was kept constant for both large and cystic follicles. Slides were 

then washed in PBS (2 x 3 minutes) and counterstained with Carazzi’s Hematoxylin (Appendix II) 

for 30 seconds. After rinsing excess hematoxylin off with water, tissues were dehydrated by 

increasing concentrations of EtOH (50%: 2 x 3 dips, 70%: 2 x 30 seconds, 90%: 1 x 1 minute, 

100%: 2 x 3 minutes), and then immersed in xylene (2 x 3 minutes). Finally, coverslips were 

mounted on each slide using Cytoseal-XYL mounting medium (Thermo Fisher Scientific, Nepean, 

ON). 

 
Image Analysis 
 
 Follicle sections stained by immunohistochemistry were imaged by bright-field 

microscopy using a Nikon Eclipse E600 microscope with a QImaging camera. Follicles were 

imaged at 200x total magnification and analyzed for cytoplasmic factors VEGFA, VEGFR2, TSP-

1, CD36, IGF1, and IGF2. For these factors, the percentage of positively stained tissue was 

determine using Aperio ImageScope software (Aperio, Vista, CA). The “Positive Pixel Count v9” 

algorithm was optimized and used for each image setting. Selective annotations were made as to 

only include the granulosa and thecal cell layers of the follicles for analysis. Percent positivity was 

calculated as a portion of total positive pixels (the sum of the weak positive, positive, and strong 

positive pixels). Primary and secondary omission controls for each stain can be found in Appendix 

IV. Example reference markup images for each automated analysis are provided in Appendix V. 

 
Statistics 
 

GraphPad Prism 6 software was used for statistical analysis and graph preparation. 

Fourteen biological replicates were used in each experimental group for miRNA and mRNA 

expression analyses and five biological replicates for immunohistochemistry analysis. Data was 

analyzed using an unpaired t-test with Welch’s correction. Differences among groups were 

considered significant if p<0.05.  
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 Table 3: MicroRNA primers for qPCR 

 

MicroRNA 
Quanta Product 
Number  Primer ID 

Mature Accession 
Number Primer Sequence (5'-3') 

Primer 
Efficiency 
(%) 

miR16 HSMIR-0016 hsa-miR-16-5p MIMAT0000069 CGCCATAGCAGCACGTAAAT 100.4% 

miR106a HSMIR-0106A 
hsa-miR-106a-
5p MIMAT0000103 CGCCAAAAGTGCTTACAGTGC 102.3% 

miR18a HSMIR-0018A hsa-miR-18a-5p MIMAT0000072 AAGGTGCATCTAGTGCAGATAGAAA 91.1% 

miR20a HSMIR-0020A hsa-miR-20a-5p MIMAT0000075 CGCTAAAGTGCTTATAGTGCAGGT 100.3% 

miR21 HSMIR-0021-5P hsa-miR-21-5p MIMAT0000076 GCTAGCTTATCAGACTGATGTTGAAA 100.7% 

Let7a HSLET-0007A-5P hsa-let-7a-5p MIMAT0000062 CCGAGCTGAGGTAGTAGGTTGTATA 95.4% 

miR126 HSMIR-0126-5P hsa-miR-126-5p MIMAT0000444 CGCATTATTACTTTTGGTACGC 102.0% 

miR29a HSMIR-0029A-3P hsa-miR-29a-3p MIMAT0000086 GCACCATCTGAAATCGGTTAAA 103.7% 

miR15a HSMIR-0015A-5P hsa-miR-15a-5p MIMAT0000068 TAGCAGCACATAATGGTTTGTGA 99.1% 

miR132 HSMIR-0132-3P hsa-miR-132-3p MIMAT0000426 CAGTCTACAGCCATGGTCGAAA 93.5% 

miR93 HSMIR-0093 hsa-miR-93-5p MIMAT0000093 TGCTGTTCGTGCAGGTAGAAAA N/A 

miR191 HSMIR-0191-5P hsa-miR-191-5p MIMAT0000440 GAATCCCAAAAGCAGCTGAAAA N/A 

U6 RNU6 RNU6 NR_002752.1 GCAAATTCGTGAAGCGTTCC N/A 
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Table 4: Bos Taurus mRNA primers for qPCR 

Gene Full Gene Name 
Accession 
Number  Function 

Forward Primer Sequences (5'-3') 
Reverse Primer Sequences (5'-3') 

Amplicon 
Size (bp) 

Primer 
Efficiency 
(%) 

ACTB Beta-actin NM_173979.3 
Cytoskeletal 
structure protein 

CACCGCAAATGCTTCTAGGC 
TGTCACCTTCACCGTTCCAG 186 102.9% 

GAPDH 
Glyceraldehyde-3-Phosphate 
Dehydrogenase 

NM_0010340
34.2 Glycolytic enzyme 

CCTGCCCGTTCGACAGATAG 
ATGGCGACGATGTCCACTTT 153 106.6% 

H3F3B H3 Histone 
NM_0012425
71.1 

Involved in structure 
of chromatin and 
nucleosomes 

ATGTGGTGGGGAGTGTTGTC 
TCCCCCTCCCCATTAGTGTT 182 N/A 

HPRT1 
Hypoxanthine 
Phosphoribosyltransferase-1 

NM_0010340
35.2 

Catalyses purine 
recycling in all cells 

ACCACACCACTATTGACTGGAA 
CTGTCGTGGGTACGAGAGTG 191 N/A 

RPS9 Ribosomal Protein S9 
NM_0011011
52.2 

Encodes a ribosomal 
protein 

CGAGTATGGGCTCCGGAACAAACG 
GGGTCTTTCTCATCCAGCGTCAGC 105 N/A 

RPS18 Ribosomal Protein S18 
NM_0010336
14.2 

Encodes a ribosomal 
protein 

CCCTGAGAAGTTCCAGCACAT 
CACACGTTCCACCTCATCCT 187 109.0% 

RPL19 Ribosomal Protein L19 NM_031103.1 
Encodes a ribosomal 
protein 

TGGAGCACATCCACAAACTGA 
AGACACGAGGGACGCTTCAT 102 89.6% 

TSP-1 Thrombospondin-1 NM_174196.1 
Anti-angiogenic 
factor 

CCACAATGGAGAGCACAGGT 
TGCACTTGGCGTTCTTGTTG 188 101.9% 

UBA52 Ubiquitin A-52 
NM_0010763
63.2 Protein degradation 

AGAAAGAGTCCACCCTGCACTTGG 
ACACTTGCGGCAGATCATCTTGTCG 113 91.2% 

VEGFA 
Vascular Endothelial Growth 
Factor A NM_174216.2 

Pro-angiogenic 
factor 

TTCCAGGAGTACCCAGATGAGA 
CTGGCTTTGGTGAGGTTTGAT 162 100.1% 

YWHAZ 
Tyrosine 3-
Monooxygenase/Tryptophan NM_174814.2 

Mediates signal 
transduction 

AGGAGCCCGTAGGTCATCTT 
CCTCAGCCAAGTAGCGGTAG 239 N/A 
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Table 5: Rattus Norvegicus mRNA primers for qPCR 

Gene Full Gene Name 
Accession 
Number  Function 

Forward Primer Sequences (5'-3') 
Reverse Primer Sequences (5'-3') 

Amplicon 
Size (bp) 

Primer 
Efficiency 
(%) 

ACTB Beta-actin NM_031144.3 
Cytoskeletal 
structure protein 

ACTCTGTGTGGATTGGTGGC 
CGCAGCTCAGTAACAGTCCG 140 93.0% 

GAPDH 
Glyceraldehyde-3-Phosphate 
Dehydrogenase NM_017008.4  Glycolytic enzyme 

AGTGCCAGCCTCGTCTCATA 
ATGAAGGGGTCGTTGATGGC 133 103.1% 

H3F3B H3 Histone NM_053985.2 

Involved in structure 
of chromatin and 
nucleosomes 

CATTCACAAGTGGTGGGGAGT 
GAGGGTCAGGGGTTAGTGAAC 165 N/A 

HPRT1 
Hypoxanthine 
Phosphoribosyltransferase-1 NM_012583.2 

Catalyses purine 
recycling in all cells 

AGCCTAAAAGACAGCGGCAA 
CAAAAGGGACGCAGCAACAG 172 N/A 

RPS9 Ribosomal Protein S9 NM_031108.4 
Encodes a ribosomal 
protein 

CTCCGGAACAAACGTGAGGT 
TCCAGCTTCATCTTGCCCTC 176 N/A 

RPS18 Ribosomal Protein S18 NM_213557.1 
Encodes a ribosomal 
protein 

CGCCATGTCCCTAGTGATCC 
GATGGTGATCACACGCTCCA 214 97.7% 

RPL19 Ribosomal Protein L19 NM_031103.1 
Encodes a ribosomal 
protein 

TGGAGCACATCCACAAACTGA 
AGACACGAGGGACGCTTCAT 192 110.9% 

TSP-1 Thrombospondin-1 NM_001013062.1 
Anti-angiogenic 
factor 

TCGGGGCAGGAAGACTATGA 
ACTGGGCAGGGTTGTAATGG 118 102.2% 

UBA52 Ubiquitin A-52 NM_031687.3 Protein degradation 
AAGACAAGGAAGGCATCCCC 
GAAGGGACGGCTCGATGATG 156 94.8% 

VEGFA 
Vascular Endothelial Growth 
Factor A NM_031836.3 

Pro-angiogenic 
factor 

CCAGGCTGCACCCACGACAG 
CGCACACCGCCATTAGGGGCA 179 107.2% 

YWHAZ 
Tyrosine 3-
Monooxygenase/Tryptophan XM_066241529.3 

Mediates signal 
transduction 

TGAGGGACATCTGCAACGAC 
CCAGTCTGATGGGGTGTGTC 237 N/A 
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Table 6: Immunohistochemistry method details 

 
Antigen 
Retrieval  
 

 
1° Antibody 

 
Source 

 
1° Solution 

 
2° Solution 

 
DAB time 
(seconds) 

 
Citrate 
 

 
VEGF 

 
ab46154 

 
1:500 

 
1:100 (R) 

 
300 

 TSP-1 
 

sc59887 1:50 1:100 (M) 240 

 IGF1 sc9013 1:50 1:100 (R) 240 
      
 IGF2 sc5622 1:50 1:100 (R) 240 
  

VEGFR2 
 
CD36 

 
cs2479 
 
NB400-144 

 
1:600 
 
1:1000 

 
1:100 (R) 
 
1:100 (R) 

 
240 
 
60  
 

Antibody sources are detailed in full in Appendix I. Antigen retrieval was performed using Citrate 
Buffer (Appendix II). Antibody solutions consisted of antibody diluting fluid (Appendix II) with 
the appropriate antibody dilution. Biotinylated anti-mouse (M), or anti-rabbit (R) IgG secondary 
antibodies (Sigma-Aldrich Canada Ltd., Oakville, ON) were used for secondary solutions.  
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Table 7: Western Blot method details 

 
1° Antibody 
 

 
Source 

 
% Gel 

 
Protein  
(µg) 

 
Blocking 
Solution 

 
1° Solution 

 
2° Solution 

 
VEGF (A-20) 
 
IGF1 
 
CD36 
 
 
Loading 
Controls: 
 
b-Actin 
 

 
sc512 
 
sc9013 
 
NB400-144 
 
 
 
 
 
cs4967 
 

 
4-15% 
 
4-15% 
 
4-15% 

 
20 
 
20 
 
20 
 
 
 
 
 

 
SM 
 
SM 
 
SM 

 
1:500-SM 
 
1:200-SM 
 
1:2000-SM 
 
 
 
 
 
1:3000-SM 
 

 
1:2000 (R)-SM 
 
1:2000 (R)-SM 
 
1:3000 (R)-SM 
 
 
 
 
 
1:5000 (R)-SM 
 

       
Antibody sources are detailed in full in Appendix I. Antibody blocking solutions consisted of 5% 
skim milk (SM) in TBST (Appendix II) with the appropriate antibody dilution. Anti-rabbit (R) 
IgG, HRP-linked secondary antibodies (Cell Signalling Technology, Danvers, MA) were used for 
secondary solutions. b-Actin was used as the loading control for each blot. 
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RESULTS 
 
Optimal microRNA Reference Gene Selection for Quantitative-PCR (qPCR) Analyses 
 

In order to identify the most stable reference genes for miRNA qPCR analyses, candidate 

reference genes were selected from previous literature (Bignotti, 2016; Peltier, 2008). A total of 

six candidate reference genes (U6, let7a-5p, miR16-5p, miR106-5p, miR93-5p, and miR191-5p) 

were tested across twelve murine ovary samples that had been subjected to varying chemotherapy 

scheduling treatments. To determine the most steadily expressed miRNAs three different software 

programs were used: geNorm, Normfinder, and Bestkeeper.   

GeNorm provides a ranking of the tested genes based on their stability value (M value), 

which is considered to be stable if below 0.15. In addition, geNorm determines mean pairwise 

variation (V value) between a candidate gene and all other tested candidates, allowing for the 

selection of a combination of reference genes, again considered to be stable if below 0.15. MiR16-

5p and miR106a-5p were found to have the most stable M value at 0.309 and 0.331, respectively 

(Figure 7B), and together were found to have a V value of 0.113 (Figure 7C).  

Normfinder provides a measure of the stability of genes’ expression (stability value) as 

well as estimates any bias in gene expression between groups using a two-way ANOVA. MiR93-

5p was shown to have the lowest stability value at 0.129 (Figure 7D).  

Bestkeeper calculates the stability measure for each candidate gene and then ranks their 

stability based on standard error (SE), coefficient of correlation (R) and p-value. Reference genes 

with the lowest SE, R value closest to 1.0, and lowest p-value are considered to be the most stable. 

MiR93-5p, miR16-5p, and miR-106a-5p were shown to be the most stable via Bestkeeper analyses 

(Figure 7F).  

Based on the data collected from all three reference gene software programs, miR16-5p 

and miR106a-5p were chosen to be the most stable reference genes as they demonstrated consistent 

stability throughout all analyses and demonstrated stability when averaged together in pairwise 

variation. MiR16-5p and miR106a-5p were subsequently used as normalizing genes in all miRNA 

qPCR expression analyses conducted. 
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Figure 7: Optimal microRNA reference gene selection using geNorm, Normfinder, and 
Bestkeeper. Stability of candidate non-coding RNA reference genes was assessed using three 
software programs; geNorm, Normfinder, and Bestkeeper. A) Raw CT values of each candidate 
reference gene. B) geNorm stability score (M value). MiR16-5p considered to be the most stable 
across sample set, with U6 being the least stable. Red line indicates minimum M value for a 
reference gene to be considered stable. C) geNorm pairwise variation score (V value), where 
candidate reference genes are paired together to determine most stable combination. miR16-5p 
and miR106a-5p were the most stable combination. Red line indicates minimum V value for a 
pairwise variation to be considered stable. D) Normfinder stability value, where a lower stability 
value is considered to be the most stable reference gene. miR93-5p considered to be the most 
stable. E) Correlation of the geNorm M value and the Normfinder stability value. miR93-5p 
considered to be the most stable. F) Bestkeeper analysis of standard error (SE), coefficient of 
correlation (R value), and p-value. Genes that ranked comparatively better are highlighted with a 
more intense cell colour. MiR93-5p, miR16-5p, and miR106a-5p were considered to be the most 
stable.  
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MicroRNA Expression after LDM and MTD Scheduling of Cyclophosphamide Results in 
Dysregulated Ovarian Angiogenesis in Mice    
 

MiRNA expression profiles of murine ovarian tissue subject to varying chemotherapy 

dosing schedules were characterized using qPCR analysis. Previous research demonstrated normal 

ovarian function in the PBS control group, decreased angiogenesis in the LDM group, and 

increased atretic follicles, decreased vascular density, and decreased antral follicle count in the 

MTD group (Dynes, 2017). These tissues allowed for analysis of miRNA expression across 

varying levels of ovarian function and angiogenesis. 

Eight miRNAs were analyzed including miR15a-5p, miR18a-5p, miR20a-5p, miR21-5p, 

miR29a-3p, miR126-5p, miR132-3p, and let7a-5p. MiR15a-5p expression was reduced in LDM 

and MTD treated groups during the antral phase of the ovarian cycle as compared to the PBS 

control (p<0.05; Figure 8A). In addition, a reduction in miR15a-5p expression in PBS control 

groups in both the ovulatory and early luteal stages of the ovarian cycle was found as compared to 

the PBS control group during the antral stage (p<0.05; Figure 8A).  An increase in miR20a-5p 

expression was found in MTD treated tissues in the early luteal stage as compared to the antral 

stage (p<0.05; Figure 8C), as well as an increase in miR132-3p expression (p<0.05; Figure 8G). 

MiR29a-3p expression was reduced in LDM treated tissues at the ovulatory stage as compared to 

the antral stage (p<0.05; Figure 8E). A reduction in miR126-5p expression was observed in LDM 

treated tissues during the ovulatory stage as compared to the antral stage, as well as a reduction in 

expression is PBS control tissues during the early luteal stage as compared to the antral stage 

(p<0.05; Figure 8F). No statistically significant differences were observed in miR18a-5p, miR21-

5p, and let7a-5p expression levels (Figure 8B, D, H). 
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Figure 8: MicroRNA expression after LDM and MTD scheduling of cyclophosphamide in 
mice. Total RNA was extracted from murine ovarian tissues and assessed for miRNA expression 
patterns using qPCR. A) miR15a-5p expression. B) miR18a-5p expression. C) miR20a-5p 
expression. D) miR21-5p expression. E) miR29a-3p expression. F) miR126-5p expression. G) 
miR132-3p expression. H) Let7a-5p expression. All miRNA expression results were normalized 
to miR16-5p and miR106a-5p. qPCR conducted using three technical replicates and three 
biological replicates per group (n=3). Asterisks denote statistical significance (*p<0.05). 
Significance was determined by two-way ANOVA followed by Tukey’s multiple comparison test. 
Error bars represent standard error. 
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MicroRNA Expression after 3TSR and Recombinant VEGF Treatment In Vitro 
 

Bovine granulosa cells (BGCs), bovine aortic endothelial cells (BAECs), and 

spontaneously immortalized rat granulosa cells (SIGCs) were exposed to serum free media 

containing a PBS vehicle control, 5µM 3TSR, or 50ng/mL recombinant VEGF. We hypothesize 

that treating granulosa and endothelial cells with 3TSR and VEGF will result in the disruption of 

the balance between VEGF and TSP-1 which will lead to compensatory changes in miRNA 

expression. Following treatment expression levels of miRNAs were analyzed using qPCR. 

Expression of miR15a-5p, miR18a-5p, miR20a-5p, miR21-5p, miR29a-3p, miR126-5p, 

miR132-3p, and let7a-5p were normalized to miR16-5p and miR106a-5p. No statistically 

significant changes in miRNA expression were observed as a result of 3TSR or VEGF treatment 

in either the BGCs or SIGCs (Figures 9-16). In the BAECs, increases in miR15a-5p (p<0.0001; 

Figure 9B), miR29a-5p (p<0.001; Figure 13B), miR126-5p (p<0.0001; Figure 14B), and 

miR132-5p (p<0.05; Figure 15B) were observed following recombinant VEGF treatment. In 

addition, significant increases in miR132-5p were also observed when BAECs were treated with 

3TSR (p<0.01; Figure 15A). Interestingly, expression of miR126-5p was undetectable in both the 

BGCs and SIGCs (Figure 14). 
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Figure 9: miR15a-5p expression in BGCs, BAECs, and SIGCs after 3TSR and VEGF 
recombinant treatment. Cell types were treated with PBS vehicle control, 5µM 3TSR, or 
50ng/mL recombinant VEGF. Total RNA was extracted, and qPCR analysis of miRNA expression 
was performed. A) miR15a-5p expression after 3TSR treatment. B) miR15a-5p expression after 
recombinant VEGF treatment. Expression normalized to reference genes miR16-5p and miR106a-
5p. Significance was evaluated using a two-way ANOVA followed by a Tukey’s multiple 
comparison test. Asterisks denote statistical significance (****p<0.0001). Error bars represent 
standard error (n=3/treatment group). 

 
 

Figure 10: miR18a-5p expression in BGCs, BAECs, and SIGCs after 3TSR and VEGF 
recombinant treatment. Cell types were treated with PBS vehicle control, 5µM 3TSR, or 
50ng/mL recombinant VEGF. Total RNA was extracted, and qPCR analysis of miRNA expression 
was performed. A) miR18a-5p expression after 3TSR treatment. B) miR18a-5p expression after 
recombinant VEGF treatment. Expression normalized to reference genes miR16-5p and miR106a-
5p. Significance was evaluated using a two-way ANOVA followed by a Tukey’s multiple 
comparison test. No statistically significant differences observed. Error bars represent standard 
error (n=3/treatment group). 
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Figure 11: miR20a-5p expression in BGCs, BAECs, and SIGCs after 3TSR and VEGF 
recombinant treatment. Cell types were treated with PBS vehicle control, 5µM 3TSR, or 
50ng/mL recombinant VEGF. Total RNA was extracted, and qPCR analysis of miRNA expression 
was performed. A) miR20a-5p expression after 3TSR treatment. B) miR20a-5p expression after 
recombinant VEGF treatment. Expression normalized to reference genes miR16-5p and miR106a-
5p. Significance was evaluated using a two-way ANOVA followed by a Tukey’s multiple 
comparison test. No statistically significant differences observed. Error bars represent standard 
error (n=3/treatment group). 

 
 

Figure 12: miR21-5p expression in BGCs, BAECs, and SIGCs after 3TSR and VEGF 
recombinant treatment. Cell types were treated with PBS vehicle control, 5µM 3TSR, or 
50ng/mL recombinant VEGF. Total RNA was extracted, and qPCR analysis of miRNA expression 
was performed. A) miR21-5p expression after 3TSR treatment. B) miR21-5p expression after 
recombinant VEGF treatment. Expression normalized to reference genes miR16-5p and miR106a-
5p. Significance was evaluated using a two-way ANOVA followed by a Tukey’s multiple 
comparison test. No statistically significant differences observed. Error bars represent standard 
error (n=3/treatment group). 



 

  53 

 

 
Figure 13: miR29a-3p expression in BGCs, BAECs, and SIGCs after 3TSR and VEGF 
recombinant treatment. Cell types were treated with PBS vehicle control, 5µM 3TSR, or 
50ng/mL recombinant VEGF. Total RNA was extracted, and qPCR analysis of miRNA expression 
was performed. A) miR29a-3p expression after 3TSR treatment. B) miR29a-3p expression after 
recombinant VEGF treatment. Expression normalized to reference genes miR16-5p and miR106a-
5p. Significance was evaluated using a two-way ANOVA followed by a Tukey’s multiple 
comparison test. Asterisks denote statistical significance (***p<0.001). Error bars represent 
standard error (n=3/treatment group). 

 

Figure 14: miR126-5p expression in BGCs, BAECs, and SIGCs after 3TSR and VEGF 
recombinant treatment. Cell types were treated with PBS vehicle control, 5µM 3TSR, or 
50ng/mL recombinant VEGF. Total RNA was extracted, and qPCR analysis of miRNA expression 
was performed. A) miR126-5p expression after 3TSR treatment. B) miR126-5p expression after 
recombinant VEGF treatment. Expression normalized to reference genes miR16-5p and miR106a-
5p. Significance was evaluated using a two-way ANOVA followed by a Tukey’s multiple 
comparison test. Asterisks denote statistical significance (****p<0.0001). Error bars represent 
standard error (n=3/treatment group). 
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Figure 15: miR132-3p expression in BGCs, BAECs, and SIGCs after 3TSR and VEGF 
recombinant treatment. Cell types were treated with PBS vehicle control, 5µM 3TSR, or 
50ng/mL recombinant VEGF. Total RNA was extracted, and qPCR analysis of miRNA expression 
was performed. A) miR132-3p expression after 3TSR treatment. B) miR132-3p expression after 
recombinant VEGF treatment. Expression normalized to reference genes miR16-5p and miR106a-
5p. Significance was evaluated using a two-way ANOVA followed by a Tukey’s multiple 
comparison test. Asterisks denote statistical significance (*p<0.05; **p<0.01). Error bars represent 
standard error (n=3/treatment group). 

 
Figure 16: Let7a-5p expression in BGCs, BAECs, and SIGCs after 3TSR and VEGF 
recombinant treatment. Cell types were treated with PBS vehicle control, 5µM 3TSR, or 
50ng/mL recombinant VEGF. Total RNA was extracted, and qPCR analysis of miRNA expression 
was performed. A) Let7a-5p expression after 3TSR treatment. B) Let7a-5p expression after 
recombinant VEGF treatment. Expression normalized to reference genes miR16-5p and miR106a-
5p. Significance was evaluated using a two-way ANOVA followed by a Tukey’s multiple 
comparison test. No statistically significant differences observed. Error bars represent standard 
error (n=3/treatment group). 
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Optimal Bos Taurus and Rattus Norvegicus mRNA Reference Gene Selection for 
Quantitative-PCR (qPCR) Analyses 
 

In order to identify the most stable reference genes for mRNA qPCR analyses, candidate 

reference genes were selected from previous literature (Schoen, 2015). Both Bos Taurus and Rattus 

Norvegicus cell types were used in our analyses therefore primers were designed for both species, 

analysed individually, and then reference genes that were shown to be stable across both species 

were selected as optimal reference genes. A total of eight candidate reference genes (YWHAZ, 

H3F3B, ACTB, GAPDH, UBA52, RPL19, RPS18, and HRPT1) were tested across twelve bovine 

granulosa cell samples and twelve rat granulosa cells that had been subjected to PBS control, 

3TSR, and recombinant VEGF treatments in vitro. To determine the most steadily expressed 

mRNAs, three different software programs were used: geNorm, Normfinder, and Bestkeeper.   

Candidate reference gene analyses of Rattus Norvegicus primers indicated that the most 

stable reference genes were RPL19, UBA52, and RPS18. GeNorm analyses found RPS18, 

UBA51, and RPL19 to have the most stable M values of 0.253, 0.231, and 0.215, respectively 

(Figure 17B) as well as a pairwise variation V value of 0.084 (Figure 17C). Normfinder analysis 

determined RPS18 to be the most stable with a stability value of 0.065 (Figure 17D). In contrast, 

Bestkeeper found GAPDH to be the most stable reference gene (Figure 17F). Ultimately, RPL19, 

UBA52, and RPS18 were chosen as the most stable reference genes in rat granulosa cells.  

Candidate reference gene analyses of Bos Taurus primers indicated that the most stable 

reference genes were RPS18 and RPL19. GeNorm analyses found RPS18 and RPL19 to have the 

most stable M values of 0.167 and 0.159, respectively (Figure 18B). In addition, the pairwise 

variation (V value) for RPS18 and RPL19 was 0.071 (Figure 18C), well below the minimum value 

of 0.15. Normfinder determined UBA52 to be the most stable with a stability value of 0.061 

(Figure 18D). Finally, Bestkeeper analysis indicated UBA52 to be the most stable as it had the 

lowest standard error, highest R value and lowest p-value (Figure 18F). Ultimately, RPS18 and 

RPL19 were chosen as the most stable reference genes in bovine granulosa cells as they 

demonstrated stability across all three software program analyses, a high degree of correlation 

between M value and stability value (Figure 18E), and a stable pairwise variation.  

When comparing mRNA expression of both bovine and rat cell types, a total of three 

reference genes were utilized; RPL19, RPS18, and UBA52 as they demonstrated expression 

stability across both species in our sample set.  
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Figure 17: Optimal Rattus Norvegicus mRNA reference gene selection using geNorm, 
Normfinder, and Bestkeeper. Stability of Rattus Norvegicus candidate mRNA reference genes 
was assessed using three software programs; geNorm, Normfinder, and Bestkeeper. A) Raw CT 
values of each candidate reference gene. B) geNorm stability score (M value). RPL19 considered 
to be the most stable across sample set, with H3F3B being the least stable. Red line indicates 
minimum M value for a reference gene to be considered stable. C) geNorm pairwise variation 
score (V value), where candidate reference genes are paired together to determine most stable 
combination. RPS18, UBA52 and RPL19 were chosen as the most stable combination. Red line 
indicates minimum V value for a pairwise variation to be considered stable. D) Normfinder 
stability value, where a lower stability value is considered to be the most stable reference gene. 
RPS18 considered to be the most stable. E) Correlation of the geNorm M value and the Normfinder 
stability value. RPS18 considered to be the most stable. F) Bestkeeper analysis of standard error 
(SE), coefficient of correlation (R value), and p-value. Genes that ranked comparatively better are 
highlighted with a more intense cell colour. GAPDH considered to be the most stable. 
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Figure 18: Optimal Bos Taurus mRNA reference gene selection using geNorm, Normfinder, 
and Bestkeeper. Stability of Bos Taurus candidate mRNA reference genes was assessed using 
three software programs; geNorm, Normfinder, and Bestkeeper. A) Raw CT values of each 
candidate reference gene. B) geNorm stability score (M value). RPL19 considered to be the most 
stable across sample set, with YWHAZ being the least stable. Red line indicates minimum M value 
for a reference gene to be considered stable. C) geNorm pairwise variation score (V value), where 
candidate reference genes are paired together to determine most stable combination. RPS18 and 
RPL19 were chosen as the most stable combination. Red line indicates minimum V value for a 
pairwise variation to be considered stable. D) Normfinder stability value, where a lower stability 
value is considered to be the most stable reference gene. UBA52 considered to be the most stable. 
E) Correlation of the geNorm M value and the Normfinder stability value. HRPT1, UBA52, 
ACTB, RPL19, and RPS18 considered to be the stable. F) Bestkeeper analysis of standard error 
(SE), coefficient of correlation (R value), and p-value. Genes that ranked comparatively better are 
highlighted with a more intense cell colour. UBA52 considered to be the most stable. 

 
 
 



 

  58 

VEGFA and TSP-1 Expression in Granulosa and Endothelial Cells Following Treatment 
with 3TSR and Recombinant VEGF In Vitro 
 
 Bovine granulosa cells (BGCs), bovine aortic endothelial cells (BAECs), and 

spontaneously immortalized rat granulosa cells (SIGCs) were exposed to serum free media 

containing a PBS vehicle control, 5µM 3TSR, or 50ng/mL recombinant VEGF. Following 

treatment mRNA expression levels of VEGFA and TSP-1 were analyzed using qPCR. Expression 

of VEGFA and TSP-1 were normalized to RPL19, RPS18, and UBA52. In all three cell types 

analyzed, no statistically significant differences in VEGFA expression were observed in 3TSR 

treated cells (Figure 19A) or in VEGF treated cells (Figure 19B). Similarly, no significant 

differences in TSP-1 expression were observed in 3TSR treated cells (Figure 19C) or in VEGF 

treated cells (Figure 19D). 
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Figure 19: VEGFA and TSP-1 expression in BAECs, BGCs, and SIGCs following 3TSR and 
VEGF recombinant treatment in vitro. Cell types were treated with a PBS vehicle control, 5µM 
3TSR, or 50ng/mL recombinant VEGF. Total RNA was extracted, and qPCR analysis was 
performed. A) VEGFA expression after 3TSR treatment. B) VEGFA expression after recombinant 
VEGF treatment. C) TSP-1 expression after 3TSR treatment. D) TSP-1 expression after 
recombinant VEGF treatment. Expression normalized to reference genes RPL19, RPS18, and 
UBA52. Significance was evaluated using a two-way ANOVA followed by a Tukey’s multiple 
comparison test. No statistically significant differences were observed. Error bars represent 
standard error (n=3/treatment group). 
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MicroRNA Expression in Granulosa Cells of Large and Cystic Bovine Follicles 
 
 Large and cystic bovine follicles were aspirated to collect follicular fluid and granulosa 

cells for expression analyses. Expression of eight miRNAs, previously shown to be involved in 

angiogenesis and folliculogenesis as well as have the ability to target VEGF and TSP-1, were 

analyzed using qPCR. miRNA expression was normalized to miR16-5p and miR106a-5p. 

Expression of miR29a-3p was found to be increased in cystic follicles as compared to large 

(p<0.05; Figure 20E), while expression of miR132-3p was significantly reduced in cystic follicles 

as compared to large (p<0.05; Figure 20G). No other observable changes in miRNA expression 

was found between large and cystic follicles. 
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Figure 20:miRNA expression in granulosa cells of large and cystic bovine ovarian follicles. 
Granulosa cells were collected from follicular fluid aspirates of large and cystic bovine follicles. 
Total RNA was extracted, and qPCR analysis of miRNA expression was performed. A) miR15a-
5p expression. B) miR18a-5p expression. C) miR20a-5p expression. D) miR21-5p expression. E) 
miR29a-3p expression. F) miR126-5p expression. G) miR132-3p expression. H) Let7a-5p 
expression. Expression normalized to reference genes miR16-5p and miR106a-5p. Significance 
was evaluated using an unpaired t-test with a Welch’s correction. Asterisks denote statistical 
significance (*p<0.05). Error bars represent standard error (n=14/group). 
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mRNA Expression in Granulosa Cells of Large and Cystic Bovine Follicles 
 
 Granulosa cells aspirated from large and cystic ovarian follicles were collected and total 

RNA was extracted for qPCR analysis. VEGFA and TSP-1 expression was normalized to RPS18 

and RPL19, as determined through reference gene software analyses. VEGFA was found to be 

increased in cystic follicles as compared to large follicles (p<0.05; Figure 21A), however no 

significant differences in TSP-1 expression was observed (Figure 21B).  

 

 

 

 

 

 

Figure 21: mRNA expression of VEGFA and TSP-1 in granulosa cells of large and cystic 
bovine follicles. Granulosa cells were collected from follicular fluid aspirates of large and cystic 
bovine follicles. Total RNA was extracted, and qPCR analysis of mRNA expression was 
performed. A) VEGFA expression. B) TSP-1 expression. Expression normalized to reference 
genes RPS18 and RPL19. Significance was evaluated using an unpaired t-test with a Welch’s 
correction. Asterisks denote statistical significance (*p<0.05). Error bars represent standard error 
(n=14/group). 
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Protein Expression in Granulosa and Theca Cells of Large and Cystic Bovine Follicles 
 

Western blot analysis was used to evaluate expression of vascular factors VEGF and CD36, 

as well as the mitogenic factor, IGF1 in granulosa cells collected from follicular fluid aspirates of 

large and cystic bovine ovarian follicles. Levels of VEGF were found to be significantly increased 

in cystic follicles as compared to large (p<0.05; Figure 22A, B), while the TSP-1 receptor, CD36 

was found to be significantly lower in cystic follicles (p<0.01; Figure 22E, F). Levels of IGF1 

were shown to have no statistically significant differences between large and cystic follicles, 

however appears to up-regulated in cystic follicles (Figure 22C, D).  

Protein expression was also analyzed using immunohistochemistry in order to evaluate 

expression of additional vascular factors VEGF, VEGFR2, TSP-1, and CD36, as well as mitogenic 

factors IGF1 and IGF2 in the granulosa and theca cell layers of large and cystic bovine ovarian 

follicles. The pro-angiogenic factor, VEGF, was expressed at high levels in both the large and 

cystic follicles, with no statistically significant differences observed (Figure 23). In contrast, the 

receptor of VEGF, VEGFR2, was found to be enhanced in cystic follicles as compared to large 

(p<0.05; Figure 23). Interestingly, the anti-angiogenic factor TSP-1 (p<0.01; Figure 24), along 

with its receptor, CD36 (p<0.001; Figure 24), were both found to be upregulated in cystic follicles 

as compared to large follicles. Finally, mitogenic factors IGF1 and IGF2, both involved in cellular 

proliferation and inhibition of apoptosis, had high levels of expression in both large and cystic 

follicles, however no significant differences were observed between groups (Figure 25).  
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Figure 22: Protein quantification of VEGF, IGF1, and CD36 in granulosa cells of large and 
cystic bovine follicles. Granulosa cells were collected from follicular fluid aspirates of large and 
cystic bovine follicles. Protein was extracted using the RIPA lysis buffer and Western Blot analysis 
of protein quantification was performed. A, B) Immunoblot and densitometric analysis of VEGF 
from granulosa cells. C, D) Immunoblot and densitometric analysis of IGF1 from granulosa cells. 
E, F) Immunoblot and densitometric analysis of CD36 from granulosa cells. Respective loading 
controls are displayed in the lower box of immunoblot images for each factor. Significance was 
evaluated using an unpaired t-test with a Welch’s correction. Asterisks denote statistical 
significance (*p<0.05; **p<0.01). Error bars represent standard error (n=3/group). Duplicate b-
actin images in panels C and E. Full immunoblot images available in Appendix III. 
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Figure 23: VEGF and VEGFR2 protein expression in granulosa and theca cell layers in large 
and cystic bovine follicles. Follicles were immunostained and selectively annotated to determine 
protein expression in the granulosa and theca cell layers. Areas with the highest proportion of 
positive staining were imaged at 200x magnification. Three images were captured per bovine 
follicle section (VEGF: n=15 images analyzed/group; VEGFR2: n=9 images analyzed/group). 
Significance was evaluated using an unpaired t-test with a Welch’s correction. Asterisks denote 
statistical significance (*p<0.05). Error bars represent standard error. 
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Figure 24: TSP-1 and CD36 protein expression in granulosa and theca cell layers in large 
and cystic bovine follicles. Follicles were immunostained and selectively annotated to determine 
protein expression in the granulosa and theca cell layers. Areas with the highest proportion of 
positive staining were imaged at 200x magnification. Three images were captured per bovine 
follicle section (n=15 images analyzed/group). Significance was evaluated using an unpaired t-test 
with a Welch’s correction. Asterisks denote statistical significance (**p<0.01; ***p<0.001). Error 
bars represent standard error. 
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Figure 25: IGF1 and IGF2 protein expression in granulosa and theca cell layers in large and 
cystic bovine follicles. Follicles were immunostained and selectively annotated to determine 
protein expression in the granulosa and theca cell layers. Areas with the highest proportion of 
positive staining were imaged at 200x magnification. Three images were captured per bovine 
follicle section (n=9 images analyzed/group). Significance was evaluated using an unpaired t-test 
with a Welch’s correction. No statistically significant differences were observed. Error bars 
represent standard error. 
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DISCUSSION 
 

This study has explored how miRNAs play a regulatory role in ovarian folliculogenesis 

and angiogenesis and how disruption of these regulatory mechanisms may lead to ovarian-based 

reproductive disorders, such as bovine cystic ovarian disease. Our study began by selecting eight 

miRNAs, let-7a, miR-15a, -18a, -20a, -21, -29a, -126, and -132, that have been shown in the 

literature to have a regulatory role in ovarian follicle development and angiogenesis as well as 

target either VEGF or TSP-1. Our goal was to determine which miRNAs play an important 

compensatory role in maintaining the balance between VEGF and TSP-1 throughout the ovarian 

cycle, as well as to characterize the expression profile of large, antral follicles compared to cystic, 

diseased follicles, in order to gain a better understanding of how miRNAs, angiogenic factors, and 

mitogenic factors potentially mediate COD.  

COD is a major contributor to infertility in cattle resulting in a significant economic burden 

to the dairy and beef industries. The cause of COD is not well understood, but studies suggest that 

it comprises a variety of factors including environment, genetics, endocrine factors, and angiogenic 

factors (Peter, 2004). As cows do not develop cysts with every lactation, or during every ovarian 

cycle, a change in gene expression has been suggested as a possible mediator and contributor to 

the disease (Grado-Ahuir, 2011). We believe that miRNAs are integral to the gene regulatory 

mechanisms involved in COD and that angiogenic factors such as VEGF and TSP-1 are essential 

for follicle development, blood vessel growth, and ovarian function. As such, we have chosen to 

analyze miRNAs that regulate VEGF and TSP-1 in order to better understand the role that miRNAs 

play in regulating ovarian physiology.  

We compared miRNA expression in whole murine ovarian tissues that had altered follicle 

development and angiogenesis, analyzed miRNA expression in granulosa and endothelial cells 

subject to VEGF and 3TSR treatment, and finally assessed miRNA, mRNA, and protein 

expression patterns in large and cystic bovine follicles. These results have allowed us to begin to 

narrow our focus to a limited number of miRNAs that may be playing an essential role in regulating 

ovarian folliculogenesis and angiogenesis, ultimately getting us closer to understanding the role 

that miRNAs play in COD and other ovarian-based reproductive disorders.  
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MicroRNA Expression in Murine Ovarian Tissue Following Cyclophosphamide Exposure 
 
 Six-week-old C57Bl6 mice were treated with various chemotherapy dosing schedules. 

Mice received IP injections of either PBS control, LDM Cyclophosphamide, or MTD 

Cyclophosphamide for 2 weeks. Following the chemotherapy treatment, mice were sacrificed, and 

ovarian tissue was collected for analysis. Ovaries that were subject to MTD treatment were shown 

to have significantly increased atretic follicles as well as significantly reduced vascular density 

and antral follicle count as compared to the LDM treatment and PBS control groups. In addition, 

the MTD group had a significantly reduced litter size and increased number of mating days, 

suggesting overall impaired ovarian function and subfertility (Dynes, 2017). Based on this data, it 

is evident that the MTD group has reduced follicle development and angiogenesis, making this a 

potential model for miRNA analysis of ovarian function.  

Ovarian tissues were collected from each of the three treatment groups at four stages of the 

ovarian cycle, antral, ovulatory, early luteal, and luteal. RNA extraction was performed, and qPCR 

analysis was conducted to assess miRNA expression patterns of our eight candidate miRNAs 

chosen from the literature. The PBS treated group served as our control as the ovarian tissue 

demonstrated standard ovarian function. The LDM group demonstrated reduced angiogenesis, 

however the MTD group exhibited the greatest change in ovarian structure and cellular identity, 

therefore we predicted to see the greatest change in miRNA expression between the PBS and MTD 

treated ovarian tissues. Unfortunately, we did not observe the expression profiles that we 

hypothesized. While some significant differences in miRNA expression were observed, they did 

not follow any perceivable trend.  

Expression of miR-15a-5p was significantly reduced in LDM and MTD groups during the 

antral phase as compared to the PBS control. MiR-15a-5p has been classified as an anti-angiogenic 

miRNA as it targets VEGF and decreases the expression of VEGF and FGF2 in endothelial cells 

(Yin, 2012), in addition to its ability to induce apoptosis and regulate steroidogenesis (Sirotkin, 

2010). Decreased miR-15a-5p expression following decreased follicle and blood vessel growth 

suggests that miR-15a may be acting in a compensatory manner in order to increase VEGF 

expression and subsequently angiogenesis in order to overcome the angiogenic inhibition brought 

forth by the Cyclophosphamide treatments. Decreasing the expression of miR-15a could lead to 

increased VEGF as less VEGF transcripts would be targeted for destruction via miR-15a. In 

addition, we observed significant differences in expression of miR-20a, 29a, -126, and -132. 
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Interestingly, these differences were not among treatment groups but between phases of the 

ovarian cycle. These results suggest that the expression of these miRNAs may be regulated based 

on the cellular identity or hormone production present during each phase, which is common as 

there are miRNAs that are characteristically expressed in either the follicular or luteal phases. For 

example, miR-126 has been shown to be expressed in endothelial cells and peaks in expression 

during the luteal phase, suggesting it plays an important role in luteal vascularization (Dai, 2014).  

Overall from this experiment we determined that this model was not ideal for analyzing 

individual miRNA expression profiles. There are a variety of reasons for this: first, it is difficult 

to tease out miRNA specific changes in a complex tissue that has various cell types, both somatic 

and germ cells. This makes it challenging to conclusively state reasons for observed changes in 

expression. Second, the ovary is a cyclical organ that is continuously undergoing changes in 

cellular identity, therefore by adding the additional component of chemotherapy exposure, this 

model becomes much too complex. While this experiment did not allow us to conclusively narrow 

down our pool of miRNAs of interest, it did allow us to optimize our miRNA primers and qPCR 

techniques as well as determine optimal qPCR reference genes for our future miRNA expression 

analyses. 

 
qPCR Reference Gene Selection 
 
 Due to a lack of consensus on how best to perform and interpret quantitative real-time PCR 

(qPCR) experiments, the Minimum Information for Publication of Quantitative Real-Time PCR 

Experiments (MIQE) guidelines were created. These guidelines included information on various 

aspects of qPCR analysis including nomenclature, reagents, research applications, sample 

preparation, primer efficiency, housekeeping genes, and many more (Bustin, 2009). We have, to 

the best of our abilities, aimed to follow all of the guidelines set for qPCR, with reference gene 

selection being a main area of investigation and investment of time.  

Normalization using housekeeping genes is an essential component of a reliable qPCR 

assay as this process controls for variations in extraction yield, reverse-transcription yield, and 

efficiency of amplification; ultimately allowing for the comparison of mRNA or miRNA 

concentrations across different samples. Normalization against a single reference gene is 

considered not acceptable unless clear evidence is provided showing the housekeeping genes 



 

  71 

invariant expression under the experimental conditions. As such, two or more reference genes that 

have been experimentally determined is considered optimal for qPCR analyses.  

For our miRNA expression analyses using qPCR, we selected six candidate housekeeping 

genes to analyze across our murine ovarian tissue sample set. Reference gene stability was assessed 

using various software systems; geNorm, Normfinder, and Bestkeeper. These software systems 

use various algorithms to determine which reference gene has the most stable expression across 

all samples. In addition, some softwares will assess combinations of reference genes in order to 

determine which sets of genes, when averaged together, would be the best for qPCR normalization, 

thereby adhering to the MIQE guidelines. Our analysis determined that miR-16-5p and miR-106a-

5p together are the most stable reference genes to use for miRNA expression analysis of our sample 

set. Interestingly, the most commonly used reference gene for miRNA expression analysis, U6, 

was shown to be the least stable reference gene, with great variability across our sample set. 

Overall, these results demonstrate the importance of analyzing reference gene stability before 

proceeding with qPCR analysis, as improper reference gene selection can result in dramatically 

altered results.  

 
Effects of Recombinant VEGF and 3TSR Treatment on Granulosa and Endothelial Cells 
 
 In order to better understand the regulatory role that miRNAs play in ovarian function, in 

vivo functional analyses must be conducted. Our goal is to determine which of our eight chosen 

miRNAs of interest appear to play the most important role in granulosa and endothelial cell 

function, thereby narrowing our target for in vivo studies. In order to do this, we treated bovine 

aortic endothelial cells (BAECs), bovine granulosa cells (BGCs), and spontaneously immortalized 

rat granulosa cells (SIGCs) with recombinant VEGF and 3TSR in vitro. The cells were then 

collected, and RNA was extracted for qPCR analysis of miRNA and mRNA expression. We 

hypothesized that the treatment would result in a disruption between the balance of VEGF and 

TSP-1, which would result in compensatory changes in miRNA expression. These changes in 

miRNA expression would then allow us to focus our studies to one or two miRNAs that are 

exhibiting the greatest regulatory role of VEGF and TSP-1 expression in the ovary.  
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Compensatory Changes in miRNA Expression 
 
 Following treatment of VEGF and 3TSR, expression profiles of let-7a, miR-15a, -18a, -

20a, -21, -29a, -126, and -132 were conducted. Similar to the previous study, reference genes miR-

16a-5p and miR-106a-5p were used as normalizers for qPCR analysis. Significant increases in 

miR-15a, -29a, -126, and -132 were observed in BAECs following VEGF treatment for 6 hours in 

addition to a significant increase in miR-132 in BAECs following 3TSR treatment. Interestingly, 

no statistically significant differences were observed in either of the two granulosa cell lines. As 

VEGF and TSP-1 are both angiogenic factors, it is not surprising that treatment of endothelial cells 

with these recombinant proteins resulted in the greatest compensatory changes of miRNA 

expression.  

 miR-15a, -29a, -126, and -132 have all been shown to be highly expressed within the ovary 

(Maalouf, 2016). Previous literature has shown that miR-15a induces apoptosis and is a key 

regulator of steroidogenesis. In addition, miR-15a also plays an important regulatory role in 

angiogenesis, where treatment of endothelial cells with miR-15a has resulted in decreased 

expression of VEGF and FGF2, thereby resulting in inhibition of blood vessel growth (Sirotkin, 

2010; Yin, 2012). Similarly, miR-29a also induces apoptosis and has been shown to be 

significantly down regulated in serum samples of women suffering from PCOS (Ding, 2015). With 

regards to blood vessel growth, miR-126 and miR-132 have both been shown to play important 

regulatory roles throughout the VEGF/VEGFR2 signalling pathway. miR-126 has the ability to 

inhibit PI3K expression, while miR-132 inhibits Ras, a key mediator of the MAPK/ERK pathway. 

Inhibition of these pathways ultimately leads to an inhibition of the VEGF signalling cascade, 

therefore resulting in reduced pro-angiogenic effects (Anand, 2010; Fish, 2008). In addition, miR-

126 has been shown to be positively expressed in both luteal and endothelial cells, where its 

expression peaks during the luteal phase and then declines upon CL regression, suggesting it is an 

important mediator of vascularization of the CL (Dai, 2014). Finally, miR-132 has been shown to 

be a key regulator of steroidogenesis resulting in increased estradiol production. miR-132 is also 

highly expressed in endothelial cells and has been shown to be induced via VEGF and FGF2. 

Clinically, miR-132 has been shown to have decreased expression in PCOS patients and recently 

the use of miR-132 as a therapeutic agent has resulted in increased viability of endothelial cells 

when diseased vessels are treated with anti-miR-132 (Liu, 2011; Roth, 2014; Yin, 2014). Based 

on this data, it is evident that miR-15a, -29a, -126, and -132 play essential roles in blood vessel 
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growth and regression, therefore it is not surprising that they had the greatest compensatory 

changes in expression in the BAECs treated with VEGF and 3TSR.  

 Based on this experiment, we have narrowed down our target miRNAs of interest to miR-

15a, -29a, -126, and -132. All of these miRNAs have been shown to result in compensatory 

changes in endothelial cells when treated with VEGF or 3TSR and have been shown to play 

important regulatory roles in blood vessel formation and regression in previous literature. Moving 

forward, we would like to analyze these four miRNAs further in vitro before moving to in vivo 

studies. Further in vitro studies include utilizing the pmiRGLO Dual-Luciferase miRNA Target 

Expression Vector© (Promega) to assess each miRNA’s binding specificity to VEGF and TSP-1. 

This expression vector is designed to quantitatively evaluate miRNA activity by inserting miRNA 

target sites such as the 3’UTR of the gene of interest, to study the influence of these sites on 

transcript stability and activity. Our goal is to clone the 3’UTR of VEGF and TSP-1, insert them 

into the pmiRGLO vector and then transfect our BAECs and SIGCs with the vector in order to 

assess the binding specificity of our miRNAs of interest. In addition, we would like to then treat 

these transfected cells with miRNA mimics and miRNA inhibitors (antagomiRs), in order to assess 

cell proliferation, apoptosis, and cell survival due to enhanced or reduced expression of miR-15a, 

-29a, -126, and -132. Based on these studies, we hope to be able to select one or two miRNAs that 

appear to have the most significant effect on angiogenic factor regulation as well as cell survival. 

We then aim to move into an in vivo model where we would treat C57Bl6 mice with miRNA 

mimics and inhibitors via ovarian artery injection, in order to assess the functional affect that these 

miRNAs have on ovarian folliculogenesis, angiogenesis, and fertility.  

 
VEGF and TSP-1 Expression  
 
 In addition to analyzing miRNA expression using qPCR, we also evaluated the expression 

of VEGFA and TSP-1 following treatment with recombinant VEGF and 3TSR. We observed no 

statistically significant differences in VEGF or TSP-1 expression in any of the three cell lines. 

While these treatments resulted in compensatory changes of miRNA expression, we did not 

anticipate large differences in VEGF and TSP-1 transcript expression. The increased expression 

of miRNAs does not necessarily correlate to decreased expression of their targets as miRNAs have 

the ability to bind to many different targets and similarly, a single 3’UTR can also be bound by 

many different miRNAs (Winter, 2009).  
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 This experiment also allowed us to determine optimal reference genes for qPCR of mRNA 

transcripts. Eight candidate reference genes were selected from previous literature and tested 

across our sample set of granulosa and endothelial cells. Based on geNorm, Normfinder, and 

Bestkeeper analysis, the most stable reference genes across our three cell lines were RPS18, 

RPL19, and UBA52. As our BAECs and BGCs are bovine cell lines, while our SIGCs are rat, we 

performed two separate analyses, one with Bos Taurus specific primers and one with Rattus 

Norvegicus specific primers. RPS18, RPL19, and UBA52 were shown to be stable across our 

samples as well as across both species. This analysis was essential due to the complexity of our 

sample set and various cell line species. Overall, this analysis allowed us to prove the stability of 

our normalizing genes, thereby adhering to the MIQE guidelines (Bustin, 2009).   
 
Characterization of miRNA, mRNA, and Protein Expression in Cystic Bovine Follicles 
 
 Ovarian cysts are persistent, anovulatory follicular structures that occur in several 

mammalian species including bovine and humans. Cystic ovarian disease (COD) is a common 

ovarian-based reproductive disorder that causes infertility and economic losses in farm animals. 

The cause of COD is still unknown, however a change in gene expression is thought to be a 

potential mediator of the disease. As miRNAs are key regulators of gene expression, we aimed to 

characterize the expression of our eight miRNAs of interest in cystic bovine follicles as compared 

to large follicles. In addition, various studies have aimed to elucidate the role that various growth 

factors play in COD, therefore we also aimed to characterize the mRNA and protein expression 

patterns of several vascular and mitogenic growth factors along with their receptors in cystic 

follicles. By characterizing the expression patterns in cystic follicles, we will gain a better 

understanding of the role that miRNAs, VEGF, TSP-1, and IGF family members potentially play 

in COD.  

 
Altered Expression of miR-29a and miR-132 in Cystic Ovarian Disease 
 
 Large and cystic bovine ovaries were selected based on diameter and vacuum aspirated in 

order to collect follicular fluid (FF) and granulosa cells (GC). RNA was then extracted from the 

GCs and qPCR analysis of let-7a, miR-15a, -18a, -20a, -21, 29a, -126, and -132 was conducted. 

Interestingly, no differences in expression of let-7a, miR-15a, 18a, -20a, -21, and -126 were 
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observed between large and cystic follicles, however we did observe a significant increase in miR-

29a and a significant decrease in miR-132 in cystic follicles.  

 MicroRNA target prediction tools allow us to determine potential mRNA transcript targets 

for each miRNA. MiR-29a and miR-132 have over 600 and 350 predicted targets, respectively, 

thereby having the ability to regulate a wide variety of genes. Within the context of our study, 

miR-29a has been shown to target VEGF, TSP-2, and IGF1 (Wong, 2015). Previous studies have 

shown miR-29a to be highly expressed in the ovary, in particular within the granulosa cells, as 

well as during the early phase of granulosa cell luteinization, however not expressed in mature CL 

(Hossain, 2009). In addition, miR-29a has been shown to induce apoptosis, play an essential role 

in extracellular matrix remodeling during the follicular phase, and is significantly decreased in 

serum of patients with PCOS (Ding, 2015; Fang, 2016; Sirotkin, 2010). Studies have also 

suggested that miR-29a plays a regulatory role in growth and differentiation of cumulus cells, 

endocrine regulation of theca cells and early luteinization within the ovary (Salilew-Wondim, 

2014).  

 In cystic follicles, our study, as well as others, have demonstrated an increase in VEGF 

expression, therefore one would hypothesize that miRNAs known to target VEGF would 

potentially be downregulated, thereby reducing the inhibitory effect on VEGF. Interestingly, with 

our results, we see a significant increase in miR-29a along with a significant increase in VEGF 

expression. This upregulation of miR-29a may be present due to the enhanced VEGF expression 

in the cystic follicles as a compensatory mechanism in order to try to decrease the proliferation of 

endothelial cells. In addition, miR-29a may be targeting other factors involved in regulating blood 

vessel formation or folliculogenesis, such as TSP-2 or insulin-like growth factor 1 (IGF1). During 

follicle growth, the IGF family works in synergy with gonadotropins, FSH and LH, in order to 

regulate proliferation and differentiation of granulosa and theca cells (Hossain, 2009). IGF1 has 

also been shown to initiate follicle growth, suppress granulosa cell apoptosis, and has been 

suggested as a potential mediator of accelerated preantral follicle growth in PCOS patients (Stubbs, 

2013; Yang, 2000). This suggests that the enhanced expression of miR-29a could be acting to 

downregulate IGF1 in order to reduce proliferation and induce apoptosis of granulosa cells in these 

cystic follicles, although we do not have transcript expression levels of IGF1 to further confirm 

this theory. Overall, the regulatory role that miR-29a has in the context of follicle growth has not 

been fully elucidated. Our studies suggest that miR-29a is upregulated in cystic follicles, therefore 
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may be playing a role in either enhancing the diseased state or working to downregulate 

proliferative and pro-angiogenic factors.  

 Previous studies of miRNA expression in follicular fluid has shown a decrease in miR-132 

expression in cystic follicles of PCOS patients compared to healthy follicles (Roth, 2014; Sang, 

2013). Our results also show a significant decrease in miR-132 in cystic bovine follicles as 

compared to healthy follicles, which suggests that a lack of miR-132 could play a role in the 

development or progression of cystic follicles in mammalian species.  MiR-132 has also been 

shown to increase proliferation, regulate steroidogenesis, increase estradiol production, and inhibit 

downstream components of the VEGF signalling cascade (Anand, 2010; Schauer, 2013; Sirotkin, 

2010; Yin, 2014). Therefore, we can hypothesize that the down regulation of miR-132 found in 

cystic follicles may result in decreased GC proliferation, decreased estradiol production, and 

increased VEGF signalling. MiR-132 has also been shown to promote angiogenesis, where the use 

of miR-132 inhibitors has been shown to result in anti-angiogenic effects (Liu, 2011). The 

regulatory effect that miR-132 has within the ovary and specifically in cystic follicles is of great 

interest. Based on our studies, in vitro studies of angiogenic factors on GCs and ECs, as well as 

our miRNA expression profiling results in cystic follicles, miR-132 appears to be a great candidate 

for future in vivo functional studies as it is evident that it plays a vital role in follicle and blood 

vessel development.  

 
Altered mRNA and Protein Expression of Angiogenic Factors in Cystic Ovarian Disease 
 
 Previous work in our lab has uncovered an inverse relationship between the expression of 

VEGF and TSP-1 throughout folliculogenesis. Using bovine follicles ranging in size small 

(<5mm), medium (5-10mm), and large (10-15mm), protein expression levels of VEGF were 

shown to increase as the follicle matured, while TSP-1 expression opposed this trend, decreasing 

in expression as the follicle matured (Greenaway, 2005). This inverse relationship coincides with 

the development of vasculature within the follicle, as the vascular density increases as the follicle 

matures, suggesting a greater amount of pro-angiogenic stimulation. Within the context of COD, 

we wanted to characterize the expression of VEGF and TSP-1 in cystic follicles to determine if 

this inverse trend continues during pathological conditions. In order to do this, RNA was extracted 

from granulosa cells of large and cystic bovine follicles and qPCR was conducted. As 

hypothesized, VEGF mRNA expression was significantly upregulated in cystic follicles as 
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compared to large, while TSP-1 expression did not differ, although it was expressed at very low 

levels. Previous data has shown that VEGF is highly expressed in cystic bovine follicles (Isobe, 

2008) and correlates with previous studies demonstrating over expression in cystic follicles of 

women with PCOS (Ferrara, 2003). VEGF results in enhanced vascular permeability, thereby 

allowing for serum to leave the vasculature in the thecal cell layer and flow into the follicular 

antrum, thereby causing excess fluid buildup (Isobe, 2008). Additionally, VEGF has been shown 

to play a cytoprotective role in granulosa cells where cell viability of serum starved GCs in vitro 

was enhanced with recombinant VEGF treatment (Greenway, 2004). Similarly, when the receptor 

for VEGF, VEGFR2 was inhibited in vitro, this lead to decreased GC viability (Greenaway, 2004). 

Together this data suggests that the pro-angiogenic factor VEGF is playing a pivotal role in 

promoting blood vessel growth in the follicle, and continuous high expression may be potentiating 

the cystic state.  

 In addition to qPCR analysis of mRNA expression, protein was also collected from 

granulosa cells of large and cystic follicles and western blots for protein quantification were 

performed. Similar to mRNA expression, VEGF protein expression was significantly upregulated 

in cystic follicles. In addition, protein quantification of CD36, the receptor for TSP-1, and IGF1 

was performed. Protein expression of CD36 was significantly decreased in granulosa cells of cystic 

follicles, suggesting there is reduced anti-angiogenic signalling in cystic follicles, which may lead 

to the enhanced blood vessel growth alongside pro-angiogenic stimulation.  

Members of the IGF family are key intraovarian regulators shown to be important for 

granulosa and theca cell proliferation and steroid development throughout the ovarian cycle. 

Disruption of IGFs can lead to abnormal follicular development and function, as well as 

compromise fertility through development of follicular cysts. The bioavailability of both IGF1 and 

IGF2 in the follicle is greatly influenced by the proportion of IGF-binding proteins (IGFBPs). If 

IGFBPs are degraded via proteolytic enzymes, this results in increased levels of free IGFs, which 

leads to stimulation of steroidogenesis and mitogenesis (Rodríguez, 2013). Previous studies have 

demonstrated that COD is associated with decreased concentration of IGF1 in follicular fluid and 

granulosa cells, thereby suggesting that the role that IGF1 plays in the regulation of 

folliculogenesis may participate in the pathogenesis of COD (Ortega, 2008). Our western blot 

analyses showed no significant difference in IGF1 expression between large and cystic follicles. 

Future analyses aim to include protein expression data for VEGFR2, TSP-1, and IGF2, in order to 
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provide a complete overview of angiogenic and mitogenic factors that may be playing a vital role 

in the development of COD. 

 Finally, protein expression analyses using immunohistochemistry (IHC) was conducted on 

the theca and granulosa cell layers of large and cystic follicles. Complete analysis of all proteins 

of interest including angiogenic factors VEGF, VEGFR2, TSP-1, and CD36 as well as mitogenic 

factors IGF1 and IGF2 was conducted. As mentioned previously, VEGF increases with follicle 

maturity, as does its receptor VEGFR2 (Greenaway, 2004), therefore we hypothesized that these 

factors would be further increased in cystic follicles. While no significant difference in VEGF 

expression in granulosa and theca cells was detected, we did observe a significant increase in 

VEGFR2. These results correlate with previous studied, again suggesting that VEGF and the 

VEGF signalling pathway play an essential role in the development of cystic follicles due to 

enhanced blood vessel development within the thecal cell layer.  

Surprisingly, we observed significant increases in both TSP-1 and CD36 in cystic follicles 

as compared to large, which contrasts with our mRNA and western blot results. One important 

difference between our western blot analyses compared to our IHC analyses is that the former 

analysed only granulosa cell expression, while the latter analysed both granulosa and theca cells. 

The thecal cell layer is highly vascularized in antral follicles as well as cystic follicles, while the 

granulosa cell layer remains avascular. As such, in our IHC analyses, this includes the protein 

expression from the blood vessels within the thecal layer. Previous studies have demonstrated that 

TSP-1 and CD36 are expressed in granulosa, theca, and endothelial cells (Osz, 2014; Petrik, 2002), 

therefore the increased expression of TSP-1 and CD36 may be attributed to the increased 

vascularization of the thecal cell layer in cystic follicles as compared to large.  

Lastly, while previous studies have indicated a decreased expression of IGF1 in cystic 

follicles (Ortega, 2008), our IHC analyses showed no significant differences in IGF1 or IGF2 

expression between large and cystic follicles. These results are similar to what we observed with 

western blot analysis. While, no significant differences were observed, there is a slight decrease in 

both IGF1 and IGF2 expression, which may be further elucidated with a greater sample size.  

Overall, we have begun to characterize the expression profiles of various factors believed 

to play a role in the development and propagation of COD in cattle. Together, our results suggest 

that an increase in pro-angiogenic signalling within the granulosa cells of cystic follicles may not 
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be counteracted with anti-angiogenic signalling, thereby leading to proliferation of vasculature and 

development of a cystic, anovulatory follicle.  

 
Study Limitations 
 
 One of the major limitations of this study is that we were unable to include functional 

analyses of miRNA expression with regards to ovarian physiology. We were able to determine 

expression profiles of miRNA, mRNA, and protein expression in cystic vs non-cystic ovaries; 

however, we were not able to correlate these changes in miRNA expression to an actual functional 

change within the ovary. In order to do this, we would utilize an in vitro and in vivo model to 

inhibit and enhance miRNA expression and then determine if the over or under expression of 

miRNAs lead to changes in proliferation, apoptosis, vascularization, follicle development, and 

ultimately fertility.  

 An additional limitation to this study was our selection of miRNAs of interest. We chose 

eight candidate miRNAs from the literature that have been shown to be involved in ovarian 

folliculogenesis and angiogenesis. While this selection process narrowed our focus, it may have 

impeded our ability to develop a holistic view of miRNA regulation throughout folliculogenesis 

and within COD specifically. A different approach could have been to perform small RNA 

sequencing or microarray analyses on large and cystic follicles to determine which miRNAs may 

be significantly up or down regulated in a diseased follicle versus a healthy follicle. From there, 

we would be able to verify these changes using qPCR, and then focus our in vivo studies on the 

miRNAs found to be the most dysregulated in COD.  

 Overall, studying miRNAs presents a unique challenge. We have shown that miRNA 

expression can fluctuate based on a variety of things such as treatment with chemotherapy, phase 

changes in the ovarian cycle, treatment with recombinant proteins, and development of follicular 

cysts. What becomes difficult is correlating these changes in miRNA expression to changes in 

mRNA expression, protein expression, and overall functional effects. While we can extrapolate 

the role that miRNAs are playing with regards to ovarian physiology, we don’t have the entire 

picture just yet.  
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Future Directions 
 
 Moving forward, there are a variety of different experiments and analyses that can be 

performed in order to try and better understand how miRNAs are regulating ovarian 

folliculogenesis and angiogenesis, specifically within the context of COD.  

 Based on the data collected in this study, we have been able to narrow down our target 

miRNA of interest to miR-15a, -29a, -126, and -132 based on treatment of granulosa and 

endothelial cells with recombinant VEGF and 3TSR. In addition, we observed significant changes 

in miR-29a and miR-132 in cystic versus large follicles. Based on this data, the miRNA that is of 

greatest interest with regards to COD and shows promise for future experiments is miR-132. We 

have demonstrated that miR-132 is downregulated in cystic bovine follicles, similar to what has 

been discovered with PCOS patients. In addition, miR-132 expression appeared to have changed 

significantly with treatment of both recombinant VEGF and 3TSR, suggesting it plays an 

important compensatory role in regulating the balance between these angiogenic factors. Future 

experiments would include testing the binding specificity of miR-132 to our genes of interest, 

VEGF and TSP-1, in vitro, using the pmiRGLO Dual-Luciferase miRNA Target Expression 

Vector© (Promega). We would then utilize miRNA mimics and inhibitors to determine the role 

that miR-132 has on cell proliferation, apoptosis, and cell viability. In order to assess the role of 

miR-132 throughout the ovarian cycle, we would then move to an in vivo murine model, where 

miR-132 mimics and inhibitors would be injected into the ovarian artery. We would then be able 

to analyze antral follicle count, follicle atresia, CL development, blood vessel development, 

development of cystic follicles, and fertility. These sets of experiments would allow us to 

understand how miR-132 regulates ovarian function, show the important regulatory role that it 

plays in folliculogenesis, and support the hypothesis that dysregulation of miR-132 can result in 

the development of cystic follicles.  

 Taking a step back from the data that we have collected in this study, future analyses 

include microarray or RNA sequencing of mRNA and small RNAs, in order to gain a holistic view 

of the miRNA expression profiles of cystic versus non-cystic bovine follicles. This will allow us 

to determine all of the miRNAs that are up or down regulated, which provides a better starting 

point for understanding COD. From there, we would be able to correlate miRNA and mRNA 

expression in order to determine which genes, specifically VEGF and TSP-1, are potentially being 

dysregulated in COD. Once we have chosen the miRNAs that appear to be playing a major role in 
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COD, we can then test their binding specificity to various mRNA targets. We will then be able to 

analyze the functional effects of these miRNAs using miRNA mimics and inhibitors both in vitro 

and in vivo. This approach would allow us to (1) gain a better understanding of miRNA regulation 

in COD, (2) correlate the changes in miRNA expression to mRNA and protein expression, and (3) 

determine the functional role of specific miRNAs in ovarian function and pathology.  

 Overall, this study has provided us with a great starting point for better understanding the 

role that miRNAs play in ovarian function, and these proposed future studies will allow us to 

further enhance our understanding of miRNA regulation of ovarian folliculogenesis and 

angiogenesis in ovarian physiology and pathology.  
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SUMMARY AND CONCLUSIONS 
 
 This study aimed to identify the role of miRNAs in regulating ovarian folliculogenesis and 

angiogenesis and the potential role that miRNAs play in ovarian-based reproductive disorders such 

as bovine cystic ovarian disease. We conducted miRNA expression profiles of granulosa and 

endothelial cells in vitro as well as characterized the miRNA, mRNA, and protein expression 

profiles in cystic bovine follicles as compared to large follicles.  

 When granulosa and endothelial cells were subject to recombinant VEGF and 3TSR 

treatment, we observed compensatory changes in expression of miR-15a, -29a, -126, and -132, 

which we believed to occur in order to maintain the balance between VEGF and TSP-1 signalling. 

In addition, we demonstrated an increase in miR-29a and decrease in miR-132, along with a 

significant increase in the mRNA and protein levels of VEGF in granulosa cells, and a significant 

increase in protein expression levels of VEGFR2, TSP-1, and CD36 in the granulosa and theca 

cell layers of cystic follicles. These results demonstrate the increased vascular density and pro-

angiogenic stimulation of cystic follicles and suggest that miR-29a and miR-132 may be potential 

mediators of cystic ovarian disease. Future analyses of miR-29a and miR-132 in vivo may allow 

us to better understand the functional role that these miRNAs are playing in the ovary.  

 In conclusion, we have shown that an imbalance of pro- and anti-angiogenic factors exists 

in cystic follicles and that this change in gene expression may be mediated via miRNAs such as 

miR-29a and miR-132. Ultimately, more analyses must be conducted in order to fully understand 

the role that these miRNAs, along with others, may be playing in the development and progression 

of ovarian-based reproductive disorders such as bovine cystic ovarian disease.  
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APPENDICES 
 
Appendix I - Sources of Products and Materials 

 
CHEMICALS SUPPLIERS 
 
10% neural buffered formalin 

 
Fisher Scientific, Whitby, ON 

 
10X Phosphate buffered saline (PBS; cell 
culture) 

 
Life Technologies Inc., Burlington, ON 

 
3TSR 

 
Harvard University, Boston, MA 

 
3,3’-diaminobenzidine (DAB) 

 
Sigma-Aldrich Canada Ltd., Oakville, ON 

 
30% acrylamide 

 
Bio-Rad, Mississauga, ON 

 
30% Hydrogen peroxide solution 

 
Sigma-Aldrich Canada Ltd., Oakville, ON 

 
4-15% polyacrylamide gradient gels 

 
Bio-Rad, Mississauga, ON 

 
4-hydroperoxycyclophosphamide (4HC) 

 
Santa Cruz Biotechnology Inc., Santa Cruz, CA 

 
Aluminum potassium sulfate 

 
Fisher Scientific, Whitby, ON 

 
Amersham Hybond ECL nitrocellulose 
blotting membrane 

 
GE Healthcare Bio-Sciences Corp., 
Piscataway, NJ 

 
Ammonium persulfate (APS) 

 
Sigma-Aldrich Canada Ltd., Oakville, ON 

 
Anti-b-actin antibody (cs4967) 

 
Cell Signaling Technology, Danvers, MA 

 
Anti-CD36 antibody (NB400-144) 

 
Novus Biologicals, Oakville, ON 

 
Anti-IGF1 antibody (sc9013) 

 
Santa Cruz Biotechnology Inc., Santa Cruz, CA 

 
Anti-IGF2 antibody (sc5622) 

 
Santa Cruz Biotechnology Inc., Santa Cruz, CA 

 
Anti-TSP-1 antibody (sc81755) 

 
Santa Cruz Biotechnology Inc., Santa Cruz, CA 

 
Anti-VEGF antibody (ab46154) 

 
Abcam, Cambridge, MA 

 
Anti-VEGFR2 antibody (cs2479) 
 
Antibiotic-antimycotic (ABAM) 

 
Cell Signaling Technology, Danvers, MA 
 
Life Technologies Inc., Burlington, ON 
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Aprotinin 

 
Sigma-Aldrich Canada Ltd., Oakville, ON 

 
Biotinylated anti-mouse IgG secondary 
antibody 

 
Sigma-Aldrich Canada Ltd., Oakville, ON 

 
Biotinylated anti-rabbit IgG secondary 
antibody 

 
Sigma-Aldrich Canada Ltd., Oakville, ON 

 
Bovine serum albumin (BSA) 

 
Sigma-Aldrich Canada Ltd., Oakville, ON 

 
Bromophenol Blue 

 
Sigma-Aldrich Canada Ltd., Oakville, ON 

 
Cell culture plates (10cm & 6cm) 

 
Sarstedt Inc., Fisher Scientific, Nepean, ON 

 
Citric acid 

 
Sigma-Aldrich Canada Ltd., Oakville, ON 

 
Cytoseal-XYL mounting media 

 
Thermo Fisher Scientific, Nepean, ON 

 
Cyclophosphamide 

 
Sigma-Aldrich Canada Ltd., Oakville, ON 

 
DC Protein Quantification Kit 

 
Bio-Rad, Mississauga, ON 

 
Dithiothreitol (DTT; western blot) 

 
Life Technologies Inc., Burlington, ON 

 
Dulbecco’s Modified Eagle Medium 
(DMEM) 

 
Life Technologies Inc., Burlington, ON 

 
Dulbecco’s Modified Eagle Medium: 
Nutrient Mix F-12 (DMEM/F12) 

 
Life Technologies Inc., Burlington, ON 

 
Ethanol (EtOH) 

 
Greenfield Ethanol Inc., Brampton, ON 

 
Ethylenediaminetetraacetic acid (EDTA) 

 
Fisher Scientific, Whitby, ON 

 
ExtrAvidin - Peroxidase 

 
Sigma-Aldrich Canada Ltd., Oakville, ON 

 
Fetal bovine serum (FBS) 

 
Life Technologies Inc., Burlington, ON 

 
Filtered Pipette Tips (10µl, 100µl, 200µl, 
1000µl) 

 
FroggaBio Scientific Solutions, Toronto, ON 

 
Glycerol 

 
Fisher Scientific, Whitby, ON 

 
Glycine 

 
Fisher Scientific, Whitby, ON 
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Hamilton syringe Fisher Scientific, Whitby, ON 

Hematoxylin Fisher Scientific, Whitby, ON 

Horseradish peroxidase (HRP)-conjugated 
anti-rabbit IgG secondary antibody 

Cell Signaling Technology, Danvers, MA 

 
Horseradish peroxidase (HRP)-conjugated 
anti-mouse IgG secondary antibody 

 
Cell Signaling Technology, Danvers, MA 

 
Human chorionic gonadotropin (hCG) 

 
Sigma-Aldrich Canada Ltd., Oakville, ON 

 
ImmEdge Hydrophobic Barrier Pen 

 
Vector Laboratories, Burlington, ON 

 
Leupeptin 

 
Sigma-Aldrich Canada Ltd., Oakville, ON 

 
Luminata Forte Western HRP Substrate 

 
Millipore Ltd., Etobicoke, ON 

 
Methanol 

 
Fisher Scientific, Whitby, ON 

 
Microseal® ‘B’ Seals 

 
Bio-Rad, Mississauga, ON 

 
miRNA Primers 

 
Quanta Biosciences, Beverly, MA 

 
Molecular Grade, Sterile Water 

 
Wisent Bioproducts Inc., St. Bruno, QC 

 
mRNA Primer Pairs 

 
Lab Services, University of Guelph 

 
Multiplate ® PCR Plates 96-well 

 
Bio-Rad, Mississauga, ON 

 
Norgen DNA/RNA/Protein Plus Micro 
Extraction Kit 

 
Norgen Biotek, Thorold, ON 

 
Nuclease-free microcentrifuge tubes (0.6mL, 
1.5mL) 

 
Fisher Scientific, Whitby, ON 

 
PerfeCTa SYBR Green Supermix 

 
Quanta Biosciences, Beverly, MA 

 
Pepstatin A 

 
Sigma-Aldrich Canada Ltd., Oakville, ON 

 
Phenylmethanesulfony fluoride (PMSF) 

 
Roche Applied Science, Laval, QC 

 
Pregnant mare serum gonadotropin (PMSG) 

 
Sigma-Aldrich Canada Ltd., Oakville, ON 

 
Potassium chloride 

 
Fisher Scientific, Whitby, ON 

 
Potassium iodate 

 
Fisher Scientific, Whitby, ON 
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Potassium phosphate monobasic 

 
Fisher Scientific, Whitby, ON 

 
Precision plus protein dual colour standards 

 
Bio-Rad, Mississauga, ON 

 
Qiagen RNA Extraction Kit 

 
QIAGEN, Toronto, ON 

 
qScript MicroRNA cDNA Synthesis Kit 

 
Quanta Biosciences, Beverly, MA 

 
qScript cDNA SuperMix 

 
Quanta Biosciences, Beverly, MA 

 
Recombinant VEGF 

 
Life Technologies Inc., Burlington, ON 

 
SensiFAST SYBR No-ROX Kit 

 
FroggaBio Scientific Solutions, Toronto, ON 

 
Skim milk powder 

 
Fisher Scientific, Whitby, ON 

 
Sodium azide 

 
Fisher Scientific, Whitby, ON 

 
Sodium chloride 

 
Fisher Scientific, Whitby, ON 

 
Sodium citrate dihydrate 

 
Fisher Scientific, Whitby, ON 

 
Sodium dodecyl sulfate (SDS) 

 
Sigma-Aldrich Canada Ltd., Oakville, ON 

 
Sodium fluoride (NaF) 

 
Fisher Scientific, Whitby, ON 

 
Sodium orthovanadate (NaV) 

 
Sigma-Aldrich Canada Ltd., Oakville, ON 

 
Sodium potassium dibasic anhydrous 

 
Fisher Scientific, Whitby, ON 

 
SsoFast EvaGreen Supermix 

 
Bio-Rad, Mississauga, ON 

 
Superfrost plus glass slides 

 
Fisher Scientific, Whitby, ON 

 
Tetramethylethylenediamine (TEMED) 

 
Thermo Fisher Scientific, Nepean, ON 

 
Tetrasodium pyrophosphate 

 
Sigma-Aldrich Canada Ltd., Oakville, ON 

 
Tris base 

 
Fisher Scientific, Whitby, ON 

 
Tris HCl 

 
Fisher Scientific, Whitby, ON 

 
Tween-20 

 
Fisher Scientific, Whitby, ON 

 
Xylene 

 
Fisher Scientific, Whitby, ON 
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Appendix II - Recipes for Solutions 

20x Phosphate Buffered Saline (PBS) 
 Sodium chloride……………………………………………………...……………….60.0g 
 Potassium chloride……………………………………………………………………..4.0g 
 Sodium potassium dibasic anhydrous………………………………………………...23.0g 
 Potassium phosphate monobasic……………………………………………………….4.0g 
 Reverse osmosis water (RO H2O)…………………………………........................up to 1L 
 
1x PBS 
 20X PBS (see recipe)…………………………………………………………….…200mL 

RO H2O………………………………………………………….…………………….3.8L 
 
1.0% Hydrogen Peroxide 
 30% Hydrogen peroxide solution………………………………………………....…6.6mL 
 1x PBS………………………………………………………………….….….up to 200mL 
 
Citrate Buffer 
 Stock A – Citrate Buffer 
  Citric acid……………………………………………………………………....2.1g 
  RO H2O……………………………………………………………….up to 100mL 
 
 Stock B – Citrate Buffer 
  Sodium citrate dehydrate…………………………………………………..…14.7g 
  RO H2O……………………………………………………………….up to 500mL 
 
 Working Citrate Buffer 
  Stock A………………………………………………………………………18mL 
  Stock B……………………………………………………………………….82mL 
  RO H2O…………………………………………………………...……….up to 1L 
   pH to 6.0 
 
Blocking Solution (5% BSA/0.1% sodium azide) 
 BSA powder……………………………………………………………………….….10.0g 
 Sodium azide………………………………………………………………………..….0.2g 
 1x PBS…………………………………………………………………….…..up to 200mL 
 
Antibody Diluting Fluid (1% BSA/0.2% sodium azide) 
 BSA powder………………………………………………………………………...….1.0g 
 Sodium azide………………………………………………………………………….0.02g 
 1x PBS…………………………………………………………………….…..up to 100mL 
 
Carazzi’s Hematoxylin 
 Hematoxylin…………………………………………………………………………..0.25g 
 Glycerol……………………………………………………………………………....50mL 
 Aluminum potassium sulfate………………………………………………………....12.5g 
 Potassium iodate……………………………………………………………………...0.05g 
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 RO H2O……………………………………………………………………………..200mL 
 
RIPA Lysis Buffer 
 10mM Tris HCl………………………………………………………………...……0.788g 

RO H2O……………………………………………………………………….up to 495mL 
 pH to 7.6 then continue 
5mM EDTA………………………………………………………………………..0.7306g 
50mM Sodium chloride………………………………………………………..……1.461g 
30mM Tetrasodium pyrophosphate…………………………………………………3.988g 
1% Triton X-100………………………………………………………………………5mL 
 
Protease Inhibitors (add fresh before each use)…………………………..….Per mL RIPA 
 Aprotinin (2.5 mg/mL)……………………………………………………...….2µL 
 Phenylmethanesulfony fluoride (PMSF; 0.871 g/mL)………………..………20µL 
 Sodium Orthovanadate (NaV; 0.1mM)…………………………………...……2µL 
 Sodium fluoride (NaF; 50mM)……………………………………….....…....50µL 
 Pepstatin A (1mg/mL)………………………………………………………….1µL 
 Leupeptin (2mg/mL)…………………………………………………………...1µL 

 
3x Reducing Buffer 
 10% SDS……………………………………………………………………..………..2mL 
 Glycerol………………………………………………………………………………..1mL 
 1M Tris HCl………………………………………………………………...……….0.5mL 
  Tris HCl………………………………………………………………….….1.576g 
  RO H2O………………………………………………………………...up to 10mL 
   pH to 6.8 
 Bromophenol Blue………………………………………………………….………10.0mg 
 RO H2O………………………………………………………………………….up to 9mL 
 Dithiothreitol (DTT)…………………………………………………………….…1:7 ratio 
 
12% Separating PAGE Gel 
 RO H2O……………………………………………………………………………...3.3mL 
 30% Acrylamide……………………………………………………………………….4mL 
 1.5M Tris buffer……………………………………………………………………..2.5mL 
  Tris base……………………………………………………………………..18.16g 
  RO H2O……………………………………………………………….up to 100mL 
   pH to 8.8 
 10% SDS……………………………………………………………………….……0.1mL 
 10% Ammonium persulfate (APS)………………………………………………….0.1mL 
  APS…………………………………………………………………………….0.1g 
  RO H2O………………………………………………………………………..1mL 
 Tetramethylethylenediamine (TEMED)……………………………………………...8µL 

Pour into gel mold, leaving space for stacking gel. Fill mold to top with RO H2O 
until gel resolved (See recipe for 5% Stacking PAGE Gel). 
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5% Stacking PAGE Gel 
 RO H2O……………………………………………………………………………...2.1mL 
 30% Acrylamide………………………………………………………………….…0.5mL 
 1.0M Tris buffer……………………………………………………………………0.38mL 
  Tris base………………………………………………………………….….12.12g 
  RO H2O……………………………………………………………….up to 100mL 
   pH to 6.8 
 10% SDS…………………………………………………………………………..….30µL 
 10% Ammonium persulfate (APS)………………………………………………….. 30µL 
  APS………………………………………………………………………...…..0.1g 
  RO H2O………………………………………………………………………..1mL 
 Tetramethylethylenediamine (TEMED)………………………………………...……..6µL 

Pour into mold on top of separating gel. Place comb into mold and allow to 
resolve. 

 
5x Running Buffer (Tris-Glycine Buffer) 
 Tris base………………………………………………………………………………15.1g 
 Glycine………………………………………………………………………………..72.1g 
 10% SDS……………………………………………………………………………..10mL 
 RO H2O………………………………………………………………………...….up to 1L 
 
1x Running Buffer (Tris-Glycine Buffer) 
 5x Running buffer…………………………………………………………………..200mL 
 RO H2O……………………………………………………………………………..800mL 
 
10x Transfer Buffer 
 Tris base……………………………………………………………………………....30.2g 
 Glycine………………………………………………………………………………...144g 
 RO H2O…………………………………………………………………...…..up to 800mL 
 
1x Transfer Buffer 
 Methanol………………………………………………………………………….....200mL 
 RO H2O……………………………………………………………………….up to 900mL 
 10x Transfer buffer………………………………………………………………….100mL 
 
10x Tris buffered saline (TBS) 
 Tris base……………………………………………………………………………....24.2g 
 Sodium chloride………………………………………………………………………80.0g 
 RO H2O………………………………………………………………………….up to 1.0L 
  pH to 7.6 
 
1x Tris buffered saline with Tween-20 (TBST) 
 10x TBS (see recipe)……………………………………………………………..…100mL 
 RO H2O………………………………………………………………………….up to 1.0L 
 Tween-20…………………………………………………………………………….1.0mL 
 



 

  104 

5% BSA in TBST 
 BSA………………………………………………………………………………….....2.5g 

TBST…………………………………………………………………………...up to 50mL 
 
5% Skim milk in TBST 
 Skim milk powder………………………………………………………………….…..5.0g 
 TBST………………………………………………………………………….up to 100mL 
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Appendix III - Complete Immunoblot Images for Western Blot Analysis 

 
 

Antibody Solutions 
 

Immunoblot 

 
 
b-actin 
 
 
1°  1:3000 
2°  1:5000-R 
Exposure time: 176.3 sec 

 

 
 
IGF1 
 
 
1°  1:200 
2°  1:2000-R 
Exposure time: 114.4 sec 

 

 
 
CD36 
 
 
1°  1:2000 
2°  1:3000-R 
Exposure time: 11.3 sec 

 

Antibody sources are detailed in full in Appendix I. R-rabbit secondary. Additional details in 
methods.  
 
 

b-actin (44kD) 

IGF1 (22kD) 

CD36 (75kD) 
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Appendix III - Primary and Secondary Antibody Omission Controls 

 
Primary Omission Control (1°O): Staining without primary antibody 
 
Secondary Omission Control (2°O): Staining without secondary antibody 
 
Magnification used for quantification shown. 
 
 
Immunohistochemistry – Citrate antigen retrieval on paraffin embedded sections: 
 

 
Antibody Solutions 

 
                                           1°O 

 
2°O 

 
 
 
VEGF 
(200x) 

1°  1:500 
2°  1:100-R 

  

 
 
 
TSP-1 
(200x) 

1°  1:50 
2°  1:100-M 

  

 
 
 
IGF1 
(200x) 

1°  1:50 
2°  1:100-R 
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Immunohistochemistry – Citrate antigen retrieval (cont’d): 
 

 
Antibody Solutions 

 
                                             1°O 

 
2°O 

 
 
 
IGF2 
(200x) 

1°  1:50 
2°  1:100-R 

  

 
 
 
VEGFR2 
(200x) 

1°  1:600 
2°  1:100-R 

  

 
 
 
CD36 
(200x) 

1°  1:1000 
2°  1:100-R 

 
 
 
 
 
 
 
 
 
 
 
 

 

Antibody sources are detailed in full in Appendix I. R-rabbit secondary. M-mouse secondary. 
Additional details in methods.  
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Appendix IV - Markup Images for Automated Analyses  

 
Input: Brown – DAB stain (protein of interest). Blue – Hematoxylin counterstain 
 
Output: Pseudo-coloured image showing analysis markup 
 
Magnification used for quantification shown.  
 
 
ImageScope 
 

 
Antibody Solutions 

 
                              Input 

 
Output 

 
 
 
VEGF 
(200x) 

 

  

 
 
 
TSP-1 
(200x) 

 
 

  

 
 
 
IGF1 
(200x) 
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ImageScope (Cont’d) 
 

 
Antibody Solutions 

 
                              Input 

 
Output 

 
 
 
IGF2 
(200x) 

 

  

 
 
 
VEGFR2 
(200x) 

 
 

  

 
 
 
CD36 
(200x) 

 
 
 
 
 

 

 
 
 
 
 
 

 

Antibody sources are detailed in full in Appendix I. Granulosa and thecal cells selectively 
annotated for analysis. Additional details in methods.  


