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ABSTRACT 

THE EFFECTS OF BPA AND BPS ON MICRORNAS DURING BOVINE 

OOCYTE MATURATION AND EARLY EMBRYO DEVELOPMENT 

 

Reem Sabry          Co-advisors: 

University of Guelph, 2019           Dr. Jonathan LaMarre & Dr. Laura Favetta 

 

This thesis investigates the effects of endocrine disrupting chemicals, Bisphenol A and 

Bisphenol S, on the expression of microRNAs during bovine oocyte maturation and early 

embryo development. Regulation of development involves crucial events that are uniquely 

susceptible to EDC interference that can inappropriately activate cellular pathways. While the 

resulting effects on fertility are probably the result of changes in canonical gene expression, 

evidence is emerging to suggest that small noncoding RNAs known as microRNAs may also be 

participants in the response to EDCs. This study hypothesized that EDCs alter expression of key 

miRNAs during development. To this end, miR-21, -155, -34c, -146a expression were examined 

in an in vitro bovine model of matured cumulus-oocyte complexes, fertilized embryos, and 

cultured cumulus cells treated with BPA or BPS. The experimental data reveals alterations in 

microRNA expression after BPA treatment but not in BPS treatment, suggesting that it may act 

differently than BPA.  
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INTRODUCTION AND LITERATURE REVIEW 

Introduction 

The survival of all species depends on successful reproduction and the passing of 

important genetic information from one generation to the next. Reproduction is a complex 

process involving intricate and interconnected cellular and molecular pathways that come 

together to give rise to healthy offspring. The study of reproduction and fertility is crucial and 

provides invaluable insight into the health and survival of several species. For example, 

reproductive success of livestock animals is critical for the agriculture industry. Poor fertility in 

livestock animals would have severe economic impacts on producers and consumers alike. From 

the cattle industry alone, Canada generated $8.7 billion from the dairy and beef production in 

2017 (Agriculture and Agri-Food Canada, 2018). In order to produce high quality products in a 

rapid and ongoing basis, genetic selection programs are designed to breed cattle for either milk 

or beef production. This extreme selection has contributed to a general decline in cattle fertility 

and an increased need for artificial reproductive technologies (ARTs) in the last decade 

(Rodriguez-Martinez., 2012). Moreover, this led to greater investments into applied research on 

reproduction of agriculturally important animals.  

Importantly, research on bovine reproduction is not only significant for the agricultural 

industry but can also be translated into research in human fertility. There are various 

reproductive molecular pathways that are shared between bovines and humans, making them 

excellent translational models for human fertility (Santos et al., 2014). In fact, human fertility has 

also declined over the past decade due to a countless number of factors including the increase in 

industrialization and exposures to reproductive disruptors (Santos et al., 2014). The factors 

contributing to the growing infertility rates in the population is of great interest to reproductive 
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researchers and all potential stressors are being investigated. Although infertility affects both 

men and women, the government of Canada reports that the incidence is higher in females with 4 

out of 10 women being the cause of infertility and only 3 out of 10 in men (Fertility Canada, 

2013). In addition to this, the potential causes of infertility in a female greatly outnumber those 

in a male, with age having a significant effect on female fertility compared to males (Fertility 

Canada, 2013). The main contributor to this discrepancy is likely the difference in production of 

gametes. Males are able to continuously produce sperm throughout their lifetime whilst female 

gametogenesis works differently. Females produce a large number of eggs during development 

that is significantly reduced at two time points throughout their lifetime: at birth and at puberty 

(Findlay et al., 2015). Furthermore, females only produce one egg per cycle, whilst males are not 

limited to a cycle and can produce thousands of sperm cells continuously after puberty. This is 

because the preparatory stages that the female gamete (oocyte) undergoes in order to become 

competent are more complex than in the male gamete (sperm) (Findlay et al., 2015). This 

indicates that any disruptions, no matter how small, to female fertility may have greater 

consequences for the success of reproduction. 

The aforementioned preparatory stages of the oocyte involve elaborate molecular 

mechanisms and pathways that equip the cell with both fertilization and developmental 

competence. The advancements in molecular research led to the discovery of small RNA 

molecules that were once considered ‘junk’ but are now known to be critical regulators of gene 

expression involved in virtually every biological process (Pais et al., 2011). Investigating the 

roles of these molecules in regulating crucial stages of oocyte growth and subsequent 

development is key to understanding fertility. In turn, this information can shed some light on 

how stressors can interfere with these molecules and contribute to infertility. 
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Mammalian Oogenesis & Folliculogenesis 

The follicle, which includes the oocytes and its surrounding cumulus cells, is the 

functional reproductive unit of female fertility. Oogenesis and folliculogenesis are interrelated 

series of events that involve the synthesis, growth, and maintenance of a cell that is distinctively 

able to generate an entire organism (Telfer & McLaughlin, 2007). Oogenesis may differ slightly 

among species, but in all species the aim is to produce oocytes that are capable of giving rise to 

offspring. In most species, including bovine and humans, oogenesis occurs only during fetal 

development and halts at the time of birth.  Folliculogenesis involves the combined functions of 

both hormones and several cells that surround the oocyte to allow for the correct maturation of 

the preovulatory oocyte (Araujo et al., 2014).  

All oocytes originate from primordial germ cells (PGCs) that migrate to the genital ridge 

early in development where they undergo mitotic proliferation to form ‘germ cell nests’ that will 

then enter meiotic division at 12 weeks into development in humans (Avissar-Whiting et al., 

2010). The cells that initiate meiosis are now considered oocytes surrounded by somatic cells 

known as pre-granulosa cells and together they make up the primordial follicle (Irie et al., 2014). 

The pool of primordial follicles continues to grow during development until reaching a 

maximum, then quickly starts to decline. In humans, a maximum of approximately 6.8 million 

germ cells are present at 20 weeks of development but this number is more than halved to about 

2 million germ cells at the time of birth (Baker, 1963). This represents the true ovarian reserve 

throughout a female's reproductive lifetime, which also declines with age. 

At birth, the oocytes are arrested in Prophase I stage until the onset of puberty, this period 

can vary significantly between different species as well as between different individuals from the 

same species (Bennett, 1977). Meiosis can last anywhere between a couple of hours as in yeast 
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cells (6 h) to several decades in humans (over 50 years) (Bennett, 1977). During this period, 

groups of primordial follicles are recruited under the influence of specific molecular modulations 

giving rise to primary follicles. As shown in Fig. 1 Some primary follicles further differentiate 

into secondary follicles, where the follicle grows in size and the number of cumulus cells 

significantly increases (Telfer & McLaughlin, 2007). Soon after, small accumulations of 

glycoprotein fluid are secreted by granulosa cells within the follicle, increasing its volume and 

creating the preantral follicle that is now surrounded by other important ovarian cells known as 

theca cells (Telfer & McLaughlin, 2007). The continued development of preantral follicles is 

dependent on hormonal messages from the brain. The follicle responds to cyclical signals from 

gonadotropins follicle stimulating hormone (FSH) released from the pituitary gland in the brain 

(Campbell et al., 1995). FSH plays a pivotal role in stimulating the development of one follicle, 

whilst inhibiting the others. In response to FSH, the fluid filled cavities continue to grow until 

they form one large cavity known as the antrum and the follicle is now classified as an antral 

follicle (Campbell et al., 1995). Subsequently, the granulosa cells further differentiate into two 

types: 1) mural granulosa cells that surround the inner basement membrane of the follicle and 2) 

cumulus granulosa cells that directly communicate with the oocyte through gap junctions and 

transzonal projections (TZPs) (Telfer & McLaughlin, 2007). TZPs are thin cytoplasmic 

projections of cumulus cells that are directly connected to the oocyte (Baena & Terasaki, 2019). 

The cumulus granulosa cells are especially crucial since they supply the oocyte with small 

molecules including proteins and RNA required for development (Telfer & McLaughlin, 2007). 

The removal of cumulus cells from both immature (GV) and mature (MII) oocytes results in the 

failure of GV oocytes to complete maturation as well as lower fertilization and developmental 

rates (Zhou et al., 2016). Additionally, disruptions in expression of the aforementioned gap 
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junctions can have detrimental repercussions. Disturbances in these gap junctions in vitro 

inhibits meiosis resumption, which results in chromatin decondensation, decreased transcription, 

and low protein expression (Carabatsos et al., 2000).  

The arrested oocyte in the preovulatory follicle gains critical factors required to resume meiosis 

and is considered meiotically competent at the antral stage, however, it will not re-enter meiosis 

as long as it remains in the follicle (Sanchez & Smitz, 2012). A surge of another gonadotropin, 

known as Luteinizing Hormone (LH), also secreted by the pituitary gland, is responsible for 

ovulation. The dramatic increase in LH initiates signaling pathways that alter the follicles’ 

osmolarity resulting in an influx of follicular fluid and an increase in follicular pressure. This 

pressure ruptures the follicle and releases the oocyte into the oviduct (Blandau & Rumery, 1963). 

The expulsion of the oocyte from the follicle allows the oocyte to resume meiosis from Prophase 

I to Metaphase II where it arrests for a second time until fertilization. 

Figure 1: Stages of follicular growth. Primordial germ cells recruited for oocyte differentiation 

grow and develop along with their associated somatic cells, the pre granulosa cells. Dominant 

follicles enter the antral stage where a fluid filled cavities form with the follicle and is linked to 

granulosa cell differentiation into mural cells that line the basement of the follicle membrane and 

cumulus cells that directly contact the oocyte (Modified from Araujo et al., 2014). 

 

Nuclear and Cytoplasmic maturation 

The first occurrence of ovulation mediated by LH and other factors is the onset of 

puberty. In humans, out of the 2 million primordial follicles that are present at birth only 300,000 

remain by puberty and of these, only 300 - 400 will ovulate (Baker, 1963). For this reason, it is 
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critical for ovulated oocytes to be sufficiently equipped for subsequent fertilization and 

development, resumption of meiosis alone is not enough. After ovulation, the oocyte must 

undergo both nuclear and cytoplasmic maturation to gain complete competency. Nuclear 

maturation involves the pathways responsible for halting and resuming meiosis at the correct 

stages of development (Coticchio et al., 2015). This is regulated by factors within the oocyte as 

well as secretions by the cumulus cells. One example of a regulatory network involved in oocyte 

maturation involves the oocyte maturation inhibitor, cyclic adenosine monophosphate (cAMP) 

(Conti & Franciosi, 2018). A decrease in cAMP is responsible for meiosis resumption until 

metaphase II. High cAMP concentration is correlated with high protein kinase A (PKA) 

expression and activity, which in turn phosphorylates essential cell cycle factors such as M-phase 

promoting factor (MPF) keeping the cell meiotically arrested (Conti & Franciosi, 2018). cAMP-

regulated oocyte maturation have been reported in human, bovine, and mouse species in several 

studies (Coticchio et al., 2004; Shu et al., 2008; Bernal-Ulloa et al., 2016); however, the exact 

signaling cascade system that is utilized is not well understood and may potentially differ among 

species (Pan & Li, 2019). 

Cytoplasmic maturation entails a series of events including organelle redistribution, 

cytoskeleton reorganization and accumulation of mRNAs, proteins, and nutrients necessary for 

utmost oocyte competency and maintenance of an embryo (Coticchio et al., 2015). Initially, the 

immature oocyte is composed of a germinal vesicle (GV) that encloses the cell's nuclear 

material; once meiosis is resumed under hormonal activation, the GV breaks down (GVBD), 

nuclear maturation resumes, and cytoplasmic maturation is initiated. The time between hormonal 

activation and GVBD is species-specific, mouse oocytes experience GVBD 1 - 3 hours after 

stimulation, while in cows and human GVBD occurs after 6 - 8 hours (Conti & Franciosi, 2018). 
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Organelles including mitochondria, Golgi, and endoplasmic reticulum (ER) are rearranged and 

the functional importance of this redistribution is not well characterized. Actin filaments move 

towards the periphery and form a network of structural support to allow the oocyte to move 

through the oviduct and uterus. Microtubules are redistributed to permit formation of meiotic 

spindle for metaphase I (Conti & Franciosi, 2018). Cortical granules also move to the periphery 

of the cell to prepare for cortical granule release; these granules are released into the perivitelline 

space and release enzymes that hydrolyze sperm receptors in the ZP to block entry of another 

sperm cell (Dale & DeFelice, 2011). 

Lastly the oocyte accumulates resources such as proteins and both coding and non-coding 

RNA that are essential downstream. In vitro studies show glycoproteins in the zona pellucida 

(ZP1 - ZP4) are examples of important modulators for fertilization in mammalian oocytes (Gupta 

et al., 2012). In several species like mice, cows and humans, small RNA molecules are also 

shown to play roles in reproduction, including activating the embryonic genome, imprinting and 

guiding the embryo to the blastocyst stage (Gad et al., 2012; Koerner et al., 2009). RNA 

sequencing analysis shows distinct expression patterns of specific RNAs at different stages; this 

presents a possible use of small RNAs as potential biomarkers for oocyte maturity and 

competence (Uhde et al., 2017). 

Oocyte Competence 

For an oocyte to be considered developmentally competent it must be able to mature into 

an oocyte (resume meiosis), be fertilized, and subsequently support embryo development until 

the blastocyst stage. This implies the oocyte should be equipped with necessary factors that 

regulate fertilization (entry and incorporation of male genome), erasure and reestablishment of 

genomic imprints, and activation of the embryonic genome (Conti & Franciosi, 2018). The 
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consequences of oocyte competence are not restricted to the early embryo, but also encompass 

the implantation of an embryo up until birth of a live offspring. The factors contributing to 

oocyte competence include, but are not limited to, follicle size, follicular differentiation, 

hormonal stimulation, cell cycle re-entry and GVBD, spindle assembly, chromatin configuration, 

as well as translational activity of maternal messenger RNA (mRNA) (Labrecque & Sirard, 

2014). Any misstep in these processes during oogenesis, folliculogenesis, nuclear, and 

cytoplasmic maturation may negatively affect the oocytes ability to fertilize and develop (i.e its 

competence). 

During folliculogenesis at the antral stage, the oocyte experiences a decrease in 

transcriptional activity and is believed to remain transcriptionally quiescent throughout 

development (De La Fuente et al., 2004). If the oocyte is fertilized, transcription remains inactive 

until the maternal to embryonic genome transition (MET) where the embryonic genome is 

activated (EGA). This activation describes the stage where the embryo stops relying on 

maternally provided transcripts and resources, but rather initiates transcription of its own genome 

(Lee et al., 2014). This occurs at the 4 – 8 cell stage in humans and at the 8-16 cell stage in 

bovines (Gad et al., 2012; Koerner et al., 2009). This means the early embryo depends on 

maternally supplied transcripts from the oocyte in order to develop beyond these stages as well 

as activate the embryonic genome. One challenge currently facing ARTs is the inability of 

embryos to make it to the blastocyst stage; some studies have attributed this to a failure in MET 

and EGA (Schramm et al., 2003; Zhang & Smith, 2015). Furthermore, the communication 

between the oocyte and cumulus cells during maturation also allows for the transport of 

transcripts required for development to the oocyte. A study in bovine cumulus-oocyte complexes 

(COCs) performed RNA sequencing assays on the TZPs of cumulus cells and observed 
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prominent expression of mRNAs that are required for fertilization (Macaulay et al., 2016). This 

confirms the importance of the surrounding cumulus cells and their contribution to oocyte 

competence. 

Until recently, the gold standard in determining oocyte and embryo quality is by 

morphological assessments, however, this method proves to be inaccurate in several cases where 

morphologically ‘good’ oocytes and embryos fail to mature, or fertilize, or develop into live 

offspring (Morbeck, 2017). This led to genome-wide analysis in the hope of identifying potential 

biomarkers of developmental competence (Morbeck, 2017). Determining quality and 

competence using oocyte or early embryonic biomarkers is a counterintuitive approach, since the 

extraction requires the destruction of the oocyte or embryo. Even new approaches such as pre-

implantation genetic screening and diagnosis (PGS/PGD) are minimally invasive since a biopsy 

of cells from the trophectoderm of a blastocyst is used for analysis. Additionally, downstream 

consequences of PGS/PGD is not well known.  

Due to this, researchers have focused on analyzing potential biomarkers in components 

proximal to the oocyte. The cumulus cells are a source of nutrients that contribute to oocyte 

competence and studying their gene expression could provide insight into competency (Assidi et 

al., 2011). Another possibility is to analyze the extruded polar bodies since they have been 

shown to have substantial similarities in terms of transcript profiles with their corresponding 

mature oocyte (Dumesic, 2015). There are several different factors that could contribute to 

oocyte competence, including intrinsic factors such as gene expression, protein synthesis, and 

metabolism. Extrinsic factors include follicular fluid composition, lifestyle (i.e overall health), 

and environmental exposures (Albertini et al., 2003). These factors can directly contribute to 
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developmental competence, developmental abnormalities, as well as embryo and offspring 

survival. 

Early Embryo Development 

 Once the oocyte leaves the ovary it is ready to be fertilized by a sperm cell. The entry of 

the sperm cell across the ZP results in resumption of metaphase II and meiosis is completed; a 

second polar body is extruded and the female pronuclei is formed (Brevini, 2013). The haploid 

male pronuclei then fuses with its haploid female counterpart to form the diploid genome of the 

zygote, the first cell of an embryo. The zygote then undergoes rapid mitotic proliferation where 

the cells double after each cleavage (Brevini, 2013). The initiation of the first cleavage is a 

critical step that is dependent predominantly on oocyte competence alone, this is apparent in 

studies where cleavage was observed in the absence of a sperm cell using other stimulants 

including biochemical or electrical activation (Bos-Mikich, 2016). The time of the first cleavage 

may vary between species, individuals, and even zygotes. In vitro studies show that blastomeres 

that divide more quickly are more likely to develop into blastocysts indicating another potential 

pathway that is related to developmental competence (Kong et al, 2016). 

The embryo continues to cleave forming a 2-cell embryo followed by a 4-cell, 8-cell, and 

16-cell embryo comprising of cells known as blastomeres. Following the next division, the cells 

begin to change morphologically in a process termed compaction. E-cadherins, adhesion 

molecules that form adherens junctions between cells, are expressed around the 8-cell stage in 

bovines and initiate compaction (Fleming et al, 2001). The cells become tightly packed and 

distinct cell membranes are no longer visible. Compaction lays the foundation for cell-cell 

communication. The cells continue to divide before another hallmark process, called cavitation, 

occurs (Gilbert, 2000). This is when a fluid filled cavity begins to form, which causes the cells to 
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rearrange and differentiate into two distinct layers forming the blastocyst. The outer layer is 

known as the trophectoderm layer and will give rise to the placenta, whereas the inner layer is 

known as the inner cell mass, which will give rise to the embryo proper (Gilbert, 2000). The 

blastocyst then hatches out of the ZP and is considered ready to attach into the endometrium of 

the uterus. 

The maternal to embryonic transition 

 As previously mentioned, transcriptional activity in a mature oocyte is silent and both the 

oocyte and early embryo rely on translational activity of maternal transcript. Therefore, all 

essentials needed for an early embryo to develop and survive must be provided by the oocyte 

until the embryonic genome is activated (De La Fuenta et al., 2004). The transition itself requires 

maternal resources for the induction and maintenance of early development as well as removal of 

maternal materials before activation of the embryonic genome. The stage where embryonic 

genome activation (EGA) occurs is species-specific; it occurs at the 2-cell stage in mice, the 4-8 

cell stage in humans, and the 8 - 16 cell stage in bovine and sheep (Gad et al., 2012). 

 Several studies in mammals, including cows, pigs, mice, and humans use techniques 

varying from conventional quantitative polymerase chain reaction (qPCR) to more recent 

transcriptome-wide expression profiles such as microarrays and RNA sequencing in order to 

better understand expression profiles at different stages in this transition (Tang et al., 2007; Fulka 

et al., 2004;Abdalla et al., 2009). In vivo and in vitro studies revealed significant waves of gene 

expression corresponding to a minor EGA followed by a major EGA. The minor wave results in 

the activation of a small number of genes required for chromatin remodeling and initiating 

translation (Li et al., 2013). A minor wave may be necessary to activate specific zygotic genes 

that are necessary for the subsequent major wave of EGA. Correct chromatin conformation is 
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essential for establishing the required gene expression patterns of the embryonic genome; 

therefore, zygotic genes required for chromatin remodeling should be activated before 

completing embryonic genome expression (Li et al., 2013). Other examples of genes activated in 

the minor wave include those involved in RNA processing.  

Numerous in vitro studies observed the progressive decrease of numerous genes between 

the oocyte and early embryos using microarrays; this reflects changes in the expression levels for 

genes involved in oocyte maturation and fertilization that are no longer required. Failure to 

remove these maternal genes has the potential to contribute to developmental arrest (Li et al., 

2013). More recently, researchers have investigated the expression patterns of small noncoding 

RNAs during the MET. Results suggested that groups of non-coding RNAs, particularly 

microRNAs (miRNAs), play crucial roles in degrading maternal transcripts during the MET in 

several species (Rosa & Brivanlou, 2017). 

Bisphenol A (BPA) 

 Bisphenol A (BPA: 4,4’-(propane-2,2-diyl)diphenol) is a common industrial plasticizer 

used to make several products including bottles, cups, plates, utensils, receipt paper, and epoxy 

resins that coat the inner linings of food and beverage containers (Sajiki & Yonekubo, 2004). 

BPA has the ability to easily leach into foods and beverages during heating, mixing with oil, and 

during prolonged storage (Sajiki & Yonekubo, 2004). For this reason, BPA is most commonly 

ingested, however other routes of exposure include inhalation and absorption. In 2008, a study 

conducted in Quebec detected BPA in over 50 food groups with concentrations ranging from 0.2 

- 106 ng/g (Cao et al., 2011). The heavy use of BPA combined with the easy routes of exposure 

led to a rise in the detection of this chemical in individuals; it is detected in serum, follicular 

fluid, urine, tissues, and umbilical cord blood (Ikezuki et al., 2002). The estrogenic activity of 
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BPA is one of the primary concerns of BPA exposure. Its ability to mimic hormones classifies 

BPA as an endocrine disrupting chemical (EDCs). Investigations into the exact mechanistic 

actions of BPA is required to developing appropriate diagnostic as well as therapeutic strategies 

(Valentino et al., 2016).     

Structure & Metabolism 

 BPA is an organic chemical made up of two phenol rings with two hydroxyl groups 

linked to each phenol ring. These hydroxyl groups are the primary contributors to BPAs 

reactivity potential. They are capable of undergoing several biochemical changes including 

glucuronidation, sulfonation, sulfation, nitration, and alkylation that result in variant forms of 

BPA that are either estrogenically active or inactive (Almeida et al., 2018). After BPA exposure, 

it is transported to the liver where it most commonly undergoes a process called glucuronidation 

resulting in an inactive form of BPA known as ‘conjugated forms.’ Conjugated forms of BPA are 

hydrophilic, inactive, and readily excreted through bile in urine (Almeida et al., 2018). In some 

instances, BPA can undergo alternate metabolic processes, which would result in unconjugated 

forms of BPA known as free forms. Free forms of BPA are considered harmful because they are 

lipophilic, hard to excrete, permeate several organs, tissues, and cells, and possesses estrogenic 

activity (Almeida et al., 2018. Estrogen is a crucial hormone involved not only in the 

reproductive system, but also in other systems including cardiovascular and musculoskeletal 

systems, increasing the risk of BPA interference (Almeida et al., 2018).  

 The metabolism of BPA varies significantly depending on several factors including sex 

and age. Unlike adults, the dominant process during fetal development is sulfation rather than 

glucuronidation (Kang et al., 2006). This would give rise to free forms of BPA; therefore, BPA 

would have more detrimental effects on fetuses compared to adults (Kang et al., 2006). 
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Furthermore, males have a higher metabolic rate of this compound than females. Females also 

have a higher uptake of BPA into organs and tissues than males (Schwartz, 2003; Kadiri & 

Ajayi., 2000; Kim et al., 2003). This means that BPA exposure in females has a greater potential 

to interfere with cellular and metabolic pathways. 

Exposure & Dosage 

 In vivo and In vitro studies have detected BPA in all human tissues at various 

concentrations (Ikezuki et al., 2002). The discussion of harmful BPA concentrations as well as 

the dosages used in scientific research remains a topic of controversy to this day. The challenges 

lie in determining both environmentally and physiologically relevant doses of BPA to use in 

vitro to replicate the in vivo effects. Furthermore, levels of BPA in individuals depends on their 

metabolism, which is regulated by factors including age, sex, and lifestyle. This contributes to 

the discrepancies in BPA concentrations amongst individuals as well as differences amongst 

organs and tissues. Relevant to this study, BPA has been detected in human follicular fluid and is 

correlated with negative impacts on fertility. A study in 2018 by Cao et al. measured the levels of 

BPA concentrations in follicular fluid of women undergoing IVF treatment (Cao et al., 2018). 

They focused on women with diminished ovarian reserve (DOR) compared to women who were 

non-DOR. The results show BPA levels were comparable to estrogen levels in follicular fluids. 

The concentration of BPA was 193 ng/L and 234 ng/L in non-DOR and DOR women 

respectively (Cao et al., 2018). This is comparable to estrogen concentrations of 221 ng/L and 

209 ng/L in non-DOR and DOR women respectively (Cao et al., 2018). An earlier study also in 

humans, reported much higher concentrations of 1 - 2 ng/mL in premenopausal women (Hiroi et 

al., 2004). 
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 In order to determine relevant experimental doses, it is important to consider the 

standardized lowest dose that would result in an adverse effect, also known as the lowest 

observed adverse effect level (LOAEL). The LOAEL for BPA was reported to be 50 mg/kg/day 

for in vivo doses and 50 μg/mL for in vitro doses (Peretz et al., 2012). Several studies have 

reported negative effects on oocyte fertility even at nanomolar doses of BPA (Lapensee et al., 

2009; Hugo et al., 2008; Kinch et al., 2015). This is possibly due to the insensitive and inaccurate 

conventional techniques used for BPA detection. Since then, studies have reported BPA 

detection significantly below the LOAEL with ranges from 0.01 - 0.5 ng/mL. (Campen et al., 

2018). These studies have also reported adverse effects on reproduction associated with BPA 

detection including disruptions in meiosis, spindle abnormalities, as well as reduced cleavage 

and development (Campen et al., 2018).   

BPA in female reproduction 

BPA is capable of interfering with several biological systems; studies have reported 

significant effects in both mammals and other vertebrates’ reproductive systems, nervous 

systems, immune systems, and cardiovascular systems. However, BPAs imitates hormones that 

are primarily found within the ovary such as estrogen, progesterone and androgens so it is 

plausible to speculate that BPA would affect ovarian function with greater intensity than other 

organs (Zama & Uzumcu., 2010). Countless genes that are involved in oocyte development are 

downstream of estrogen receptor (ER) signaling (Zama & Uzumcu., 2010). Two main types, 

ERα and ERβ, are well recognized and crucial receptors that respond to estrogen and estrogen 

agonists (Zama & Uzumcu., 2010). 

BPA levels in women undergoing infertility treatment show a negative relationship with 
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both number and quality of eggs retrieved (Uzumcu et al., 2012). In vivo studies show BPA 

negatively impacts several aspects of oogenesis and has detrimental consequences in the oocyte 

(Eichenlaub-Ritter & Pacchierotti, 2015). In mammals, BPA has been shown to impair meiotic 

prophase I, increase levels of aneuploidy, and cause defects in synapsis and homologous 

chromosome recombination (Eichenlaub-Ritter & Pacchierotti, 2015). In humans, a study done 

on Egyptian females showed correlations between BPA levels and negative human health via 

methylation disruptions on the X chromosome (Kim, 2013). In porcine oocytes, in vitro 

treatment of oocytes with BPA modified important epigenetic regulators (Wang et al., 2016). 

More specifically, this study observed a significant reduction in histone methylation and a 

decrease in DNA methyltransferase (DNMTs) mRNA levels which may contribute to inhibit 

meiotic development (Wang et al., 2016). An in vitro study done on bovine oocytes also reported 

decreased levels of DNMT1 protein as a result of BPA treatment (Kahlon, 2016). 

In mammalian oocytes, BPA has been associated with several chromosomal 

abnormalities. Mouse and bovine oocytes exhibit synaptic abnormalities (Eichenlaub-Ritter & 

Pacchierotti, 2015), rhesus monkey oocytes display increased chromosome recombination (Hunt 

et al., 2012), and human oocytes that show modifications in DNA repair mechanisms and oocyte 

degradation in response to BPA (Brieno-Enriquez et al., 2015). These abnormalities lead to 

incorrect chromosome segregation and increased chances of aneuploidy (Eichenlaub-Ritter & 

Pacchierotti, 2015). Meiotic nondisjunction errors are also more likely in the oocytes under BPA 

conditions (Eichenlaub-Ritter & Pacchierotti, 2015). An in vitro study in mouse oocytes 

supported that BPA causes meiotic arrest, chromosome misalignment, and defected spindles 

(Vogt et al.,2009). A study in bovines treated embryos with environmentally significant doses of 

BPA (1 and 10 ng/mL) well below the reported LOAEL (Choi et al., 2016). They observed a 
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significant reduction in blastocyst rates. These results confirm the adverse fertility effects of low 

dose exposure to an environmentally ubiquitous substance. 

Bisphenol S (BPS) 

The numerous adverse effects of BPA on human health prompted the production of 

alternatives to BPA, including bisphenol S (BPS) and bisphenol F (BPF) (Almeida et al., 2018). 

Any product that is marketed as “BPA-free” most likely contains either BPS or BPF. However, 

these analogs are structurally similar to BPA with two phenol rings and two reactive hydroxyl 

groups (Almeida et al., 2018). This presents the potential for these analogs to exert similar 

physiological effects as BPA. BPS (bis[4-hydroxyphenyl]sulfone) is now used to manufacture 

polycarbonate plastics as well as thermal paper (Liao et al., 2012). BPS is quickly becoming 

widespread with a drastic increase in the molecule being detected in humans. In 2000, Ye et al. 

reported that BPS was detected in 25% of urine in Americans (Ye et al., 2015). That percentage 

was reported to be 74% in a more recently in 2014 (Ye et al., 2015). Additionally, BPS is 

detected at 9.56 ng/kg/day in women with 81% detection in urine (Liao et al., 2012). Like BPA, 

studies have shown that BPS is metabolized in a similar fashion as BPA where glucuronidation 

is the primary reaction that gives rise to inactive conjugated BPS. Similarly, BPS may also be 

metabolized into alternative forms that have estrogenic activities; thereby potentially disrupting 

cellular pathways (Skledar et al., 2016).  

Although research on BPS is limited compared to BPA, several studies have started to 

report that the estrogenic activity of BPS is comparable to BPA. A study conducted by Vinas and 

Watson investigated the effects of BPS on estrogen signaling in rat pituitary cell lines and found 

they are also endocrine disruptors (Vinas & Watson., 2013). They reported that BPS can affect 

estrogen signaling through membrane estrogen receptors just like BPA. BPS has also been 
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shown to elicit negative effects in female reproduction. In pig oocytes, BPS induces altered cell 

cycle and mRNA levels, changes in expression of estrogen receptors, and disrupted cell 

expansion (Zalmanova et al., 2017). A study in bovine oocytes reported that BPS caused 

significant adverse cytoskeletal organization, chromosome alignment, and spindle formation 

(Campen et al., 2018). An in vivo study in mice oocytes supports the theory that BPS is also 

reproductively toxic, showing that BPS exposure resulted in embryo arrest and oxidative stress 

(Nourian et al., 2017). The similarities between BPA and BPS in terms of structure, activity, and 

physiological effects raise questions and concerns as to whether it can be accepted as a truly 

safer alternative to BPA. This is why research on BPS in comparison to BPA in all biological 

contexts is of health significance for humans and mammals. 

Epigenetics 

 Although the term ‘epigenetics’ was coined over 60 years ago, our understanding of this 

phenomenon has drastically evolved with the growing advancements in molecular analysis 

platforms (Felsenfeld, 2014). Epigenetics was first introduced to generally describe the manner 

by which a zygote is capable of developing into a live organism, a process that was poorly 

understood in 1942. Over the last 60 years, evidence from research indicated that epigenetics 

involved molecular pathways that are capable of altering the phenotype without altering the 

genotype (DNA sequence) (Felsenfeld, 2014). More recent genomic and transcriptomic analysis 

have drastically contributed to our knowledge of epigenetic mechanisms. Studies proved the 

presence of specific RNA and protein molecules responsible for controlling gene expression 

independently of DNA sequence and are considered epigenetic regulators of the cell (Felsenfeld, 

2014). These regulators are also susceptible extrinsic stressors, such as environmental factors, 

that would alter gene expression. Epigenetic mechanisms are categorized into three groups: DNA 
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methylation, which is the addition of methyl groups on specific sites on DNA corresponding to 

repression of transcription (Felsenfeld, 2014). Histone modifications and chromatin remodeling 

involve modifications of histone tails that cause the chromatin to either condense or loosen 

controlling which genes can be expressed (Felsenfeld, 2014). Lastly, non-coding RNAs are RNA 

molecules that do not code for a protein molecule but rather control gene expression (Felsenfeld, 

2014). For the purpose of the current study, we primarily focused on specific non-coding RNAs, 

known as microRNAs (miRNAs), secondarily on DNA methylation, and how these mechanisms 

may be affected by BPA and BPS. 

DNA methylation 

 DNA methylation involves addition of a methyl group on the fifth carbon on a cytosine 

molecule within genomic DNA at specific sites known as CpG islands (Jin et al., 2011). DNA 

methylation is a necessary mechanism with roles in several processes including embryonic 

reprogramming, genomic imprinting, differentiation, X chromosome inactivation, and 

maintenance of genomic integrity (Torano et al., 2016; Fedoriw et al., 2012). The enzymes 

responsible for the addition of the methyl groups are DNA methyltransferase (DNMTs), which 

encompass a range of enzymes specialized for either de novo methylation during early embryo 

development or maintenance of methylation (Jin et al., 2011). Enzymes from the DNMT3s 

(DNMT3A, DNMT3B, DNMT3L) are specialized for de novo methylation. DNMT3A and B 

have been shown to be key mediators of imprinting in folliculogenesis (Hata et al., 2002). 

DNMT3L possesses no enzymatic activity but is essential for regulating both DNMT3A and B. 

A study using DNMT3L mutant female mice observed the production of mature oocytes, but the 

embryos do not survive due to imprinting defects (Hata et al., 2002). DNMT1 is another crucial 

enzyme involved in maintenance of methylation and genomic integrity. DNMT1 oocyte 
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(DNMT1o) is a mouse oocyte DNMT with a role in the sufficient growth of oocytes and 

embryos. DNMT1o-deficient mice had loss of methylation (hypomethylation) on imprinted 

genes which also contributed to random X chromosome inactivation (McGraw et al., 2013). 

Noncoding RNAs 

 Noncoding RNAs (ncRNA) encompass a wide range of long and short RNA molecules 

that serve different biological roles in every system through gene expression regulation. Types of 

ncRNAs include piwi-interacting RNAs (piRNAs), short interfering RNAs (siRNAs), and 

microRNAs (miRNAs) (Palazzo & Lee, 2015). piRNAs are responsible for interacting with 

proteins from the piwi family and control expression of transposable elements by chromatin 

regulation and transposon silencing (Iwasaki et al., 2015). siRNAs and miRNAs are other types 

of short noncoding RNAs that work in similar manner by binding to mRNA targets and 

inhibiting translation thereby controlling gene expression post-transcriptionally (Carthew & 

Sontheimer, 2009). Relevant to this current research, microRNAs are discussed in depth at the 

end of this review.     

Epigenetics in the female germline 

 Epigenetic events in the female germline are present during every stage of development 

and are crucial for the correct progression of oogenesis and subsequent embryo development 

(Sasaki & Matsui, 2008). During early development, somatic cells start out as pluripotent and 

differentiate into restricted cell types whereas germ cells have a specific fate and undergo 

epigenetic events specific to this cell type (Sasaki & Matsui, 2008).  

Preimplantation embryos undergo genome-wide demethylation to remove all methyl 

marks except those on imprinted genes; this initial major reprogramming event allows zygotes to 

obtain the totipotency necessary for the rise of a new complex organism (Uzumcu et al., 2012). 
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Methyl marks are then re-established in an embryo cell-specific manner (Uzumcu et al., 2012). 

These cells are now pluripotent and can give rise to PGCs that migrate to the genital ridge and 

undergo a second major reprogramming event (Uzumcu et al., 2012). This involves total erasure 

of methyl marks including those on imprinted genes as well as reactivation of the X chromosome 

to allow re-establishment of new imprints according to the gender of the new animal (Sasaki & 

Matsui, 2008). In females, new imprints via DNA methylation occurs after birth in the growing 

oocyte and continues until MII arrest (Sasaki & Matsui, 2008). DNMTs as well as chromatin 

remodeling and ncRNAs are crucial to allow necessary DNA methylation and both are important 

in oogenesis for correct chromosome segregation, centromere stability, and silencing of 

potentially damaging elements (Sasaki & Matsui, 2008). 

Epigenetic changes with age may also explain the reduction of oocyte quality and 

inadequate embryo development. A study done in rat ovaries reported a link between loss of 

oocytes with changes in methylation at gene promoter sites (Nilsson & Skinner, 2015). The 

aforementioned examples of epigenetic control in the female germline are only a couple of 

examples compared to the vast number of pathways and networks that are truly involved in 

oocyte competence. This reveals that there are numerous potential opportunities for disruptions 

and errors that may lead to reduced competence, development, and overall fertility. 

BPA/BPS and epigenetics 

 Recently, researchers have investigated the epigenetic effects of EDCs since 

environmental influences can greatly affect epigenetic modulators and result in aberrant gene 

expression patterns. As mentioned earlier, the female germline undergoes two crucial epigenetic 

reprogramming events required for proficient oocyte development (Hugo et al., 2008). In 

addition to this, follicular growth and early embryo development is heavily dependent on 
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epigenetic mechanisms, so EDCs have the potential to alter oocyte function through epigenetic 

alterations. This presents a global concern that EDC effects in the ovary may have the ability to 

impact following generations (Uzumcu et al., 2012). 

Chao et al. treated mice with BPA during these reprogramming windows and observed 

disruption of genome-wide imprinting patterns associated with impaired DNA methylation, 

which could have detrimental downstream effects (Chao et al., 2012). When mice were treated 

outside the reprogramming window, no effect on genomic imprinting was observed, highlighting 

the vulnerability of these stages (Chao et al., 2012). This study supported BPA-induced 

methylation inhibition and reduced DNMT levels in the female mouse oocyte (Chao et al., 

2012). They also investigated ERs and found ERα to be overexpressed in BPA oocytes (Chao et 

al., 2012). Interestingly, an ER inhibitor reversed the reduction of DNMTs, which implies one 

possible role of epigenetic mediated effects of BPA on mammalian oocytes (Chao et al., 2012). 

Another study looking at BPA and mice genomic imprinting focused on specific imprinted genes 

in GV oocytes and in concordance with the first study, genome-wide methylation errors were 

observed (Trapphoff et al., 2013). 

 A study by Jorgensen and colleagues identified over 1,700 differentially methylated sites 

in the mouse female reproductive tract that corresponded to BPA treatment (Jorgensen et al., 

2016). Epigenetic alterations were also observed in rat mammary glands treated with BPA, 

which increased the likelihood of tumorigenesis (Dhimolea et al., 2014). Other effects of BPA 

include inducing histone demethylation in rat uteri yet inducing histone methylation in rat 

prostate tissue (Singh & Li, 2012). This suggests the complex epigenetic actions of BPA that 

could be species, organ, tissue, or cell-specific (Singh & Li, 2012). 
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 Alterations in epigenetic mechanisms in oocytes and early embryos in response to BPS 

has yet to be investigated. Other studies of BPS and epigenetics comprise systems outside the 

female germline. One study reported BPS impacted ncRNA, including miRNA levels in human 

adipocytes (Verbanck et al., 2017). A recent study investigated the effects of BPS in a human 

breast cancer cell line (MCF-7). They reported BPS induced changes in methylation patterns; 

specifically, the methylation of gene promoters associated with breast cancer progression 

illustrating the potential involvement of BPS in reproductive cancers (Huang et al., 2019).  

microRNAs 

We have known about noncoding RNAs including transfer RNAs (tRNAs) and ribosomal 

RNAs (rRNA) for about 6 decades and their critical functional roles in protein translation is well 

characterized yet other ncRNA were considered ‘junk’ until about 2 decades ago (Bhaskaran & 

Mohan, 2014). Whole genome sequencing led to the belief that all genomic DNA is transcribed 

at some point and these transcripts should serve some role to the cell. One class of ncRNAs that 

has gained tremendous interest is microRNAs (miRNAs). They are short endogenous RNA 

molecules about 19 - 24 nucleotides long that were quickly identified as key modulators involved 

in several pathways (Bhaskaran & Mohan, 2014). 

In 1993, microRNAs were first discovered in nematodes (Caenorhabditis elegans) by 

Lee et al.  (Lee et al., 1993). In their study, they observed that the transition of nematodes from 

one larval stage to another relied on the decreased expression of a specific protein, LIN-4. This 

protein was directly modulated by another transcript that was not translated into a protein. 

Instead, this second transcript was processed to yield two small RNA molecules (~20 bp and 60 

bp). The shorter transcript is the mature miRNA and the longer one is a hairpin transcript that is 

the precursor for miRNAs (Lee et al., 1993). Further experiments revealed that these molecules 
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shared complementary sequences with the LIN-4 mRNA transcript (Lee et al., 1993). This 

suggested that these ncRNAs could play a crucial role in gene expression modulation by binding 

to mRNAs and inhibiting protein synthesis.  

Today, over 30 thousand miRNAs have been identified in over 200 species and there is 

currently a database (miRBase 20) that houses all miRNA sequences as well as predicted targets 

information (Bhaskaran & Mohan, 2014). A single miRNA is capable of regulating hundreds of 

genes; this suggests that a small disruption to miRNAs could have a multitude of downstream 

effects on cellular functions. Uncovering how miRNAs are regulated and how they in turn 

regulate gene expression is invaluable to better understand both molecular and epigenetic 

mechanisms. There are currently a large number of studies reporting miRNA expression with 

predicted targets and cellular functions. However, there have not been enough validation studies 

to support these predictions suggesting that our understanding of specific miRNA regulation and 

function is still not complete.      

Transcriptional regulation 

 The initial transcription of miRNAs is comparable to that of coding mRNAs; they are 

transcribed by RNA polymerase II (RNAP II) from genomic DNA into long transcripts known as 

primary miRNAs (pri-miRNAs) that contain both a 5’ cap and a 3’ polyadenylated (PolyA) tail 

(Schanen & Li, 2011). Pri-miRNAs can be classified according to their location on the genome 

or by their gene cluster patterns. The genes for miRNAs can be intronic (they are located within 

introns of coding genes) and can either be regulated by promoters of the coding gene or 

independently, through miRNA specific promoters (Schanen & Li, 2011). Intergenic miRNAs 

are those located outside coding genes and transcribed into miRNAs. They are independently 

transcribed under miRNA specific promoter control (Schanen & Li, 2011).  
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miRNA genes can also cluster and are transcribed together giving rise to a single pri-

miRNA containing multiple stem loop structures. These genes are polycistronic and are 

differentially processed downstream to generate multiple mature RNAs (Truscott et al., 2016). 

Other pri-miRNAs are monocistronic and are processed into only one mature miRNA. Studies 

suggest that miRNAs that originate from the same transcript potentially have similar targets and 

play similar functional roles; however, there are several downstream processing events that occur 

between transcription and synthesis of a mature miRNA (Truscott et al., 2016). In actuality, these 

miRNAs have the potential to play different roles than one another. This only highlights the 

complexity of miRNA biogenesis and regulation.  

Processing & Export 

 Newly synthesized pri-miRNAs are then processed in the nucleus and the cytoplasm to 

generate functional miRNAs. There are two routes of processing that could yield a mature 

miRNA; a canonical pathway and a non-canonical pathway. The canonical pathway is the most 

common biogenesis pathway used to make miRNAs and is dependent on several processing 

enzymes (O’Brien et al., 2018). The pri-miRNA is first modulated by a micro processing unit 

containing two proteins. The first protein, DiGeorge Syndrome Critical Region 8 (DGCR8), acts 

as a guide that recognizes specific sequences within the pri-miRNA and recruits the second 

protein with ribonuclease activity, Drosha (O’Brien et al., 2018). Drosha then cleaves both the 3’ 

and 5’ strands of pri-miRNAs producing a precursor miRNA (pre-miRNA) with a 3’ overhang. 

This overhang facilitates recognition of the pre-miRNA by downstream regulators (Seong et al., 

2014).  

Specific transport proteins known as Exportin-5 play a vital role in miRNA biogenesis by 

recognizing pre-miRNAs in the nucleus and shuttling them to the cytoplasm via nuclear pores 
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(Yi et al., 2003). pre-miRNAs in the cytoplasm are then processed again by an enzyme called 

Dicer, that cleaves the hairpin structure and forms a mature double-stranded miRNA (Song & 

Rossi, 2017). The double stranded miRNA is then loaded onto an Argonaute protein (AGO) and 

together they form an RNA induced silencing complex (RISC). The functional activity of RISC 

requires only one miRNA strand to act as a guide, so one strand is unwound and degraded using 

other cellular machinery (O’Brien et al., 2018). This strand is referred to as the passenger strand. 

Both strands have the potential to act as the functional guide miRNAs; the loading of the 5’ 

strand would yield a 5p variant of that miRNA and the loading of the 3’ strand would give a 3p 

variant. One of the determining factors as to which strand is incorporated with an AGO protein is 

the relative thermodynamic stability of each strand, the more stable strand is most likely the 

guide and the less stable one is most likely degraded (Meijer et al., 2014). The proteins involved 

in strand selection include Drosha/DGCR8, Dicer, AGO, and several other proteins that regulate 

these processing enzymes such as TRA-RNA binding protein (TRBP), a protein activator 

(PACT), SMADS, p53, and even ERα (Pong & Gullerova, 2018; Davis-Dusenbery & Hata, 

2011). For example, phosphorylation of TRBP induces and stabilizes both Dicer and AGO 

(Wilson et al., 2015). Different species, tissue/cell types, developmental stages, and diseased 

states with different levels/activity of selection proteins may have different ratios of 5p variants 

to 3p variants of a specific miRNA. In mice, miR-30e-3p is preferentially expressed in the 

stomach whereas the 5p variant is preferentially expressed in the spleen (Ro et al., 2007). miR-1-

3p is normally dominant over 5p in cervical tissue; however, 3p expression is significantly 

decreased in cervical cancers (Granados-Lopez et al., 2017). These examples highlight another 

level of complexity to miRNA regulation. 
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The non-canonical pathway of miRNA biogenesis involves different cooperative efforts 

of the processing enzymes. Most commonly, non-canonical miRNAs are synthesized in a 

Drosha/DGCR8 independent and Dicer dependent manner. These miRNAs can originate from 

several precursors, including small nucleolar RNA (snoRNAs), short hairpin RNA (shRNAs), 

and even tRNAs (Ender et al., 2008; Babiarz et al., 2008; Lee et al., 2009). These ‘pre-miRNA 

like’ transcripts are readily exported to the cytoplasm by Exportin proteins and subsequently 

cleaved by Dicer into mature functional miRNAs. Alternatively, instances of Dicer-independent 

miRNA biogenesis have been identified. An example of this is the biogenesis of miR-451 in 

humans, mice, and zebrafish (Cheloufi et al., 2010; Yang et al., 2010; Cifuentes et al., 2010). Pri-

miR-451 is processed into pre-miR-451 as in the canonical pathway via Drosha/DGCR8 

processing. These precursors prove to be too short to act as dicer substrates and are likely 

directly loaded onto an AGO protein to form a mature miRNA in a RISC. The multiple routes of 

miRNA synthesis represent the complex regulation mechanisms at play; it is crucial to elucidate 

all potential routes. 

Specificity and Function 

 miRNAs are specific to their targets and bind with either complete or incomplete 

complementarity to allow the AGO protein within the RISC complex to silence translation by 

either inhibiting the process or by destabilizing the mRNA target resulting in its decay (Kadri et 

al., 2009). miRNAs are responsible for recognizing specific complementary sequences on 

mRNAs known as seed sequences (usually 8 nucleotides long). These sequences are the basis of 

several target prediction assays; any mRNA that possesses a seed sequence matching a miRNA 

has the potential to be regulated by that miRNA and is thereby a putative target (Kehl et al., 

2017). However, seed sequence is not the only factor involved in regulation which is why all 
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putative targets must be biologically validated using functional assays such as RNA interference 

(RNAi) techniques. 

Important elements that regulate miRNA function include abundance of miRNA, number, 

proximity, and location of seed sequences, as well as activity of other regulatory molecules. 

Simply stated, studies show that higher levels of miRNAs would increase the repression of that 

particular transcript (Brancati & Grohans, 2018; Ling et al., 2013). Tiny locked nucleic acids 

(LNAs) are synthetic RNA constructs used in several approaches including anticancer therapies; 

these tiny LNAs are constructed to bind multiple miRNAs with similar seed sequences, which 

has been shown to increase the levels of repression (Ling et al., 2013). This knowledge of 

miRNA regulation and the use of RNA constructs provides a potential resourceful application of 

tiny LNAs with miRNAs as tools for targeted drug delivery for different therapies. With regard 

to the seed sequences, microarray and site conservation analysis on miRNA-transfected HeLa 

cells revealed little to no downregulation in genes with only one seed site and an increase in 

downregulation was linked to an increase in number of seed sites (Grimson et al., 2007).They 

also mapped these highly conserved sites in humans, mice, rats, and dogs and observed the closer 

these sites are in proximity, the higher the degree of translational repression. They further 

confirmed this using a miR-124 reporter assay to demonstrate that two proximal miR-124 sites 

exhibited higher repressive activity than one miR-124 site alone.  

Moreover, the majority of decreased genes have seed sites located in highly conserved 

regions within the 3’ untranslated regions (3’UTR) of the mRNA but they have also been found 

in the 5’UTR as well as the open reading frame (ORF) (Shin et al., 2010). Regardless of this, 

studies show that binding to the 3’UTR is more efficient at repressing translation (Grimson et al., 

2007; Lytle et al., 2007). One reason for this is attributed to the distance between miRNA 
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binding sites and mRNA translational machinery. Sites within the 5’UTR are adjacent to binding 

sites for ribosomes and other factors that initiate translation then continuously comes into contact 

with the entire ORF to complete translation. miRNAs bound to these regions of mRNA can be 

displaced by ribosomes, interfering with miRNA activity. Diversely, miRNAs bound to the 

3’UTR are distant from translation activity and are thereby less susceptible to ribosomal 

interference. This opportunity for maximal miRNA activity explains preferential binding to 

3’UTR sites in addition to higher repression of genes containing 3’UTR seeds (Grimson et al., 

2007). 

Lastly, several molecular factors are essential components of both miRNA mediated 

translational repression and mRNA degradation. These proteins include coactivators of miRNAs, 

deadenylases, decapping enzymes (DCP1 & 2), exonucleases (XRN), and more. Destabilization 

is achieved by deadenylation followed by 5’ decapping and decay by XRN1 (Pillai, 2005). These 

enzymes are generally sequestered into processing bodies known as GW bodies. AGO protein is 

responsible for binding to these bodies thereby regulating miRNA activation, repression, and 

target destabilization (Pillai, 2005). Disrupted expression of any of these regulatory enzymes 

could result in aberrant miRNA function. This shows us that miRNA specificity is unlikely 

limited to sequence alone but rather is dependent on an entire network of mechanisms to control 

gene expression and fine tune the abundance and availability of proteins in a cell. Interestingly, 

reports of miRNA mediated translational activation have changed our traditional belief that 

miRNAs exclusively function as silencers (Ni & Leng, 2016; Rusk, 2008). These studies suggest 

that miRNAs can exhibit inverse functions under special circumstances when the cell is inactive 

or under duress. It is important to consider all aspects of specificity and function when it comes 

to identifying distinctive miRNAs as potential tools for diagnostic or therapeutic applications. 
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miRNA in Reproduction 

 miRNAs play specialized roles in every biological system studied, including the 

reproductive system; they are implicated in several processes in ovaries, oocytes, cumulus cells, 

and preimplantation embryos. The ovary is the reproductive organ that houses the preovulatory 

follicle and is involved in several hormone signaling pathways that regulate development of 

PGCs, oocytes, and even embryo development in the uterus (Toms et al., 2018). Using both 

conventional (Northern blot, qPCR) and current (RNA sequencing) detection methods, 

significant differential expression of miRNAs in the ovary compared to other organs has been 

detected in several species (Ahn et al., 2010; Hossain et al., 2009; Li et al., 2012; Sohel et al., 

2013; Torley et al., 2011). These miRNAs also showed differential expression at different 

developmental stages of the ovary proposing various possibilities of miRNA regulation. The 

general significance of microRNAs in different tissues is most commonly investigated by 

knocking down Dicer because all canonical and most non-canonical miRNA biogenesis are 

dependent on this enzyme. Knockdown of Dicer in the ovary adversely affects folliculogenesis, 

oocyte maturation, and every aspect of the ovary including granulosa cells, the oviduct, and the 

uterus (Luense et al., 2009). These effects are potentially associated with infertility in the female.  

 Ovarian miRNA profile comparisons in goats, pigs, bovine, and humans revealed 

differential expression of miRNAs linked to reproduction. Of these miRNAs, 10 were found to 

be abundantly expressed in goats, pigs, and humans (miR-99a, miR-143, miR-10b, miR-26a, 

miR-21, miR-125b, let-7f, miR-27b, miR-148, and miR-101) (Zi et al., 2017). The first seven 

were abundant in bovine ovaries. These miRNAs were even differentially expressed between 

different cells in the ovary: miR-143, -125b, let-7s, -21, -10b, and -378 were found in granulosa 

cells, miR-24, miR-222, and miR-378 in theca cells, and miR-10a/b, miR-100, and members of 
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the let-7 family in oocytes (Zi et al., 2017). These miRNAs play various roles in the ovary, 

oocyte, and early embryo from hormone production, cell cycle progression, inhibiting/promoting 

tumorigenesis, cell fate determination, folliculogenesis, oocyte maturation, fertilization, and even 

MET (Wang et al., 2017; Donadeu et al., 2012; Imbar & Eisenberg, 2014).      

The importance of miRNAs in oocytes was established when the loss of dicer in mice 

directly affected oocyte maturation. Diminishing dicer, required for miRNA synthesis, resulted 

in meiotic malfunction, aberrant chromosome segregation, high spindle abnormalities and overall 

reduced maturation (Diez-Fraile et al., 2014). Another study observed miRNA profiles in PGCs 

and observed differential expression throughout development (Krisher, 2004). Knockout of Dicer 

in PGCs had detrimental effects on the resulting oocytes including meiosis arrest due to 

chromosome misalignments and spindle abnormalities. Identical results were observed in mouse 

oocytes when the AGO protein was knocked down instead of dicer (Gilchrist et al., 2016). 

Progression of the female germ cell from PGC to immature to mature is mediated by miRNAs. 

In bovines, there were several miRNAs with distinctive expression between immature and MII 

oocytes (Gilchrist et al., 2016). All these results highlight the intricacy of miRNA regulation.  

A few miRNAs and their functional roles in female reproduction are reviewed: miR-494 

and miR-143 are both involved in primordial follicle recruitment but have different routes of 

regulation. miR-494 regulates phosphatase and tensin homolog protein (PTEN) in human 

oocytes (Andrade et al., 2017). PTEN is essential for folliculogenesis; it inhibits the PI3K 

signaling pathway which in prevents recruitment of primordial follicles from the ovarian reserve. 

PTEN deficient mice could not inhibit this pathway and all primordial follicles became activated 

resulting in premature ovarian failure (Andrade et al., 2017). miR-143, which increases at the 

same time primordial follicles are formed in mice, is also involved in follicle recruitment. 
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Primordial follicle formation involves proliferation of pre granulosa cells which relies on 

signaling between cycle proteins (cyclins) and protein kinases. miR-143 transfection into mouse 

pre granulosa cells suppresses these genes, thereby regulating recruitment and preventing 

premature follicle depletion (Zhang et al., 2013).  

MicroRNA-21 is an antiapoptotic regulator abundantly expressed in both granulosa cells 

and oocytes in rats, pigs, bovines, and humans (Yerushalmi et al., 2018). It is speculated to 

originate in granulosa cells and then transported into the oocyte, but this has not been validated. 

It is important for cell survival by regulating apoptotic genes such as PDCD4, PRC1, and 

CDC25a (Yerushalmi et al. ,2018). miR-21 knockdown studies in mice and pigs report granulosa 

cell apoptosis, meiosis disruptions, and repression of embryo development at the 4-8 cell stage 

(Han et al., 2017). Indicating its importance for both oocyte and embryo survival. In human 

oocytes, miR-29 and miR-203 were characterized as regulators of epigenetics during oocyte 

development that regulate DNMT3A and DNMT3B (Battaglia et al., 2016). Overexpressing 

them in mice decreased these DNMTs, altered methylation patterns, and reduced oocyte quality 

(Battaglia et al., 2016). This is one example of epigenetic mechanisms working cooperatively to 

control gene expression.    

Other examples of important microRNAs in human oocytes include miR-190b, miR-21, 

miR-514, miR-144, and miR-513a-3p (Diez-Fraile et al., 2014). miR-190b regulates the mRNA 

for a glycosyltransferase used to make heparin and heparin is important for oocyte maturation 

(Diez-Fraile et al., 2014). The other four miRNAs regulate genes within the TGFβ pathway 

which participate in regulating normal folliculogenesis (Diez-Fraile et al., 2014). This is 

supported by the reported abnormal expression of these miRNAs in women with polycystic 

ovarian syndrome (PCOS) (Liu et al., 2012). 
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In pig granulosa cells, miR-378 was shown to regulate synthesis of estrogen and 

aromatase since overexpression of the miRNA resulted in significant decreases in estrogen and 

aromatase protein levels (Xu et al., 2011). Overexpressed miR-378 in porcine cumulus cells 

reduced cumulus cell expansion and about 40% of oocytes failed to mature. miR-125 is an 

important regulator of cumulus cell migration during preovulatory stages. A study confirming its 

functional role illustrated that miR-125 regulates a protein from the Src family kinase (FYN) that 

is crucial for granulosa cell reorganization during folliculogenesis. Overexpression of miR-125 

in mice was inversely correlated FYN expression and the number of oocytes that ovulated 

(Grossman et al., 2015). In bovines, miR-130b showed stable expression in immature and mature 

oocytes as well as in granulosa cells. A functional study inhibited miR-130b in bovine granulosa 

cells, oocytes, and zygotes and observed decreased proliferation of granulosa cells with disrupted 

cholesterol production. In oocytes, they observed a decrease in number of oocytes that mature 

and in embryos, they observed a decrease in developmental rates (Sinha et al., 2017). This 

suggests miR-130b is a miRNA that could be required at every stage of development and should 

be stably expressed; in fact, it is used as a housekeeping gene for qPCR analysis (Zhao et al., 

2018). 

These examples highlight the unique expression patterns of miRNAs in different species 

indicating the complex role miRNAs play in female reproduction. New miRNAs are still being 

discovered and of the ones we’ve identified, additional putative targets and potential functions 

are currently being established by researchers. This signifies that we are a long way from fully 

understanding all the roles of different miRNAs in different systems including reproduction. 

miRNAs are also involved in regulating processes within the early embryo, shown using Drosha 

and Dicer knockout studies. Drosha knockdown in both the male and female pronuclei proved to 
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be disruptive to embryos with reduced development; whereas, Drosha deficient sperm pronuclei 

can still fertilize a wild type oocyte and produce a viable embryo (Yuan et al., 2016). This 

indicates that embryos likely rely on maternally derived miRNAs more than those derived from 

the sperm. Dicer knockdown appeared to be lethal to mouse embryos suggesting they heavily 

rely on canonical miRNAs (Bernstein et al., 2003). One specific miRNA implicated in embryo 

quality is miR-199. Using knockdowns and overexpression assays miR-199 dysregulation was 

associated with an increase in glycolytic rates, developmental disruptions, and eventually, 

embryo death (Tan et al., 2016). Comparisons of miRNA expression profiles between in vivo and 

in vitro produced embryos showed consistent decreases of this miRNA in in vitro produced 

embryos. This could be one explanation as to why in vitro produced embryos are not as 

reproductively competent as those produced in vivo (Tan et al., 2016).       

A study in humans investigated miRNAs in high vs. low quality embryos and observed 

higher expression of miR-320 in top quality embryos (Feng et al. ,2015). The importance of this 

miRNA was validated after silencing in mice, which resulted in lower cleavage and blastocysts 

rates confirming it plays a functional role in early embryos (Feng et al., 2015). miR-125 is 

another miRNA that controls several genes involved in embryo development and embryo 

implanting (Gross et al., 2017). miR-155 is another regulator of embryo development believed to 

regulate the degradation of maternal transcripts before the embryonic genome is activated 

because it is significantly increased at the 8-cell stage in bovines (corresponding to MET in that 

species) (Gilchrist et al., 2016). Some miRNAs in the embryo is of paternal origin rather than 

maternal; RNA sequencing showed 14 miRNAs present in sperm are also present in zygotes. 

miR-34c is one crucial paternally derived miRNA that is required for the first cleavage. 

Inhibiting miR-34c in mice zygotes resulted in first cleavage failure (Liu et al., 2015). 
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Overall, dysregulating miRNA levels in the early embryo could interfere with several 

developmental processes including cleavages, degradation of maternal transcripts, implantation 

into the endometrium, and even maintenance of pregnancy. In order to understand how miRNA 

expression is correlated with developmental competence, it is important to understand how both 

internal and external disruptions to these miRNAs could alter both oocytes and embryos. 

Dysregulations in the oocyte could have a direct effect on embryo quality. 

miRNA Dysregulation 

 There are multiple factors that have the potential to interfere with miRNA expression and 

subsequently its regulatory function on downstream targets. These include defective molecular 

components of the miRNA processing pathway, DNA methylation, endogenous stimulants 

(hormones), and exogenous factors (xenobiotics). Any deficiencies in drosha, dicer, DGCR8, and 

hundreds of other regulatory proteins can directly alter miRNA expression and function 

(Gulyaeva & Kushlinskiy, 2016). Changes to DNA methylation patterns may alter which genes 

are expressed including genes that transcribe pri-miRNAs (Gulyaeva & Kushlinskiy, 2016). 

miR-34b/c are differentially expressed in leukemia due to their differential methylation status 

(Jimenez-Wences et al., 2016). In cervical carcinomas, methylation of several miRNA promoters 

including miR-124 and miR34b/c was highly expressed (Gulyaeva & Kushlinskiy, 2016). Other 

factors that affect methylation can include age, sex, lifestyle, and environmental exposures and 

interactions. 

 Hormone signaling is one of the major pathways involved in regulating miRNA 

synthesis. Estrogens, androgens, thyroid hormones, and corticosteroids are examples of 

hormones that are involved in regulating miRNA expression in different tissues (Gulyaeva & 

Kushlinskiy, 2016). Lastly, environmental exposure to xenobiotics including EDCs can interfere 
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with miRNA expression. One example is the differential expression of 5 miRNAs (miR-29b, -31, 

-101, -130a, and -199) in response to an EDC called dioxin (Huumonen et al., 2014). Other 

EDCs including polyphenols, benzenes, and other carcinogens have been shown to alter miRNA 

levels (Gulyaeva & Kushlinskiy, 2016).        

 The alterations of miRNAs in stressful, toxic, and diseased conditions may provide a 

foundation for their clinical use as potential diagnostic or therapeutic biomarkers. miRNA 

biomarkers are typically circulating, extracellular miRNAs found in several bodily fluids 

including plasma, serum, urine, and saliva. These miRNAs are typically carried in exosomal 

vesicles (EV) which contributes to their relatively high stability. Circulating miRNAs have been 

shown to have differential expression under diseased or toxic conditions (Schrami et al.,2017; 

Penman et al., 2014). Differential expression was observed in several cancers including 

esophageal, pancreatic, and breast cancers, making them promising diagnostic biomarkers 

(Kawaguchi et al., 2016). Furthermore, different toxicants have been shown to interfere with 

miRNA expression, suggesting they can also be used as potential biomarkers for toxicological 

diagnosis. Specific miRNAs show differential expression in different systems under the effects 

of different toxicants. These miRNAs showed multiple expression patterns associated with 

neurotoxicity, kidney toxicity, cardiotoxicity, and liver toxicity (Schrami et al., 2017). 

     The role of miRNAs in reproduction was previously discussed, yet the effects of 

environmental toxicants on miRNA expression and the consequences on female fertility is not 

well understood. Toxicants that contribute to female infertility include alcohol, smoke, and drug 

consumption as well as environmental exposures, particularly EDCs. In relevance to this study, 

the toxic effects of two EDCs (BPA/BPS) on miRNA expression is discussed in detail below. 
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miRNA BPA/BPS 

 As discussed in the previous section, miRNAs can be modulated by several factors 

including hormone signaling. One example is thyroid hormone signaling pathways that were 

shown to control miR-206 in an in vitro study (Zheng et al., 2018). Moreover, there is mounting 

evidence suggesting estrogen signaling is a strong modulator of miRNA biogenesis (Klinge, 

2009). Estrogen can not only modulate the expression of miRNA processing enzymes such as 

RNAP II and Drosha, but it may also directly modulate specific miRNAs. Some miRNA genes 

contain estrogen response elements (EREs) upstream of their promoters and have the potential to 

be regulated by the activity of estrogen receptors (ERα and ERβ). miR-21, -155, and -124 are 

only a few examples of miRNAs that can be modulated by estrogen (Klinge, 2009).  

Since BPA/BPS act as estrogen mimics, they have the potential to interfere with miRNA 

expression. Researchers are now using different models to explore the effects of BPA/BPS on 

miRNA expression and how they are connected to the diseased phenotypes associated with 

BPA/BPS. Despite of this, there are currently two large gaps in current literature with regard to 

these effects. Firstly, not much is known about miRNA mediated effects of BPA in a 

reproductive model (the oocyte and the embryo) and secondly, research on BPS in any context is 

fairly limited and any connections to miRNAs are even more sparse.  

An informative study by Veiga-Lopez et al. treated sheep in vivo with BPA and analyzed 

the effects in ovarian genes known to be regulated by miRNAs (Veiga-Lopez et al., 2013). They 

found exclusively downregulated expression of 45 miRNAs in the fetal ovary as well as 

abnormal expression of associated target genes. One example involves members of the let-7 

family and a particular steroid enzyme, CYP19, that is required to synthetize estrogens and is 

one of the enzymes increased due to BPA (Veiga-Lopez et al., 2013). Members of the let-7 
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family have the ability to regulate CYP19 and thereby control its expression (Veiga-Lopez et al., 

2013). This in vivo study in sheep found some members of the let-7 family to be repressed by 

BPA. They speculate that one plausible explanation for increased CYP19 due to BPA is 

regulation by epigenetic mechanisms, specifically the let-7 miRNAs (Veiga-Lopez et al., 2013). 

This means a decrease in let-7 decreases CYP19 repression and can result in an overproduction 

of the enzyme followed by an overproduction of steroids that is characteristic of BPA. This 

speculation was not confirmed in the study and remains to be validated. Interestingly, this study 

reported no significant effect of BPA on any miRNA processing enzyme (Drosha, Dicer, 

DGCR8, and AGO). This gives reason to speculate that the effect of BPA on miRNAs may occur 

at the transcriptional level prior to involvement of these processing enzymes. This could imply 

that these effects are gene- or miRNA- specific rather than a global effect on all miRNAs.   

Another miRNA affected by BPA is miR-224, important for cumulus cell expansion and 

oocyte maturation. It was found to be dysregulated in rat granulosa cells treated with BPA in 

vivo. miR-224 is known to regulate crucial enzymes in hormone production including aromatase 

(Lite et al.,2019). The simultaneous observation of aberrant expression of aromatase, estradiol, 

and FSH demonstrated the possibility of BPA interference within oocyte development via 

miRNA mediated pathways.  

As stated earlier, studies on the effects of BPA on microRNAs in the context of the ovary 

and oocyte development are limited and requires more investigation, examples in other systems 

including other components of the female reproductive axis are still noted. In human breast 

cancer cells, BPA induces ERα signaling that results in reducing miR-21, Let-7, miR-15b 

expression whilst enhancing miR-638, miR-663, and miR-1915 expression (Tilghman et al., 

2012). In human placental cells, miRNAs showed altered expression after BPA treatment 
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(Avissar-Whiting et al., 2010). miR-146a was particularly increased and associated with slow 

proliferation and higher susceptibility to toxic effects of harmful agents (Avissar-Whiting et al., 

2010). miR-146a plays an important role in bovine oocyte maturation, as stated earlier, so BPA 

may affect this miRNA within the oocyte environment as well. In human endometrial cells, BPA 

was shown to also affect several miRNAs (Chou et al., 2017). In particular, miR-149 and miR-

107 were significantly decreased and increased respectively (Chou et al., 2017). miR-149 is 

predicted to control both DNA repair and cell cycle arrest genes since decreased DNA repair 

genes and increased cycle arrest genes was observed simultaneously. miR-107 is known to 

regulate the hedgehog pathway that functions in cell proliferation. Increased expression of miR-

107 due to BPA with concurrent reduction of anti-proliferative hedgehog factors and vice versa 

resulted in active proliferation (Chou et al., 2017). This presents a potential epigenetic 

mechanism of BPA that contributes to increased susceptibility to reproductive cancers.  

EDCs not only affects microRNAs involved in oocyte development, but also have been 

reported to affect microRNAs involved in epigenetic mechanisms (Jacobs et al., 2017). One 

example is increased miR-29 expression in testicular tissue treated with estradiol benzoate that 

resulted in a decrease of important DNMTs crucial for DNA methylation (Jacobs et al., 2017). 

miR-29 was previously mentioned as a key regulator involved in human oocyte quality (Liu et 

al., 2012); therefore, its dysregulation could have implications on oocyte competence. The 

manner by which BPA affects microRNA is far from simple; there are many possible areas of 

miRNA synthesis where BPA could interfere. BPA may bind to estrogen receptors then respond 

by binding to EREs upstream of miRNA genes and disrupt expression (Veiga-Lopez et al. 

,2013). BPA may also moderate expression of other transcription factors involved in miRNA 
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transcription or other enzymes including exportin or the RISC enzyme (Veiga-Lopez et al., 

2013). 

The few examples of BPS-induced changes in microRNA include decreased expression 

of miR-26a and miR-136 in human adipocytes, involved in differentiation and conversion of 

adipocytes to chondrocytes (Verbanck et al., 2017). Another study treated male zebrafish with 

BPS and observed a reduction in several miRNAs including miR-30c, miR-192, and many more 

in the testis (Lee et al., 2018). Just like the sheep forms, these microRNAs regulate steroidogenic 

enzymes like CYP19, and BPS also increased expression of CYP19 just as with BPA. This 

suggests that BPS can also affect egg production, so it may have similar adverse effects as BPA 

and miRNAs could represent a plausible mechanism underlying these effects (Lee et al., 2018). 

One important area of research that is lacking adequate and thorough knowledge is the 

effects of EDCs including BPA and BPS on microRNAs within the developing oocyte beginning 

with PGCs, immature oocytes, until the meiotic arrest of mature oocytes and subsequent early 

embryo development. Several miRNAs have been shown to play key roles in these stages and 

EDCs including BPA and BPS have been shown to play epigenetic roles including alterations of 

microRNA expression. Therefore, it is extremely crucial to investigate potential EDC effects on 

microRNAs within the oocyte and early embryo to fill in the missing links in research. 

EDCs including BPA and BPS are capable of interfering with epigenetic mechanisms on all three 

levels; methylation, histone, and noncoding RNA regulation (Jacobs et al., 2017). This review 

indicates that BPA and BPS have the potential to disrupt cellular pathways beyond directly 

affecting the genome but also altering the epigenome. The potential routes of disruptions in 

microRNA expression are shown in Fig. 2 below. Disturbances in epigenomic expression may 

have severe effects on important processes in female fertility including oogenesis, 
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folliculogenesis, maturation, fertilization, and many more throughout early embryo development. 

Further research and experimentation in this field is crucial at this time; BPA and now BPS are 

widespread and their ability to impact female fertility is of grave concern. 

Fig. 2: microRNA biogenesis and 

function. miRNAs are transcribed into 

primary miRNAs (Pri-miRNA) that 

are processed by the enzyme Drosha 

to form the precursor miRNA (pre-

miRNA) that is taken to the nucleus 

via an exportin 5 protein. The pre-

miRNA is cleaved by Dicer and 

loaded onto a silencing complex 

(RISC/Ago complex). This complex 

binds with perfect or imperfect 

complementary target transcripts and 

either degrade transcripts or repress 

translation. Endocrine disrupting 

chemicals (EDC) may alter miRNA 

expression. EDCs can potentially 

interfere with the activity of RNA 

polymerase II, Drosha, Exportin 5, 

Dicer, and Argonaute proteins, 

thereby interfering with miRNA 

biogenesis as well as function. 
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STUDY RATIONALE AND OBJECTIVES 

 

 A widespread decline in fertility amongst both the livestock and the human populations is 

a growing area of concern, among reproductive physicians and biologists. The decline amongst 

human populations is largely due to positive advancements of societal impacts where couples 

delayed childbearing ages; however, for a defined portion of individuals, this decline is attributed 

to a decrease in reproductive health. The female reproductive system is controlled by a series of 

interconnected events that are particularly vulnerable to disruption due to their highly complex 

nature. Factors that influence or alter important events in the oocyte are major contributors to the 

regulation and decline of female fertility. Uncovering and investigating these factors are of 

utmost significance; these include intrinsic factors such as individual characteristics (i.e genetics) 

as well as extrinsic factors such as environmental influences (i.e lifestyle and exposures). The 

increase in industrialization over the past several decades has been accompanied with an increase 

in leaching of industrial pollutants into the environment and in turn an increase in human and 

animal exposure to toxic chemicals. These chemicals have the ability to interfere with cellular 

pathways including hormonal pathways that are critical regulators of reproductive processes. 

These chemicals, classified as endocrine disrupting chemicals (EDCs), are linked to adverse 

health effects in countless systems including the reproductive system (Alavian-Ghavanini & 

Ruegg, 2018). The most well-known EDC that is under the most scrutiny for its widespread use, 

chronic exposure, and numerous adverse effects is a common plasticizer known as Bisphenol A 

(BPA).  

BPA is found in many products and is associated with negative outcomes that contribute 

to diseases and cancers (Sajiki et al., 2004). The accumulating evidence of BPAs destructive 

health effects led to limitations on the industrial uses of BPA and initiated the advent of 
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alternatives, including Bisphenol S (BPS). The detection of BPA and BPS in bovine and human 

oocyte follicular fluid suggests their role in the detrimental effects observed during oocyte and 

embryo development (Ferris et al., 2016; Chao et al., 2018). Research in the Favetta lab is 

focused on investigating the harmful effects of BPA and its analog on the reproductive potential 

of oocytes and preimplantation embryos in bovine models. Our group previously reported poor 

oocyte and embryo quality with alterations in chromosome alignment, spindle formation, 

apoptosis rates, and gene expression in response to in vitro BPA treatment of bovine oocyte 

(Ferris et al., 2016). 

Oocytes exist in a continuously developing environment where gene expression levels are 

rapidly refined to provide the adapting embryo with the necessary transcripts, proteins, and 

nutrients at the appropriate stages of development (Coticchio et al., 2015). This unique fine-

tuning of expression suggests that many regulation pathways occurs post transcriptionally, 

possibly through microRNAs. Research in the LaMarre lab has focused on identifying and 

characterizing key miRNAs involved in fertility in the bovine model. Our group previously 

associated specific miRNAs with important processes in both male and female bovine fertility 

supporting the theory that they play different regulatory roles throughout development 

(Tscherner et al., 2014; Gilchrist et al., 2016). Interestingly, there is documented evidence that 

EDCs are capable of exerting their effects through altering epigenetic mechanisms including 

altering miRNA expression (Singh et al., 2012; Jacobs et al., 2017; Huang et al., 2019). 

However, there is a gap in the current literature that does not address the effects of the specific 

EDCs, BPA and BPS, on individual key miRNA expression in the context of female oocyte and 

embryo development nor how these miRNA mediated effects may contribute to downstream 

effects and poor fertility.  
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Based on these observations in our labs and in the literature along with the growing use 

of EDCs, this study aims to explore alternative mechanisms of EDC actions to better assess the 

observed negative outcomes on fertility. This study focuses closely on the expression of specific 

miRNAs (miR-21, -34c, -155, -146a) and a putative target gene and protein (DNMT3A) in 

response to treating oocytes with environmentally and physiologically relevant doses of BPA and 

BPS in an in vitro model of bovine oocyte maturation and early embryo development. This 

research tests the hypothesis that BPA and/or BPS alter expression of specific key 

microRNAs during in vitro bovine oocyte maturation and early embryo development that 

contributes to decreased fertility. 

The hypothesis was tested through the following three objectives: 

1. Quantify primary and mature forms of miR-21, miR-34c, and miR-155 as well as mature 

form of miR-146a in bovine cumulus-oocyte complexes, denuded oocytes and 

corresponding cumulus cells after BPA or BPS treatment (0.05 mg/mL) during in vitro 

oocyte maturation. 

2. Quantify primary and mature forms of miR-21, miR-34c, and miR-155, as well as mature 

miR-146a in bovine preimplantation embryos at three developmental stages: 2-4 cell 

stage, 8-16 cell stage, day 8 blastocyst stage in response to BPA and BPS treatment (0.05 

mg/mL) during in vitro oocyte maturation.  

3. Quantify the putative target of miR-21 and epigenetic regulator, DNMT3A, at the 

transcript and the protein level to evaluate the potential for a direct downstream effect of 

alterations in miRNA expression as a result of BPA and BPS treatment (0.05 mg/mL) in 

in vitro cultured bovine cumulus cells. 
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CHAPTER ONE: MIRNAS AS POTENTIAL PARTICIPANTS IN BPA AND BPS 

TOXIC EFFECTS IN BOVINE OOCYTES AND EARLY EMBRYOS 

 

1.1 Abstract:  

 

Endocrine disrupting chemicals are synthetic chemicals that persist in the environment 

and are associated with several diseases. Bisphenol A is a widespread EDC that is linked to 

several phenotypes of poor female fertility. This added to the pressure of BPA elimination in 

manufacturing and the use of alternative including Bisphenol S however research on BPS is still 

in its early stages. Understanding the epigenetic consequences of EDC exposure, particularly 

through miRNAs, is essential to provide insight into alternative mechanisms of action by these 

toxicants. This information is vital in establishing alternative biomarkers for toxic injury to cells, 

notably cells belonging to the female reproductive system. We therefore investigated the effects 

of BPA and its analog, BPS, on specific microRNA expression during oocyte maturation and 

early embryo development in bovines. miR-21, -155 and miR-34c were markedly overexpressed 

and under expressed, respectively, after BPA treatment at the LOAEL dose and miR-146a was 

shown to be unaffected. BPS was also shown to have no effect on any miRNA; therefore, this 

study was unable to implicate miRNA mediated mechanisms in BPS functions. These findings 

support the complex nature of miRNA processing, regulation, and ultimately, function 

suggesting that EDC effects can be miRNA specific. This is speculated to contribute to several 

mechanisms that disrupt oocyte quality and subsequent embryo competence. 
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1.2 Introduction: 
 

 In order to obtain developmental competency, female gametes must undergo crucial 

processes including correct folliculogenesis and oocyte maturation. These processes equip the 

oocyte with necessary materials (RNA, proteins, and nutrients) required for sufficient 

progression of preimplantation embryos (Coticchio et al., 2015). It is recognized that events that 

take place within the cumulus oocyte complex (COC) during follicular development and oocyte 

maturation are the predominant events that determine subsequent fertilization capabilities and 

developmental competence of early embryos. These events can also regulate downstream 

processes including maintenance of the implanted embryo thereby governing the success of the 

entire pregnancy (Coticchio et al., 2015).  

The intricate molecular pathways involved in development have been widely studied and 

there is abundant evidence to support the participation of epigenetic mechanisms including small 

regulatory RNA molecules known as microRNAs (miRNAs), responsible for post transcriptional 

gene expression regulation (Bhaskaran et al., 2014). It is now believed and accepted that 

miRNAs are largely involved in guiding oocytes and embryos through developmental stages. 

Primordial germ cell recruitment, folliculogenesis, oogenesis, oocyte maturation to fertilization, 

zygotic cleavage, degrading maternal transcript, implantation, and more are events that involve 

differential expression of unique miRNAs. This is supported in literature with the detection of 

individual miRNAs in reproductive organs, tissues, and cells with distinctive expression levels at 

different developmental stages (Toms et al., 2018). The increased significance of miRNA 

regulation in cellular pathways presents the growing need to explore miRNA mediated 

regulations that guide successful reproduction. To initiate this, it is important to first understand 

how miRNAs themselves are synthesized, processed, regulated, and how they function. Different 
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miRNAs are synthesized, processed, and regulated differently in a multistep biogenesis pathway. 

Briefly, miRNAs are first transcribed into primary miRNAs (pri-miRNA) by RNA polymerase II 

(RNA Pol II) then processed by the complex, DGCR8/DROSHA into precursor miRNAs (pre-

miRNAs) before being exported to the cytoplasm via Exportin-5. In the cytoplasm, pre-miRNAs 

are cleaved by Dicer and loaded onto an Argonaute protein to form the RNA induced silencing 

complex (RISC), which binds to target messenger RNA (mRNA) and represses translation 

(Ketting et al., 2011). 

The more stages of processing, the more likely the possibility for environmental 

interferences and disturbances; miRNA synthesis is highly complex that it presents numerous 

opportunities for disrupting factors to potentially interfere with miRNA expression, subsequent 

function, and downstream regulation. miRNA expression can be influenced by environmental 

factors including EDCs, such as BPA and BPS, therefore it is likely that these effects contribute 

to the decreased developmental competence observed. More specifically, BPA is a common 

plasticizer used in the manufacturing of everyday products that has been detected in animals and 

humans in almost every system, organ, tissue, and cell with links to destructive consequences in 

female fertility (Ferris et al., 2016; Cao et al., 2018).  

The health consequences of BPA resulted in the restriction of BPA use and the 

formulation of analogs including bisphenol S (BPS). These limitations resulted in the widespread 

use of BPS along with subsequent exposure and the growing need to investigate their 

similarities, in terms of mechanistic pathways and effects, to their previous analog, BPA. BPA is 

also an agonist of estrogen; meaning it can mimic its actions and elicit unwanted estrogen 

mediated responses especially within the ovary and oocyte (Valentino et al., 2016). BPA can 

bind to both subtypes of estrogen receptors (ER and ER) with a higher affinity for ER (Choi 
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et al., 2016). A study by Fitzgerald et al. (2015) demonstrated that BPA disrupted oocyte 

maturation by directly binding to membrane estrogen receptors and inhibiting the expression of 

downstream genes involved in maturation. BPS is found to share structural similarities with BPA 

and is predicted to act in the same manner, but the exact effects remain to be elucidated. Previous 

research in our lab reported that treatment of bovine oocytes with BPA in vitro resulted in poor 

quality oocytes and embryos with lowered cleavage and blastocyst rates. Additional 

experimentation revealed further molecular effects on epigenetic regulators, sex ratios, 

chromosome alignment, spindle formation, apoptosis rates, and overall gene expression (Ferris et 

al., 2016; Kahlon, 2016). Current speculations suggest that some of these effects are potentially 

mediated by miRNAs. 

In this study, the expression of specific miRNAs that were previously described as 

important regulators of bovine reproduction is explored in response to BPA and BPS treatment at 

both the transcriptional and posttranscriptional levels. Our lab formerly identified several 

individual miRNAs including but not limited to miR-21, -155, and miR-34 that exhibited 

differential expression in bovine ovaries and oocytes compared to somatic cells (Tscherner et al., 

2014; Gilchrist et al., 2016). These miRNAs showed progressive and stable expression, 

respectively, suggesting they may serve as regulatory molecules in developmental processes 

including folliculogenesis, oocyte maturation, fertilization, cleavage, and degradation of 

maternal transcripts during the maternal to embryonic genome transition (Tscherner et al., 2014; 

Gilchrist et al., 2016). The presence and abundance of representative miRNAs in oocytes and 

circulating within exosomal vesicles makes them of particular interest for toxicological studies 

with potential applications in biomarker development. 
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The specific microRNAs investigated in this study are miR-21, miR-155, miR-34c, and 

miR-146a. microRNA-21 (miR-21) is one of the major miRNAs studied in mammalian 

reproduction due to its high expression in reproductive tissues in several species with abundant 

expression in bovine oocytes and cumulus cells (Yerushalmi et al., 2018). It is most commonly 

recognized as an antiapoptotic gene with progressively increased expression going from 

immature to mature oocytes. Amongst its predicted targets are apoptotic genes required for cell 

survival: PDCD4, PRC1, and CDC25a (Yerushalmi et al., 2018). Knockdown studies of miR-21 

in pigs and in mice describe disruptions in meiotic maturation, apoptosis of cumulus cells, and 

arrest of embryo development at the 4 - 8 cell stage (Han et al., 2017). miR-21 is markedly 

increased at the 8-cell stage in bovine embryos suggesting an additional role in maternal 

transcript degradation (Gilchrist et al., 2016). miR-155 is another miRNA specific to 

reproduction; however, its role in the oocyte is not well understood. It exhibits progressive 

expression with low abundance in immature oocytes followed by an increase in mature oocytes 

and a significant rise in embryos at the 8-cell stage in bovines (Gilchrist et al., 2016). Since this 

stage corresponds to the zygote genome activation in bovines, miR-155 is speculated to play a 

role in this transition.  

The miR-34 family is another group of miRNAs implicated in bovine reproduction with 

roles in gametogenesis and early embryo development. General roles of miR-34 molecules 

include cell cycle progression and proliferation as they most commonly regulate genes of the p53 

network involved in cell cycling (Navarro et al., 2015). Our lab characterized the miR-34 family 

in bovine gametes and reported that miR-34a, b, and c were particularly expressed in the gonadal 

tissue of mammalian species. In bovine oocytes, stable expression of miR-34a/c was observed 

while miR-34b was not detected (Tscherner et al., 2014). For this study, only miR-34c was 
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investigated. The last type of miRNA in this study is miR-146a, which was also enriched and 

stably expressed in bovine oocytes and embryos. Studies reported increases in miR-146a 

expression induced by cellular stress; implicating a potential role in assisting oocytes and 

embryos adapt to changing and stressful conditions (Xie et al., 2018). miR-146a was particularly 

chosen due to its abnormal expression patterns in somatic cells treated with BPA (Avissar-

Whiting et al., 2010). It is important to establish effects of BPA on miR-146a within germ cells 

as much as somatic cells in order to get a better picture of reproductive consequences. 

Furthermore, the genes for most of the aforementioned miRNAs contain estrogen response 

elements (ERE) upstream of their promoters; suggesting they can be regulated by estrogens and 

estrogen mimics (Klinge, 2009). For this reason, these miRNAs are appropriate candidate genes 

for this study that looks at toxicological effects of estrogen mimics. 

Overall, it is plausible to theorize that any factor that alter expression of key miRNAs in 

reproduction will have destructive effects on oocyte and embryo development. Despite a few 

studies, there is limited current literature in regard to the effects of the specific EDCs, BPA and 

BPS, on unique key miRNA expression within the scope of reproduction and how these miRNA 

mediated effects may contribute to downstream effects and poor fertility. This research should 

advance our understanding of the epigenetic molecular effects of BPA and BPS and how these 

effects may be linked to negative female fertility. This can contribute to the development of 

better suited diagnostic, therapeutic, and experimental applications for assessing BPA induced 

toxic injury to oocytes and embryos. 
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1.3 Materials and Methods: 

Experimental Design 

Figure 3 - Oocyte and embryo outline. Brief flow chart outlining the experimental design used 

for objectives 1 and 2. 

 

Cumulus oocyte complex (COC) collection and in vitro maturation 

All incubators used in this study are weekly verified for gas content and periodically 

calibrated for temperature. All incubators are also set at 38.5°C with a 5% CO2 humidified 

environment with the exception of embryos cultured in synthetic oviductal fluid (SOF) media 

that requires low oxygen environments of 5% O2. This is attained by displacing oxygen with 

medical grade nitrogen. Bovine ovaries from the Bos Taurus species were collected from a local 

abattoir (Cargill Meat Solutions, Guelph, ON, Canada). Ovaries were transported to the lab 

between 34 - 36°C, washed with sterile saline, and kept in an incubator until aspiration. COCs 

were aspirated from follicles using vacuum aspiration and collected into a vacutainer tube 

containing 1 mL of prewarmed (35°C - 37°C) oocyte collection media comprised of 1M HEPES 
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(SIGMA H3375)-buffered Ham's F-10 media (SIGMA N6635) supplemented with 2% steer 

serum (Cansera), Heparin (2 IU/mL) (SIGMA H3149), Sodium Bicarbonate, and 

Penicillin/Streptomycin (1%) (Gibco 15140-122).  

Following aspiration, COCs were washed two times in synthetic in vitro HEPES buffered 

TCM199 (SIGMA M4530) maturation media (S-IVM) containing 2% steer serum and sodium 

pyruvate (SIGMA P4562). This was done using a dissecting microscope, 5 μL wiretrol micro 

dispensers, and 35 mm Nunc dishes. Good quality COCs with dark oocytes and tightly packed 

cumulus cells were selected and placed into a third wash containing S-IVM supplemented with 

hormones (S-IVM+H). The S-IVM +H is made by adding 10 μL LH (1 μg/mL - NIH), 12.6 μL 

FSH (0.5 μg/mL - Follitropin V), 10 μL Estradiol (1 μg/mL - SIGMA E2785), and 800 μL Fetal 

Bovine Serum (FBS) (10% - Gibco 12483-020) to 10 mL of S-IVM. Treatment groups were 

prepared as follows: 2.5 mL of S-IVM+H (Control), 2.5 μL of 0.1% ethanol in 2.5 mL S-IVM+H  

(Vehicle), 2.5 uL of BPA (SIGMA 239658) dissolved in 0.1% ethanol in 2.5 mL S-IVM+H  

(BPA-0.05 mg/mL), and 2.5 uL of BPS (SIGMA 43034) dissolved in 0.1% ethanol in 2.5 mL S-

IVM+H  (BPS-0.05 mg/mL). 

COCs were arbitrarily grouped into pools of 40 COCs and randomly placed in either 

control, vehicle, BPA, or BPS media. COCs were washed in treatment two times before being 

transferred to treatment micro drops; 15 - 20 COCs were matured in 80 μL drops under mineral 

oil (SIGMA M5310) at 38.5°C in 5% CO2 to accomplish in vitro oocyte maturation. After 22 - 

24 h, 40 COCs were washed four times in 600 μL sterile phosphate buffered saline (PBS) 

(Multicell 311-010) with 0.01% polyvinyl alcohol (PVA) (SIGMA P8136) in 4-well Nunc 

dishes. COCs were then snap frozen in liquid nitrogen and stored at -80°C for downstream RNA 

extractions. After collecting three biological replicates of intact COCs, their separate constituents 
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were then collected; 40 COCs were stripped of their cumulus cells in 4-well Nunc plates using 

mechanical disruptions via a micropipette.  

Oocytes were washed twice in PBS/PVA before being snap frozen and cumulus cells 

were placed in 1.5 mL centrifuge tubes and centrifuged at 10,000 rpm for 5 mins. The 

supernatants were carefully discarded, and the pellets were resuspended in 600 μL of PBS/PVA 

followed by a second spin and supernatant disposal. The pellets were then snap frozen in liquid 

nitrogen and stored at -80°C for downstream RNA extractions. After maturation and prior to 

collection, cells from the different groups were imaged using an EVOS - Digital Inverted 

Microscope provided by the Koch Lab in the Reproductive Health and Biotechnology Lab 

(RHBL) at the OVC, University of Guelph, Guelph, ON, CA.      

In vitro embryo production and assessment of developmental rates 

 COCs were collected, treated, and matured under the same conditions as previously 

mentioned with one alteration; the number of COCs matured per group was higher (70 - 80) for 

this objective in order to account for the low developmental rates associated with in vitro 

fertilization (Mahdavinezhad et al., 2019). As opposed to freezing, the COCs were in vitro 

fertilized between 22 - 24 hours after maturation using frozen-thawed Bos taurus semen (Semex, 

Guelph, ON). The same semen samples from the same bull were used for each treatment group 

and for each replicate in order to minimize potential sources of variation. The best quality sperm 

were isolated using a swim up method. Thawed semen was pipetted to the bottom of tubes 

containing 1.5 mL HEPES Sperm Talp (Recipe in Appendix) supplemented with 15% Bovine 

Serum Albumin (BSA) (SIGMA A8806) and placed at 38.5°C in 5% CO2 for 45 mins. The best 

quality sperm with the highest motility will ‘swim up’ and the best pool of sperm was aspirated 

from the upper layer and centrifuged at 200xg for 7 mins to precipitate the sperm. The pellet was 
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then reconstituted in IVF Talp fertilization media (Recipe in Appendix) supplemented with 15% 

BSA.  

Prior to fertilization, COCs were taken out of S-IVM media and washed three times in 

600 μL BSA-supplemented HEPES in 4-well Nunc plates then washed once in 600 μL  BSA-

supplemented IVF Talp before being put into IVF micro drops comprising of 80 μL BSA-

supplemented IVF Talp covered by mineral oil in 35 mm Nunc dishes. The COCs were then 

fertilized at a concentration of 1 x10^6 sperm cells/mL/drop. COCs were incubated with motile 

sperm at 38.5°C in 5% CO2. 18 hours post fertilization, oocytes were now considered 

presumptive zygotes (PZ) and were stripped using mechanical disruption via a micropipette. PZs 

were washed three times in HEPES Sperm Talp and once in SOF media in 4-well Nunc plates. 

SOF media supplemented with Sodium pyruvate, essential (SIGMA M5550) and non-essential 

(SIGMA M7145) amino acids, Gentamicin (SIGMA G1272), 15% BSA, and 2 % FBS was 

prepared the previous day to allow equilibration to incubator conditions prior to in vitro culture 

(IVC). After the last wash, 20 - 25 PZs were transferred to IVC micro drops comprised of 30 μL 

of SOF covered by mineral oil and incubated at 38.5°C in 5% O2.  

Early embryos were collected at three developmental stages: pools of 40 2 - 4 cell stage 

embryos collected at 45 hours post fertilization, pools of 20 8 - 16 cell stage embryos collected at 

80 hours post fertilization, and pools of 5 blastocysts collected at day 8 post fertilization. These 

pools were determined in an initial pilot study performed prior to collection to determine the 

adequate number of cells in each stage for sufficient downstream qPCR quantification. The 

embryos were washed four times in sterile PBS/PVA then snap frozen in liquid nitrogen and 

stored at -80°C for downstream RNA extractions. Lastly, cleavage rates were calculated 48 hours 

post fertilization by determining the number of cleaved zygotes compared to the total number of 
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oocytes that were fertilized. Blastocyst rates were calculated 8 days post fertilization by 

determining the number of blastocysts formed compared to the total number of oocytes that were 

fertilized.         

RNA isolation and synthesis of cDNA 

 Total RNA (containing pri-miRNAs and miRNAs) was isolated using the miRNeasy 

Micro Kit (Qiagen, Toronto, ON) according to the manufacturer's protocol. Briefly, cells were 

lysed using a QIAzol lysis reagent then homogenized by vortexing. Chloroform was then used to 

promote separation before centrifuging at 4°C to obtain the separate phases. The uppermost 

aqueous phase was carefully removed and mixed with 100% ethanol before introducing the 

sample to the RNeasy MinElute spin column. The columned was then washed with buffers and 

80% ethanol followed by drying the membrane by centrifuging for 5 mins. The RNA is then 

eluted in 19 μL of RNase-free water and quantified using a Nanodrop 2000c (ThermoFisher 

Scientific, Waltham, MA). Total RNA was isolated from three biological replicates consisting of 

pools of 40 COCs, denuded oocytes, and their corresponding cumulus cells for the first objective 

looking at oocytes. For the second objective, total RNA was also isolated from three biological 

replicates consisting of pools of 40 2 - 4 cell stage embryos, 20 8 - 16 cell stage embryos, and 5 

day 8 blastocysts. 

   Primary miRNAs (300 ng) were reverse transcribed (RT) using qScript complementary 

DNA (cDNA) Supermix (Quantabio 95048, Mississauga, ON) under the following reaction 

protocol: 5 mins at 25°C, 30 mins at 42°C, and 5 mins at 85°C. Mature miRNAs (1 μg for COCs 

and 0.5 μg for cumulus cells) were reverse transcribed using qScript microRNA cDNA Synthesis 

kit (Quantabio 95107). miRNAs were first polyadenylated in a poly(A) polymerase reaction by 

initial incubation for 60 mins at 37°C followed by 5 mins at 70°C. This extension permits the 
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conversion of small RNAs, including miRNAs, into quantifiable cDNA. qScript was then added 

followed by a second incubation for 20 mins at 42°C followed by 5 mins at 85°C. All RTs were 

performed using a T100 Thermal Cycler (BioRad, Mississauga, ON). The resulting cDNA was 

stored at -20°C for further PCR analysis.  

It is important to note that in denuded oocytes and early embryos, RNA levels are too low 

to quantify therefore, an identical pool of cells per group was used to appropriately compare 

RNA expression amongst treatments. RNA was extracted from 40 oocytes, 40 2 - 4 cells, 20 8 - 

16 cells, and 5 blastocysts. For miRNAs, the total volume permitted to RT is 7 μL, so that 

volume of RNA is reverse transcribed for each group and the resulting cDNA is diluted 1:4 to 

provide enough volume for qPCR amplification. 

Quantitative PCR and Reference Gene Selection 

 Both pri-miRNAs and miRNAs expression profiles of three biological replicates 

comprising of four treatment groups were quantified via Quantitative real-time PCR (qPCR) 

using a CFX96 Touch Real-Time PCR Detection System (BioRad). pri-miRNAs were amplified 

using SsoFast EvaGreen supermix (Biorad 1725201) using forward and reverse primers. 

miRNAs were amplified using PerfeCTa SYBR Green supermix (Quantabio CA101414) using a 

gene specific forward primer and a PerfeCTa Universal Reverse PCR Primer (Quantabio 

CA89168). Reproducible detection of miRNAs could not be achieved using the SsoFast 

EvaGreen supermix. 3 ng (1.5 ng/mL) of both pri-miRNA and miRNA cDNA template was used 

for each reaction. The pri-miRNA master mix consisted of 5 μL SsoFast SYBR, 1 μL working 

dilution of forward and reverse primer (5 μM), and 2 μL RNase free water for a total reaction 

volume of 10 μL per well. 2 μL of cDNA was added to each well containing 8 μL of master mix 

followed by signal acquisition using a two-step cycling protocol: 95°C for 2 mins followed by 44 
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cycles of 95°C for 10 seconds, 60°C for 30 seconds, ending with melt curve acquisition from 60-

95°C. The miRNA master mix consisted of 5 μL PerfeCTa SYBR, 0.2 μL PerfeCTa Universal 

primer (10 μM), 0.2 μL miRNA-specific forward primer (10 μM), and 2.6 μL RNase free water 

for a total reaction volume of 10 μL per well. 2 μL of cDNA was added to each well containing 8 

μL of master mix followed by signal acquisition using a three-step cycling protocol: 95°C for 2 

mins followed by 39 cycles of 95°C for 5 seconds, 60°C for 30 seconds, 70°C for 30 seconds, 

ending with melt curve acquisition from 60-95°C.  

All primers used in this study were tested using standard curves via qPCR, as described 

above. Efficiencies were calculated and only values between 90% - 110% were accepted. Gene 

expression was calculated using the efficiency-corrected method (ΔΔCt). Genes of interest for all 

the oocytes and embryos include: pri-miR-21, miR-21-5p, pri-miR-34c, miR-34c-5p, pri-miR-

155, miR-155-5p, and miR-146a-5p. The mature forms were quantified and analyzed prior to the 

primary forms; miR-146a-5p showed no significant changes making it unlikely to be affected at 

the primary level. For this reason, it was not quantified at the primary level. Primer sequences 

and efficiencies can be found in Table 1 and Table 2 below. 

In regard to the normalization of expression, a minimum of two reference genes were 

used for each data set. In bovine oocytes, Tyrosine 3- monooxygenase/tryptophan 5-

monooxygenase activation protein zeta (YWHAZ) and Beta-actin (ACTB) were used to normalize 

expression of pri-miRNAs as they were previously shown to be stable reference genes according 

to the geNorm algorithm (Vandesompele et al., 2002) and also showed stable expression 

amongst the treatment groups employed in this study. In bovine embryos, YWHAZ and ACTB 

were also used to normalize pri-miRNA in 8-6 cell stage embryos and blastocysts whereas 
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YWHAZ and peptidylprolyl isomerase A (PPIA) were used for 2-4 cell stage embryos as these 

were found to be the most stable genes using the geNorm algorithm within the qbase software. 

The majority of studies report the normalization of microRNA expression to RNU6 

however, initial plates run in this specific study showed unstable expression of RNU6 rendering 

it an unsuitable housekeeping gene. Candidate reference genes were obtained from literature on 

suitable miRNA reference genes and a total of 8 candidate genes were quantified via qPCR using 

the same system as described above for miRNAs. For the oocytes, RNU6, let-7a, miR-93-5p, 

miR-191-5p, miR-106-5p, miR-16-5p, 5SRNA, and 18SRNA were quantified under the specific 

experimental conditions outlined in this study. 5SRNA and 18SRNA showed significantly 

unstable expression and were excluded from the subsequent analysis.  

Reference stability was analyzed using the reference gene software system, geNorm. The 

same candidate genes were analyzed in embryos with the exclusion of 5S and 18S and the 

addition of a 7th candidate gene, miR-103a. Overall, miRNA expression was normalized to miR-

191 and miR-106a in oocytes and to miR-191, miR-103a, and miR-93 in embryos as determined 

by geNorm. All quantification was run on at least three biological replicates in triplicate for a 

total of 6 technical replicates. 
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Table 1: MicroRNA primers for qPCR 

Table 2: Pri-miRNA and mRNA primers for qPCR 

Statistical Analysis 

 GraphPad Prism 6 and SPSS statistics software were used to analyze the statistical 

difference amongst the treatment groups. qPCR expression levels were calculated and 

normalized relative to our housekeeping genes. Each data set was tested for normality using 

Kolmogorov-smirnov and Shapiro wilk tests. Normally distributed data sets were analyzed using 

One-way analysis of variance (ANOVA) and Kruskal-wallis test was used on data sets that were 

not normally distributed. A minimum of three biological replicates was analyzed and differences 

at a two-tailed p-value<0.05 were considered statistically significant. Data sets with a statistically 

significant p value were then subjected to Tukey’s post-hoc test in order to compare differences 
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between each treatment group. Data shown represent the mean +/- standard error of the mean 

(SEM). 

1.4 Results: 

Oocyte Morphology and Developmental Rates 

 Oocytes were matured for 22 - 24 hours in one of four treatment groups: control, vehicle 

(0.1% ethanol), BPA (0.05 mg/mL in 0.1% ethanol), and BPS (0.05 mg/mL in 0.1% ethanol). 

Changes in oocyte morphology were assessed using a digital inverted microscope where oocytes 

were imaged after maturation. The control and vehicle COCs appear similar in morphology with 

expanded cumulus cells whilst BPA-treated COCs are small and dark without any cumulus cells 

expansion (Figure 4). BPS-treated COCs show slightly more cumulus cell expansion than the 

BPA group however nowhere near the expansion observed in the control and vehicle groups. For 

the second objective, the oocytes were fertilized after maturing them in treatment for 22 - 24 

hours. Cleavage and blastocyst rates were calculated to determine the effects of BPA and BPS on 

developmental rates (Figure 5). The cleavage rates of the control, vehicle, and BPS groups are 

comparable with an average rate of 76%, 71%, and 68%, respectively. However, a significant 

difference (p<0.0001) was observed for the cleavage rate of the BPA-treated oocytes with an 

average of 31%. Similar patterns were observed with blastocyst rates: control (19%), vehicle 

(13.6%), BPS (15.25%), and a significant decrease (P=0.007) in the BPA group (4.4%). 



 

 61 

Figure 4 - Oocyte morphology after 22 - 24 hours maturation. Control shows oocytes in IVM 

media alone, vehicle shows oocytes treated with 0.1% ethanol, and BPA or BPS show oocytes 

treated at 0.05 mg/mL. Images were taken using the ThermoScientific EVOS digital inverted 

microscope provided by the Koch Lab. 

Figure 5 - Developmental Rates.  A) Cleavage rates calculated 48 hours post fertilization and 

B) blastocyst rates calculated 8 days post fertilization. Oocytes were treated during maturation 

with 0.05 mg/mL BPA or BPS, 0.1% ethanol, and control IVM media for 22-24 hours. Bars 

represent +/- SEM at P<0.05.  

**** P<0.0001, n=6 

 ** P=0.007, n=6 
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Reference Gene Selection 

 

The most stable housekeeping genes in the different cell types during different stages 

must be identified in order to accurately quantify RNA expression using qPCR. For the primary 

miRNAs, four candidate genes were considered (GAPDH, PPIA, ACTB, and YWHAZ). ACTB 

and YWHAZ were used to normalize expression in COCs, oocytes, and cumulus cells. Previous 

studies showed these genes as stable reference genes in oocytes and cumulus cells 

(Vandesompele et al., 2002); therefore, stability analysis on these samples was not performed in 

order to conserve the samples for target quantification. The lack of consensus on the most stable 

reference genes within embryos presented the need to perform a stability analysis using the same 

four candidate genes. qPCR was performed on four treatment groups in three developmental 

stages to find the most stable reference genes between the different groups. Initial analysis 

revealed unstable expression of these genes amongst the different developmental stages; 

therefore, subsequent analysis was performed on individual stages. This is fitting since the aim of 

this study is to compare expression between treatment groups and not amongst sample types. 

For microRNAs, six candidate genes were considered for oocytes and seven candidates 

for embryos (Let7a, RNU6, miR-93-5p, miR-191-5p, miR-106-5p, miR-16-5p, + miR-103a for 

embryos). These genes were tested on four treatment samples under the specific experimental 

conditions outlined in this study. Reference stability was analyzed using the reference gene 

software system, geNorm. The software calculates stability using two values: stability values 

(geNorm M) where the genes are ranked from lowest to highest stability and mean pairwise 

variations (geNorm V) where the most suitable number of reference genes is determined (Zhai et 

al., 2013). The general agreement is that an M value below 0.5 represents stable genes and a V 

value below 0.15 indicates the minimum number of genes to be used (Zhai et al., 2013).  
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The most stable genes for primary microRNAs in embryos are shown in Figure 6 below. 

PPIA and YWHAZ were the most stable genes in 2-4 cell stage embryos (Fig. 6A) (M=0.085, 

V=0.03). ACTB and YWHAZ were the most stable genes in 8-16 cell stage and blastocyst 

embryos (Fig. 6B,C) (M=0.26, V=0.1 and M=0.2, V=0.075, respectively). The most stable genes 

for microRNAs in oocytes and embryos are shown in Figure 7 below. miR-191 and miR-106a 

were the most stable genes in COCs and cumulus cells (Fig. 7A) (M=0.32, V=0.095). In 

embryos, miR-191, miR-103a, and miR-93 were determined to be the most stable in all three 

developmental stages (Fig. 7B) (M=0.455, V=0.15). 



 

 64 

Figure 6 - Optimal primary miRNA reference gene selection for embryos using geNorm. A) 

2 - 4 cell embryos where i) stability values show PPIA and YWHAZ as the most stable genes 

and ii) combinations show two genes as the most stable number of genes to use. B) 8 - 16 cell 

embryos show i) ACTB and YWHAZ as the most stable genes and ii) two genes as the most 

stable number of genes to use. C) Blastocysts also show i) ACTB and YWHAZ as the most 

stable genes and ii) two genes as the most stable number of genes for relative expression. The 

green lines indicate the cutoff values (M=0.5 and V=0.15) for evaluating stability. 
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Figure 7 - Optimal microRNA reference gene selection for oocytes and embryos using 

geNorm. A) COCs and cumulus cells reference gene stability show i) miR-191-5p and miR-

106a-5p as the most stable genes and ii) two genes are the most stable number of genes to use. 

B) Embryos at all three developmental stages show i) miR-191-5p, miR-93-5p, and miR-103a-5p 

as the most stable genes and ii) three genes as the most stable number of genes to use. The green 

lines indicate the cut-off values (M=0.5 and V=0.15) for evaluating stability.  

 

  



 

 66 

MicroRNA expression in BPA/BPS treated oocytes 

 Utilizing qPCR on at least three biological replicates, relative expression of four 

microRNAs of interest (miR-21, -34c, -155, and -146a) were quantified against two reference 

microRNAs (miR-191 and -106a) in order to determine the effects of BPA and BPS on miRNA 

expression during oocyte maturation. Three sample types were used: COCs, denuded oocytes, 

and corresponding cumulus cells, to assess the potential origin of these effects. miR-21 was 

shown to be significantly overexpressed in COCs (P=0.02) and in cumulus cells (P=0.01) in 

response to BPA treatment during oocyte maturation (Fig. 8 and 10). This overexpression was 

not observed in denuded oocytes (Fig. 9). miR-34c was not significantly dysregulated in either 

COCs or denuded oocytes (Fig. 8,9) yet were significantly decreased in cumulus cells (P=0.02) 

in response to BPA treatment (Fig. 10). miR-155 was significantly overexpressed but only in 

denuded oocytes (P=0.04) (Fig. 9) and remained unchanged in COCs and cumulus cells (Fig. 8 

and 10). miR-146a was not significantly dysregulated in any of the samples in response to BPA 

(Fig. 8,9,10). Lastly, no significant changes were observed in the expression of any of the four 

miRNAs in response to BPS treatment during oocyte maturation. 

 In order to further analyze the effects of BPA and BPS on the expression of these 

miRNAs, the expression of their predecessors (primary miRNAs) was quantified (Fig. 11). Pri-

miR-21 was also shown to be significantly overexpressed in COCs (P=0.05) and in denuded 

oocytes (P=0.03) in response to BPA treatment during oocyte maturation (Fig. 11A and 11C). In 

contrast to its mature counterpart, this overexpression was not observed in cumulus cells (Fig. 

11E). We were not able to obtain sufficient and reproducible quantification of pri-miR-34c; this 

was expected since previous literature report that the primary form of miR-34c is undetectable in 

bovine oocytes (Tscherner et al., 2014). In accordance with its mature counterpart, pri-miR-155 
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displayed a pattern of overexpression but only in BPA-treated denuded oocytes (P=0.07) (Fig. 

11D) and remained unchanged in COCs and cumulus cells (Fig. 11B and 11F). Interestingly, 

reproducible signals for pri-miR-155 were consistently observed in BPA-treated oocytes yet 

difficult to acquire in the control, vehicle, and BPS groups. This contributed to greater variability 

between replicates and thereby resulted in a higher p-value. Although this change is not 

statistically significant at p<0.05, there is an apparent expression pattern and increasing the 

sample size would likely drive this trend towards significance. The absence of an effect on miR-

146a strongly implies no changes on the expression of its progenitor; for this reason, pri-miR-

146a was removed from this study. Lastly, no significant changes were observed in the 

expression of either primary miRNA in response to BPS treatment during oocyte maturation. 
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Figure 8 - miRNA expression in COCs.  A) miR-21 (n=4) B) miR-34c (n=3) C) miR-155 

(n=4) and D) miR-146a (n=3) expression in COCs matured with 0.05 mg/mL BPA or BPS, 0.1% 

ethanol, and control IVM media for 22-24 hours. Bars represent +/- SEM at P<0.05.  

 * P=0.02 
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Figure 9 - miRNA expression in Denuded Oocytes.  A) miR-21 (n=5) B) miR-34c (n=7) C) 

miR-155 (n=3) and D) miR-146a (n=4) expression in denuded oocytes matured with 0.05 

mg/mL BPA or BPS, 0.1% ethanol, and control IVM media for 22-24 hours. Bars represent +/- 

SEM at P<0.05.  

 * P=0.04 
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Figure 10 - miRNA expression in Cumulus Cells.  A) miR-21 (*P=0.01, n=4) B) miR-34c 

(*P=0.02, n=3) C) miR-155 (n=3) and D) miR-146a (n=4) expression in cumulus cells matured 

with 0.05 mg/mL BPA or BPS, 0.1% ethanol, and control IVM media for 22-24 hours. Bars 

represent +/- SEM at P<0.05. 
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Figure 11 - Primary miRNA expression in oocytes.  pri-miR-21 (A, C, E) was increased in 

BPA-treated A) COCs (*P=0.05) and C) denuded oocytes (*P=0.03) but not in E) cumulus cells. 

Pri-miR-155 (B, D, F) was unaffected in B) COCs, D) denuded oocytes, and F) Cumulus cells. 

Bars represent +/- SEM at P<0.05. n=3 for A-F. 
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MicroRNA expression in BPA/BPS treated embryos   

 

qPCR was also performed, on at least three biological replicates, to determine the relative 

expression of the same aforementioned microRNAs (miR-21, -34c, -155, and -146a) against 

three reference microRNAs (miR-191, -93, and -106a) in order to determine the effects of BPA 

and BPS on miRNA expression around the maternal to embryonic genome transition (MET) 

during preimplantation embryo development. Three developmental stages were used to assess 

these effects before the MET (2-4 cell stage), during the MET (8-16 cell stage), and after the 

MET (Day 8 Blastocysts) in the bovine species. The majority of the results indicate no 

significant differences in microRNA expression during early embryo development in response to 

BPA and BPS treatment of oocytes (Fig. 12,13,14). The one exception to this is the dysregulated 

expression of miR-34c observed in 8 - 16 cell stage embryos. miR-34c was significantly 

increased in 8 - 16 cell stage embryos (P=0.001) that originated from oocytes treated with BPA 

during maturation (Fig. 13B). In addition to this, miR-34c appeared to be slightly increased in 2 - 

4 cells with another trend towards significance with a p value of 0.085 (Fig. 12B). Similar to the 

oocytes, no significant changes were observed in the expression of any of the four miRNAs in 

response to BPS treatment. 

For the primary miRNAs, both pri-miR-21 and pri-miR-155 remained unaffected in 2 - 4 

cell and 8 - 16 cell embryos from oocytes treated with BPA or BPS (Fig. 15). Primary miR-34c 

is undetectable in early embryos. We were not able to obtain sufficient and reproducible 

quantification of any of the three primary miRNAs in the blastocyst embryo samples; this was 

not surprising since transcriptional activity is extremely low at these developmental stages (De 

La Fuente et al., 2004). Adequate quantification for accurate analysis would require more RNA 
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from larger pools of cells for each stage or a more sensitive detection method such as digital 

droplet PCR (ddPCR), which was unavailable for this study. 

Figure 12 - miRNA expression in 2-4 cell stage embryos.  A) miR-21 B) miR-34c C) miR-155 

and D) miR-146a expression in 2-4 cell stage embryos from oocytes matured with 0.05 mg/mL 

BPA or BPS, 0.1% ethanol, and control IVM media for 22-24 hours. Bars represent +/- SEM at 

P<0.05. n=3 for A-D  
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Figure 13 - miRNA expression in 8-16 cell stage embryos.  A) miR-21 (n=5) B) miR-34c 

(P=0.001, n=3) C) miR-155 (n=3) and D) miR-146a (n=3) expression in 8-16 cell stage embryos 

from oocytes matured with 0.05 mg/mL BPA or BPS, 0.1% ethanol, and control IVM media for 

22-24 hours. Bars represent +/- SEM at P<0.05. 
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Figure 14 - miRNA expression in Day 8 Blastocysts.  A) miR-21 (n=6) B) miR-34c (n=3) C) 

miR-155 (n=3) and D) miR-146a (n=5) expression in Day 8 blastocysts from oocytes matured 

with 0.05 mg/mL BPA or BPS, 0.1% ethanol, and control IVM media for 22-24 hours. Bars 

represent +/- SEM at P<0.05. 
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Figure 15 - Primary miRNA expression in embryos.  pri-miR-21 was quantified in A) 2 - 4 

cell stage embryos and C) 8 - 16 cell stage embryos. Pri-miR-155 was also quantified in B) 2 - 4 

cell stage embryos and D) 8 - 16 cell stage embryos. Bars represent +/- SEM at P<0.05. n=3 for 

A-D. 
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1.5 Discussion: 

 This study identifies dynamic changes in miRNA expression after BPA or BPS exposure 

at the current reported LOAEL dose (0.05 mg/mL) during a critical window of development: 

oocyte maturation. Prior to evaluating miRNA expression, morphology was assessed, and 

developmental rates were calculated. Morphological assessments show that treating COCs with 

BPA resulted in extremely disrupted cumulus cell expansion compared to the control and vehicle 

groups (Fig. 4). BPS-treated COCs also portrayed disrupted cumulus expansion but not to the 

same extent as BPA (Fig. 4). This is supported in literature where BPS induced disruptions in 

expansion in pig oocytes (Zalmanova et al., 2017). Cumulus cell expansion is a necessary event 

required for meiotic maturation, fertilization, and acquisition of developmental competence 

(Nevoral et al., 2015). These observations are initial indicators of poor oocyte competence 

induced by BPA and BPS.  

Furthermore, developmental rates were significantly decreased in BPA-treated oocytes 

with lower cleavage and blastocyst rates and unexpectedly, BPS-treated oocytes exhibited rates 

similar to the control and vehicle (Fig. 5). One plausible reason is the theory that BPA induced 

cell stress can lead to irregularly early embryo development (Takai et al., 2001); this can also be 

the case for BPS. In fact, certain instances of development observations showed early 

development in the BPS group (Data not shown). 45 and 80 hours post fertilization correspond to 

the 2 - 4 cell and 8 - 16 cell stages in bovine embryos, respectively, followed by a morula stage 

then the blastocyst stage. In BPS groups, 4-cell embryos and morulas were observed as early as 

37 and 80 hours post fertilization, respectively. Abnormally early development has been 

associated with abnormalities in embryonic developmental competence (Burruel et al., 2014). No 
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observed effects on the developmental rates of BPS-treated oocytes does not necessarily mean 

there are no underlying effects on development.   

It is important to note that samples were treated only during the complex and dynamic 

stage of oocyte maturation and subsequent fertilization and embryo culture took place in the 

absence of treatment; therefore, all the effects reported in this thesis are a result of exposure only 

during oocyte maturation. The low rates observed in the BPA group can then be associated with 

negative oocyte quality; supporting the fact that disruptions in the female oocyte have a greater 

negative impact on embryo development than the male sperm (Findlay et al., 2015). These low 

developmental rates can be attributed to the countless effects of BPA on the female reproductive 

system reported in literature including increased primordial follicle recruitment, decreased 

number of viable oocytes, decreased antral follicular growth, and altered apoptosis and gene 

expression reviewed in Gore et al., 2015. Our lab has previously reported an increase in 

apoptotic gene expression in BPA-treated oocytes at the blastocyst stage (Ferris et al., 2016); this 

is one example of how BPA-altered mechanisms potentially contribute to low developmental 

rates. 

Despite the survival of a low number of blastocysts in the BPA group and no changes in 

the BPS group, the consequences of BPA or BPS effects during oocyte maturation can appear 

downstream of early development and persist throughout pregnancy (Ziv Gal & Flaws, 2016). 

When considering an in vivo system of oocyte maturation, the oocyte is not the only cell type 

that can be altered by BPA. The effects of BPA might go beyond the oocyte with reports of 

endometrial-like structure development, reduced uterine receptivity, decreased implantation, 

altered gonadotropin activity, and even early menopause (Gore et al., 2015) All these factors 

may contribute to the overall success of fertility and should be considered. The growing evidence 
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of miRNA roles in reproduction (Assou et al., 2013) along with the reports of BPA altering 

microRNA expression provided the rationale for the possible link between alterations in 

miRNAs and BPA-influenced effects on development. To test this, four microRNAs of interest 

(miR-21, -155, -34c, and -146a) were quantified in bovine COCs, oocytes, and cumulus cells that 

were in vitro matured in BPA or BPS treatment. 

miR-21 was significantly overexpressed in BPA-treated COCs and in isolated cumulus 

cells (Fig. 8A and 10A respectively). It was unaffected in denuded oocytes (Fig. 9A) To 

determine if this was an effect at a transcriptional level, the primary form miR-21 was also 

quantified. Inversely to the mature form, pri-miR-21 was also significantly overexpressed in 

BPA-treated COCs (Fig. 11A), but this significance was observed in the denuded oocyte (Fig. 

11C) and not in the cumulus cells after stripping the COCs. miR-21 is generally recognized as an 

antiapoptotic factor that plays important roles in cell survival by inhibiting apoptotic genes and is 

highly expressed in bovine oocytes and cumulus cells (Zhang et al., 2013). Furthermore, the only 

two studies in literature investigating miR-21 and BPA report a significant decrease of miR-21 

expression in response to treatment (Avissar-Whiting et al., 2010; Tilghman et al., 2012). For 

this reason, as well as for previous findings in our lab, BPA-induced increases of apoptotic genes 

(Ferris et al., 2016), it was unexpected to observe contradicting results of overexpression in our 

study. In this case, it is important to consider all the factors that might contribute to these 

discrepancies and unforeseen results. 

For starters, differences in several components of the experimental design between this 

study and those in literature alone could explain the opposing results. The first study in 2010 by 

Avissar-Whiting et al, found miR-21 to be decreased in human placental cell lines treated with 

25 ng/µL of BPA over six days. The second study in 2012 by Tilghman et al, found miR-21 to be 
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decreased in human breast cancer cell lines treated with 10 µM BPA for 48 hours. Differences 

may be attributed to cell type (placenta vs. oocyte), diseased state (cancerous vs. normal), BPA 

dosage, and even period of time in treatment. In fact, miR-21 is found to be overexpressed in 

numerous cancers as it is antiapoptotic and often referred to as an ‘oncomiR’ (Xu et al., 2014). 

Interestingly, the study that found decreased expression in miR-21 in BPA-treated cells found the 

opposite effect in cells lacking the ER (Tilghman et al., 2012). Therefore, we speculate that 

miR-21 overexpression in BPA-treated oocytes can occur in an ER independent manner. Next, 

the previous findings that BPA increases gene expression of apoptotic genes in bovine oocytes 

and embryos (Ferris et al., 2016) challenges the current finding that BPA increases miR-21, an 

antiapoptotic genes. This suggests that induction of apoptotic genes in response to BPA is likely 

not sufficiently modulated by miR-21 and that the increase in miR-21 is not sufficiently adequate 

to counteract the cellular mechanisms that do in fact increase apoptosis. BPA induced apoptosis 

is likely to be regulated by other pathways. Our findings, combined with those in literature, 

support the complex nature of miRNAs action; suggesting that their regulation can be 

dose/exposure dependent, tissue/cell-specific, and even state-specific. 

 BPA-induced increases of an antiapoptotic gene that is stably expressed and plays roles 

in cell survival might seem counterintuitive; however, it is crucial to recall other potential 

factors. Firstly, apoptosis is necessary in certain instances for a cell to prevent tumor growth and 

for embryo survival by removing damaged cells that could interfere with normal embryonic 

development (Betts & King, 2001). Secondly, a single miRNA is capable of regulating several 

genes and as is the case for miR-21. In fact, some studies have reported that irregularly high 

expression of miR-21 is correlated with negative fertility; oocytes and surrounding somatic cells 

with unusually elevated miR-21 presented characteristics of poor fertility with poor ovarian 
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response and inflammatory disease (Carletti et al., 2010; Han et al., 2017). Additionally, bovines 

with abnormally high levels of miR-21 have larger atretic follicles (Carletti et al., 2010; Han et 

al., 2017). Atretic follicles must undergo apoptosis for normal development; previous studies 

show BPA exposure is correlated with an increase in atretic follicle formation (Gore et al., 2015). 

Thus, this study speculates a direct effect of BPA on female fertility potentially regulated by 

miRNAs; BPA-induced increases in miR-21 could contribute to the increased atretic phenotype 

observed in BPA-treated follicles. 

The differential expression of miR-21 compared to its primary form is also an interesting 

observation that further supports the intricacy of miRNA regulation; both forms were 

significantly increased in BPA-treated COCs. In order to better understand whether this was due 

to transport, transcription or processing changes, pri- and mature miRNAs in oocytes and 

cumulus cells were quantified separately. The primary form was overexpressed in BPA-treated 

oocytes while the mature form was overexpressed in BPA-treated cumulus cells. To understand 

this finding, it is important to understand the regulatory mechanisms of miR-21 processing. The 

findings in the literature that both mature and precursor microRNAs are amongst the molecules 

that are potentially transported to the oocyte during maturation allows us to consider the 

movement of miRNAs between cells (Macaulay et al., 2016; Tscherner et al., 2017). Previous 

work by Tscherner (2017), showed induced pri-miR-21 expression in the cumulus cells in the 

first 7 hours of oocyte maturation and the mature form was induced later at 24 hours maturation. 

A similar pattern was also observed in oocytes. They speculated that pri-miR-21 is mainly 

transcribed in the cumulus cells and travels to the oocyte in both primary and mature forms 

(Tscherner, 2017).  
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Taking this into account, it is reasonable to assume from our findings that: initial 

treatment with BPA at 0 hours of maturation may contribute to increased expression of pri-miR-

21 in both the cumulus cells and oocytes and, over the course of maturation, a significant fraction 

of the primary forms in the cumulus cells can either be processed into their mature counterparts 

or transported to the oocyte. Both assumptions would result in more mature miRNA and more 

pri-miRNA in the cumulus cells, which provides a potential explanation for the findings that 

mature miR-21 is overexpressed in BPA-treated cumulus cells, while pri-miR-21 is 

overexpressed in BPA-treated oocytes. Considering the negative impacts of both increased and 

decreased expression of miR-21, it is apparent that a moderate expression of this modulator 

correlates highly with reproductive competence. This, along with the dynamic expression 

patterns of miR-21 and their precursors in different cell types, supports the theory that miRNAs 

expression is fine-tuned within oocytes and cumulus cells to compensate for changing cellular 

requirements. Lastly, both pri-miR-21 and miR-21 were not affected by BPS treatment. This 

result is interesting because it identifies a potential difference in the mode of action between 

BPA and BPS and contributes to initial research on BPA analogs. 

In contrast to miR-21, miR-34c levels were significantly decreased in BPA-treated 

cumulus cells (Fig. 10B) and unaffected in COCs and denuded oocytes (Fig. 8B and 9B). In 

attempting to quantify the primary form of miR-34c, we could not detect it in any sample 

examined in this study. This is supported by a previous study where pri-miR34c was 

undetectable in bovine oocytes and cumulus cells (Tscherner et al., 2014). The mature form, 

however, is stably expressed in these samples throughout different stages, which implicates it in 

a regulatory role in development. This suggests that the processing of pri-miR-34c into miR-34c 

may occur prior to oocyte maturation. 
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MicroRNA-34c is an example of one microRNA that is regulated by other epigenetic 

mechanisms (Sato et al., 2011). The promoter region of miR-34c contains a binding site for p53 

and a CpG island within the host gene. This implies that methylation patterns on this island can 

regulate p53 binding to miR-34c promoter and in turn control miR-34c expression. Ferris et al. 

(2016) found that BPA alters p53 transcript levels and it is also well documented that BPA can 

exert its actions on methylation mechanisms (Toyota et al., 2008). The ability of BPA to alter 

factors that regulate miR-34c expression could present a potential indirect pathway of microRNA 

dysregulation. Finally, miR-34c was not affected by BPS treatment. This adds to the differences 

in the mode of action between BPA and BPS. 

MicroRNA-155 was significantly overexpressed in BPA-treated oocytes (Fig. 9C) and 

was unaffected in COCs (Fig. 8C) and cumulus cells (Fig. 10C). To determine if this effect was a 

product of transcriptional changes, the primary form of miR-155 was also quantified. Similarly, 

pri-miR-155 also displayed a trend of overexpression in BPA-treated oocytes (Fig. 11D) but this 

change was not significant. It was previously mentioned that pri-miR-155 was not always 

detectable in the control, vehicle, and BPS groups whereas their expression persisted in BPA 

replicates. This is supported in previous work where pri-miR-155 was variably detected in 

mature bovine oocytes yet consistent in presumptive zygotes (Gilchrist et al., 2016). This 

contributed to greater variability between replicates and thereby resulted in a higher p-value. 

Although this change is not statistically significant at p<0.05, there is an apparent 

expression difference with a small p value (0.07) suggesting that increasing the sample size 

would likely drive this trend towards significance. In any case, the increase in pri-miR-155 in the 

denuded oocyte could imply transcriptional activity during oocyte maturation and/or fertilization, 

a period often considered to involve very low transcription rates in the oocyte (Mondou et al., 
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2012). This may support the involvement of these small RNAs in early development. Another 

potential explanation for our finding could be described through potential increases in transport 

of pri-miR-155 from cumulus cells followed by subsequent processing in the oocyte. 

Furthermore, an increase in miR-155 during oocyte maturation has been linked to the inhibition 

of transcription factor molecules (Gilchrist et al., 2016), suggesting miR-155 could play a role in 

maintaining the low transcriptional environment associated with oocyte maturation. It exhibits a 

progressive increase in expression from gametogenesis, to maturation, to early embryo 

development (Gilchrist et al., 2016). It is drastically induced in the bovine embryo at the 8 - 16 

cell stage, which is the stage that corresponds to the onset of the maternal to embryonic genome 

transition (Gilchrist et al., 2016). For this reason, miR-155 has been suggested to play an 

important role in degrading maternal transcripts during this transition. 

In this study, the lack of detection of the primary form in the control, vehicle, and BPS 

oocyte groups combined with the consistent detection in the BPA-treated oocyte group could 

suggest that BPA enhances the induction of miR-155 expression by either increasing transcript 

levels or increasing transport of the transcript into the oocyte. This could potentially explain the 

increased expression of mature miR-155 in denuded oocytes; increased abundance of precursors 

may contribute to increased miRNA processing. miR-155 is another miRNA implicated in 

several regulatory processes such as proliferation, differentiation, inflammation, and apoptosis, 

potentially indicating a substantial immune role for this miRNA (Hsu et al., 2016). This is 

supported in literature where studies reported miR-155-mediated regulation of numerous 

immune related signaling pathways; the transforming growth factor-beta (TGF) pathway is one 

example (Zhao et al., 2017). This pathway is recognized as a crucial promoter of several cancers 

by inducing invasion and metastasis. One study reported miR-155 directly regulated an enhancer 
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binding protein beta (C/EBP) which resulted in TGF dysregulation associated with breast 

cancer progression (Johansson et al., 2013). 

Dysregulation of this crucial miRNA could have detrimental effects on development. One 

possible explanation for our findings is that BPA maybe causing the early onset of pri-miR-155 

transcription, leading to the overexpression of miR-155 at incorrect stages of development, and 

contributing to poor fertility. Additionally, a study by Park & Choi (2014) reported BPA-induced 

disruptions of the TGF pathway in ovarian cancer models; therefore, BPA-induced increases in 

miR-155 expression could explain one potential pathway of BPA-induced dysregulations of the 

TGF signaling pathway that may contribute to observed adverse phenotypes. Similar to the 

previous miRNAs, miR-155 was unaffected by BPS treatment showing that miR-155 is not 

regulated by BPS in the same manner as BPA. 

MicroRNA-146a was the only miRNA that remained unaffected in all sample types 

(COCs, oocytes, and cumulus cells) in response to both BPA and BPS treatment during oocyte 

maturation. Any change in the primary form for this miRNA is unlikely due to the absence of 

any change in the mature form. For this reason, pri-miR-146a was excluded from the study and 

was not quantified. miR-146a was initially chosen for this study because it was implicated in 

oocyte maturation with stable expression in oocytes and early embryos (Abd el Naby et al., 

2013) and it was also shown to be significantly overexpressed in human placental cell lines in 

response to treatment with 25 ng/µL of BPA over six days (Avissar-Whiting et al., 2010).  

In this study, we do not observe the same effects as the study in literature, but this may be 

due, in part, to differences in experimental design (cell type, cell state, concentration, and period 

of treatment). Most importantly, the period of treatment is likely the major factor contributing to 

discrepancies. This study specifically treated oocytes during maturation for 24 hours whereas the 
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aforementioned study treated placental cells in culture over a six-day period. These opposing 

findings possibly indicate that miR-146a could be resistant to interfering disruptors specifically 

in the oocyte and during oocyte maturation. This can be determined by directly comparing the 

effects of BPA on miR-146a during different developmental stages. The lack of effect remains 

an interesting find because this suggests that the effects of BPA on microRNAs are unlikely a 

global effect that alters all microRNAs but rather is miRNA specific. 

Overall, with regard to BPS, the absence of any change to miRNA expression in response 

to BPS suggests that the effects reported on oocyte maturation in response to this analog is most 

likely not mediated through miRNA interactions. This is interesting to note because here we 

show potential epigenetic networks (miRNAs) that are possibly resistant to BPS, potentially 

making it a suitable alternative to BPA in manufacturing in this respect. However, it remains 

difficult to state that BPS is indeed a ‘safer’ alternative due to reports of negative effects on 

female reproduction induced by BPS (Zalmanova et al., 2017). 

 MicroRNA-21, -155, and -146a expression remained unaffected during early embryo 

development in response to BPA and BPS treatment of oocytes (Fig. 12A,C,D; 13A,C,D;  

14A,C,D). miR-34c, on the other hand, was significantly increased in 8 - 16 cell stage embryos 

in the BPA group (Fig. 13B). In addition to this, miR-34c appeared to be slightly increased in 2 - 

4 cells with a trend towards significance based on a p value close to 0.05 (0.085) (Fig. 12B). For 

the primary miRNAs, both pri-miR-21 and pri-miR-155 remained unaffected in 2 - 4 cell and 8 - 

16 cell embryos from oocytes treated with BPA or BPS (Fig. 15). Primary miR-34c remained 

undetectable in early embryos.  

We were not able to obtain sufficient and reproducible quantification of any of the three 

primary miRNAs in the blastocyst stage samples; this was not surprising since transcriptional 
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activity is extremely low at these developmental stages (De La Fuente et al., 2004). Adequate 

quantification for accurate analysis would require additional RNA from larger pools of cells for 

each stage or a more sensitive detection method such as digital droplet PCR (ddPCR), which was 

unavailable for this study. It is important to note that the lack of changes in the expression of 

some miRNAs for most of the developmental stages does not necessarily mean there is no effect 

on downstream regulatory targets of the microRNAs that were altered due to BPA treatment 

during oocyte maturation.  

An example of this can be found in a study that inhibited miR-320 expression in mice 

oocytes resulting in a decrease in the number of mature oocytes that developed into blastocysts 

(Feng et al., 2015). This is supported by the low cleavage and blastocyst rates observed in this 

study regardless of changes in embryonic miRNAs. These findings highlight the unique 

vulnerability of the oocyte environment during oocyte maturation where certain genes and 

molecules can be more susceptible to environmental stressors than during other developmental 

events. Future studies on targets of the altered miRNAs at these developmental stages are 

necessary to elucidate the degree to which changes in the oocyte can affect embryonic 

development. 

An effect was observed regarding a trend towards increased miR-34c in 2 - 4 cell stage 

embryos and a significant increase in the same microRNA in 8 - 16 cell stage embryos. These 

effects oppose the ones observed in oocytes where miR-34c was decreased instead. 

Overexpression of miR-34c potentially has equal but opposite negative effects as its decreased 

counterpart in the oocytes. miR-34c not only plays an important role in the oocyte but has also 

been associated with roles in embryonic development, including but not limited to neuronal 

migration and cortical morphogenesis (Veno et al., 2017). Therefore, aberrant miR-34c 
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expression in embryos, specifically during the embryonic transition, may contribute to abnormal 

embryo development. Similar to oocytes, no significant changes were observed in the expression 

of any of the four miRNAs in response to BPS treatment, adding to the discrepancies found 

between the two bisphenols within the scope of this research. 

In summary, the data presented here supports in part the hypothesis that at an 

environmentally and physiologically relevant dose, BPA is capable of altering the expression of 

key miRNAs that are crucial for oocyte maturation and early embryo development. The changes 

observed in the primary transcripts of some microRNAs suggest that BPA is capable of acting on 

a transcriptional level as well as a posttranscriptional level. The unique expression patterns in 

specific cells during specific stages suggest that the effects of BPA on miRNAs can be specific 

to the miRNA in question. Identifying additional miRNAs and pathways will enhance our 

understanding of miRNA mediated effects of BPA in the follicular environment. 
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CHAPTER TWO: EFFECTS OF BPA AND BPS ON DNA METHYLATION ENZYME, 

DNMT3A, A PUTATIVE TARGET FOR miRNA MEDIATED REGULATION IN IN 

VITRO CULTURED BOVINE CUMULUS CELLS 

 

2. 1 Abstract:  

 
Numerous events during oocyte and embryo development, starting from early 

folliculogenesis to early embryo development, have been recognized to be highly dependent on 

the cross communication between oocytes and the surrounding somatic cells, known as cumulus 

cells, during oocyte maturation as well as other stages of development. This suggests that BPA-

regulated small RNAs present in oocytes might be modulated within the cumulus layer and 

prompted us to further investigate BPA-induced miRNA regulation in an in vitro cultured 

cumulus cell system. This was undertaken by evaluating the miRNAs expressed in cultured 

cumulus cells treated with BPA and BPS and simultaneously examining the effects on one 

putative target transcript, DNMT3A. DNMT3A expression was shown to be significantly 

different in BPA treated cells. Surprisingly, effects at the mRNA and protein levels were 

opposite, with an increase in mRNA expression and a decrease in cellular levels of the protein. 

This target was specifically a predicted target of miR-21, which was shown to be consistently 

overexpressed in the previous study. Other miRNAs described in this chapter displayed variable 

expression, further supporting the complexity of the regulatory pathways present at different 

stages of follicular development. These findings highlight the potential for post transcriptional 

regulation of DNMT3A, with the possible involvement of microRNAs particularly miR-21. 

Importantly, an actual functional link was not established in the present study and future research 

expanding on these findings is required to better understand potential miRNA mediated 

consequences of BPA for female fertility. 
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2. 2 Introduction: 
 

During folliculogenesis, granulosa cells differentiate into two types of cells: mural 

granulosa cells and cumulus granulosa cells. Mural cells line the inner basement membrane of 

the follicle and cumulus granulosa cells directly contact the oocyte through gap junctions and 

thin cytoplasmic projections known as transzonal projections (TZPs) (Baena et al., 2019). The 

communication between the oocyte and cumulus cells during maturation is of particular 

significance to the acquisition of developmental competence because these interactions permit 

the transfer of small molecules including transcripts, RNAs, and proteins that are required for 

development to the oocyte. The removal of cumulus cells from both immature (GV) and mature 

(MII) oocytes results in failure to complete meiotic maturation with lower fertilization and 

developmental rates (Zhou et al., 2016).  

MicroRNAs and their precursors are examples of regulatory molecules that can be 

shuttled from cumulus cells to oocytes during development. This is apparent with the differential 

expression of miRNAs in bovine cumulus cells compared to the oocyte during different 

developmental stages (Zi et al., 2017). Interestingly, one of the miRNAs (miR-21) investigated 

in this study may originate from the cumulus cells and is subsequently transported into oocytes 

during oocyte maturation (Tscherner, 2017). To begin to explore this possibility, an in vitro 

model using cultured bovine cumulus cells was employed to identify potential correlations. 

Furthermore, future directions of this research involve strategies to antagonize miRNA 

expression; techniques that are more suitably fit for in vitro cultured somatic cells compared to in 

vitro matured germ cells. In this study, a putative target of both BPA and miR-21 in bovine 

cumulus cells is analyzed in order to determine a potential downstream effect of miRNA 

dysregulation as a result of BPA and BPS exposure.  
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DNA methylation is an important epigenetic mechanism involving the addition of methyl 

groups on specific sites within genes and their promoters, known as CpG islands, by specialized 

enzymes known as DNA methyltransferases (DNMTs). This modification most commonly leads 

to gene specific transcriptional repression (Ho et al., 2017). Like microRNAs, DNA methylation 

pathways are involved in virtually every biological process with several important roles in 

cellular differentiation, reprogramming of embryos to totipotent states, establishing correct 

genomic imprints, as well as inactivating repetitive genes on the X chromosome (Torano et al., 

2016). Methylation involves the activity of methylating and demethylating enzymes that 

cooperate to fine tune selective expression. Correct DNMT expression as well as methylation 

patterns are crucial to allow appropriate progression through oogenesis, folliculogenesis, oocyte 

maturation, and early embryo development. Correct methylation ensures correct chromosome 

segregation, centromere stability, and silencing of potentially damaging elements (Sasaki & 

Matsui, 2008). DNMT enzymes include DNMT1, DNMT3A, DNMT3B, and DNMT3L that 

have specialized functions in different cells. DNMT1 is one of the major DNMTs in most 

somatic and germ cells and is involved in maintaining correct methylation patterns once they 

have been re-established during fetal ovarian development (Hata et al., 2002). DNMT3s, 

including DNMT3A, are specialized enzymes involved in establishing de novo methylation 

patterns associated with zygotic reprogramming as well as genomic imprinting (Hata et al., 

2002). Since this study assesses the epigenetic effects of BPA and BPS during oocyte maturation 

and early embryo development, DNMT3A is the most suitable candidate to explore due to its 

high activity and particular importance during these stages. In addition to this, studies from our 

lab (Kahlon, 2016) and in literature have observed abnormal methylation and expression of 

DNMTs in BPA-treated models. This contributes to the promise of investigating this particular 
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candidate as a potential target of downstream consequences due to miRNA mediated BPA 

actions. 

Chao et al. (2012) treated mouse oocytes with BPA and reported methylation inhibition 

with reduced DNMT levels. They also investigated ERs and found ERα to be overexpressed in 

BPA oocytes (Chao et al., 2012). Interestingly, an ER inhibitor reversed the reduction of DNMTs 

which implies one possible role of epigenetic-mediated effects of BPA on mammalian oocytes 

(Chao et al., 2012). Moreover, there are countless studies reporting evidence of miRNA-

mediated DNMT regulation suggesting that epigenetic mechanisms can work cooperatively to 

control gene expression. Examples of this include: miR-148a mediated regulation of DNMT1 in 

porcine somatic cell nuclear transfer embryos (SCNTEs) (Wang et al., 2017) and miR-152 was 

reported to regulate DNMT1 function particularly methylating the estrogen receptor gene (Wang 

et al., 2012) suggesting a potential regulatory role in reproduction. In mice, DNMT3A is 

regulated by miR-29b during oogenesis; overexpressing this miRNA in testicular tissue treated 

with an EDC, estradiol benzoate, resulted in a decrease of important DNMTs crucial for DNA 

methylation (Jacobs et al., 2017). Lastly, miR-21 was found to regulate DNMT1 in human COCs 

(Assou et al., 2013) and of particular relevance to this study, is predicted to target DNMT3A in 

bovine embryos (Mondou et al., 2012). 

Overall, DNMT3A is a suitable predicted downstream target to evaluate due to its role in 

epigenetics, importance in oocyte and embryo development, and its vulnerability to EDC 

disruptions. Finally, it is a predicted target of microRNAs (including those investigated in this 

study). One challenge for adequate interpretation of results in studies of this type is the fact that a 

single miRNA is capable of regulating numerous genes and that a single gene can be regulated 

by numerous miRNAs. This, along with the limited availability of miRNA target validation 
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studies, limits the definitive establishment of robust links between downstream effects of BPA 

and alterations of miRNAs expression.  

Similar to the previous studies, quantifying the miRNAs of interest was the first step in 

characterizing the toxic effects in the alternative bovine model. Once these effects were 

confirmed, predicted target transcripts and proteins were quantified. This helps establish a 

foundation on which future functional studies could be employed to attempt to establish 

mechanistic links between BPA and BPS, microRNAs, and downstream epigenetic effects 

during mammalian oocyte maturation and early embryo development.  
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2.3 Materials and Methods: 

Experimental Design 

Figure 16 - Cumulus cells outline. Brief flow chart outlining the experimental design used for 

objective 3. 

 

Cumulus cell collection and establishing cell cultures 

COCs were aspirated from follicles using the same methods as previously outlined. 

Approximately 100-200 COCs were collected in 4-well Nunc plates containing 600 uL 

PBS/PVA using a dissecting microscope and 5 uL wiretrols. Throughout washes, COCs were 

stripped of their cumulus cells using mechanical disruptions via a micropipette. Cumulus cells 

were placed in 15 mL conical tubes containing 8 mL of 1X Dulbecco's Modified Eagle Medium 

(DMEM) (Gibco 11960-044) containing glutamine (2 mM) (SIGMA G8540) and 

penicillin/streptomycin (1%). The tube was then vortexed for 30s to remove remaining attached 

cumulus cells, centrifuged at 600xg for 5 mins, and resuspended the pellet in 4 mL of DMEM 

supplemented with 20% FBS, plated onto a T25 flask (Corning 430639), and cultured at 38.5°C 

in 5% CO2 for 6 - 7 days with media replacement every 48 hours until no empty patched are 
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observed (corresponds to 100% confluency). One limitation of this method is the initial seeding 

density of cumulus cells at Passage 0 (P0) is too low to be quantified due to limited starting 

material which could contribute to discrepancies between biological replicates. To overcome 

this, P0 cells were grown to confluence, counted, then split into 4 P1 flasks at equal seeding 

densities of 3.5 x 105 cells/mL in DMEM + 10% FBS and further cultured for another 3 - 4 days. 

The same was repeated for P1 cells to allow one complete passage of equal number of cells to 

grow to 100% confluence to normalize any discrepancies present at P0.  

At 100% confluency, three out of four P1 flasks were washed, trypsinized (SIGMA 

T4799), and cryopreserved in a cryoprotectant comprising of 70 % DMEM, 20% FBS, and 10% 

DMSO (SIGMA D5879). The cells were frozen slowly at -80°C using a cell freezing container 

filled with isopropanol (Fisherbrand HC5001). After 24 hours, the cells were transferred to a 

liquid nitrogen tank for long term storage. One of the four P1 flasks are further split into 4 P2 

flasks using DMEM +10% FBS then placed in the incubator for 12 hours. This provided enough 

time to allow for sufficient attachment of cells and initial growth that is required prior to serum 

restricting as well as treating the cells. After 12 hours, the media is replaced with serum 

restricted media to allow all cells within the same flask or amongst different flasks to enter the 

same cell cycle (Chen et al., 2012). This is crucial for this study which aims to compare cells 

amongst treatment groups and cells in the same cycle are more accurately comparable. The cells 

were washed using plain DMEM to wash off any residual serum followed by addition of 

restricted media (DMEM supplemented with 0.1% FBS).  

The cells were left to grow for another 12 hours until they reach 50-60% confluence. The 

flasks were randomly assigned to a treatment group then treated under serum restricted 

conditions using the same doses and groups as the previous objectives but under different media 



 

 96 

conditions: 3 mL of DMEM + 0.1% FBS (Control), 3 μL of 0.1% ethanol in 3 mL of DMEM + 

0.1% FBS (Vehicle), 3 μL of BPA dissolved in 0.1% ethanol in 3 mL of DMEM + 0.1% FBS 

(BPA-0.05 mg/mL), and 3 μL of BPS dissolved in 0.1% ethanol in 3 mL of DMEM + 0.1% FBS 

(BPS-0.05 mg/mL). The cells were treated for 24 hours then imaged, trypsinized, washed in 

PBS/PVA, counted, centrifuged, and snap frozen in liquid nitrogen before storage at -80°C for 

downstream RNA and protein analysis. 

After treatment and prior to collection, cells from the different groups were imaged using 

an EVOS - Digital Inverted Microscope provided by the Koch Lab in the Reproductive Health 

and Biotechnology Lab (RHBL) at the OVC, University of Guelph, Guelph, ON, CA.  

Cell count 

All cells were counted using the Bio-Rad TC10 Automated Cell Counter with disposable 

counting slides. The number of viable cells were recorded using the trypan exclusion assay; 

equal parts of cell suspension was combined with trypan blue (Gibco 15250-061). The cells were 

mixed by gently pipetting and vortexing to prevent clumping and inaccurate readings. 10 μL of 

mixture was pipetted on both sides of an automated cell slide counter and counted within 5 

minutes of mixing due to the toxicity of trypan blue. All counts were performed in duplicate and 

an average was calculated.     

RNA isolation and synthesis of cDNA 

Total RNA (containing pri-miRNAs, mRNAs, and miRNAs) was isolated as previously 

described. Total RNA was isolated from three biological replicates of in vitro cultured cumulus 

cells with identical conditions. Primary miRNAs (1 μg) and target messenger RNAs (1 μg) were 

reverse transcribed (RT) using qScript complementary DNA (cDNA) Supermix (Quantabio) 

under the following reaction protocol: 5 mins at 25°C, 30 mins at 42°C, and 5 mins at 85°C. 
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Mature miRNAs (0.5 μg) were reverse transcribed using the qScript microRNA cDNA Synthesis 

kit (Quantabio) as previously outlined. The resulting cDNA was stored at -20°C for further PCR 

analysis. 

Quantitative PCR and reference gene selection 

pri-miRNAs, miRNAs, and mRNA expression profiles were quantified as previously 

described in ‘materials and methods’ of Chapter two.  mRNA expression was measured in the 

same manner as pri-miRNAs. 6 ng (3 ng/mL) of pri-miRNA and mRNA cDNA template as well 

as 3 ng (1.5 ng/mL) of miRNA cDNA template were used for each reaction. Master mix 

composition and amplification protocols were previously described in chapter two. Genes of 

interest for in vitro cultured cumulus cells included: pri-miR-21, miR-21-5p, pri-miR-34c, miR-

34c-5p, pri-miR-155, miR-155-5p, miR-146a-5p, and DNMT3A. Primer sequences and 

efficiencies can be found in Table 1 and Table 2 of chapter two above (Page 59). 

For reference gene selection, another geNorm was employed to determine the most stable 

reference gene in cumulus cells cultured under alternative conditions. Analysis revealed 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and peptidylprolyl isomerase A (PPIA) 

were the two most stable reference genes in in vitro cultured cumulus cells and were used to 

normalize expression of pri-miRNAs. For miRNAs, miR-191-5p and miR-106a-5p were shown 

to be the most stable and were used to normalize miRNA according to the geNorm algorithm. 

All quantification was run on at least three biological replicates in triplicate for a total of 6 

technical replicates. 

Granulosa Cell Marker 

 Morphological assessment alone is not adequate enough to ensure the presence of a 

desired cell type including cumulus cells. In order to confirm the identity of the cells that were 
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cultured, Passage 0 cells were cultured until confluence then snap frozen for RNA extraction. 

mRNAs were reverse transcribed, and the resulting cDNA was used for qPCR along with gene 

specific primers to quantify genes exclusively expressed in cumulus cells. Follicle Stimulating 

Hormone Receptor (FSHR) was used as a cumulus cell marker and 17α-monooxygenase 

(CYP17A1) was used as a thecal cell marker (Liu et al., 2015) taking into account the potential 

for minor theca cell growth. Expression was normalized against GAPDH and PPIA followed by 

statistical analysis to determine the proportion of cumulus cells to theca cells. 

Western Blotting 

 All the components used to make buffers for western blotting are included in the 

Appendix. Frozen cell pellets were lysed in 50 μL radioimmunoprecipitation assay (RIPA) buffer 

containing protease inhibitors (Biotool B14001 and B15001) followed by four freeze/thaw cycles 

in liquid nitrogen. The samples were then placed in a sonicator for 30 mins to maximize protein 

extraction before centrifuging them at 12,000 rpm at 4°C. The supernatant was isolated, and the 

protein concentrations were quantified using Bio-Rad DC Protein Assay Kit (BioRad, 

Mississauga, ON) following manufacturer’s protocol. 20 μg of protein was prepared from each 

treatment group with equal volumes of 3X reducing buffer containing β-mercaptoethanol 

(SIGMA M6250) and heated for 6 minutes at 90°C to denature the protein. Gel electrophoresis 

on 8% polyacrylamide gels, prepared according to Bio-Rad standard gel recipes, was employed 

for protein separation.  

Proteins were separated for 1.5 hours at 125V using an Invitrogen wet transfer western 

blot apparatus (Invitrogen, Burlington, ON) and transferred onto nitrocellulose membranes 

(Biorad 1620115) at 20V overnight at 4°C. Membranes were then washed in Tris buffered saline 

pH 7.6 plus 0.1% Tween (Fisherbrand BP337) (TBST), ponceau stained for rapid protein 
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detection, blocked in 5% skim milk in TBST for 1 hour, and incubated overnight at 4°C in 

primary antibody, DNMT3A at  a 1:1000 dilution (Abcam ab228691). The following day, 

membranes were washed three times in TBST, incubated for 1 hour in secondary antibody, anti-

rabbit IgG HRP-linked antibody (Cell signaling Technology 70745), washed three times in 

TBST, incubated in Clarity Western ECL Blotting Substrate (Bio-Rad 170-5060) for 5 mins, and 

imaged on a ChemiDoc XRS+ Imaging System (Bio-Rad). Images were analyzed by 

densitometry analysis using the ImageLab software to obtain relative protein quantification. 

Statistical Analysis 

GraphPad Prism 6 and SPSS statistics software were used to analyze the statistical 

difference amongst the treatment groups. qPCR expression levels were calculated and 

normalized relative to our housekeeping genes. Each data set was tested for normality using 

Kolmogorov-smirnov and Shapiro wilk tests. Normally distributed data sets were analyzed using 

One-way analysis of variance (ANOVA) and Kruskal-wallis test was used on data sets that were 

not normally distributed. A minimum of three biological replicates was analyzed and differences 

at a two-tailed p-value<0.05 was considered statistically significant. Data sets with a statistically 

significant p value were then subjected to Tukey’s post-hoc test in order to compare statistical 

differences between each treatment group. These tests were also used to analyze protein 

expression values obtained from densitometry analysis of western blots relative to the loading 

control, β-actin used at 1:2000 dilution (Cell signaling Technology 4967). Data shown represent 

the mean +/- standard error of the mean (SEM). 
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2.3 Results: 

Cumulus cell morphology and cell count 

 Cumulus cells were isolated, cultured, serum restricted, then treated for 24 hours in one 

of four treatment groups: control, vehicle (1% ethanol), BPA (0.05 mg/mL), and BPS (0.05 

mg/mL). Changes in cell morphology were assessed using a digital inverted microscope where 

cumulus cells were imaged after 24 hours in treatment. The control and vehicle cells have similar 

confluences (70 - 80%) and shapes; a polygonal morphology with regular dimensions. BPA-

treated cumulus cells appear to be markedly less confluent (20 - 30%) than the control and 

vehicle treated cells, with altered cell shapes that are more flattened with elongated dimensions 

(Fig. 17). BPS-treated cumulus cells appear to be more confluent than the BPA group (50 - 60%) 

however less confluent when compared to the control and vehicle groups. The BPS group also 

show slight flattening and elongation of cell morphology. Since confluency is a subjective 

parameter, cell count is more suitable to determine the effects of BPA/BPS on cell count. 

Exact cell number from each group, before (P2) and after treatment, were counted and 

only number of live cells, using trypan blue exclusion, were taken into calculation. Cell counts 

from thirteen biological replicates were measured in duplicates using an automated cell counter, 

averaged, and statistically compared (Fig. 18). The cell counts followed the same pattern as the 

observed confluency; control and vehicle groups had similar counts with an average count of 

7x105 cells/mL for both groups (an observable increase from start, 4x105 cells/mL). BPS groups 

had comparable counts with an average count of 5x105 cells/mL. On the other hand, a significant 
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decrease (p<0.0001) in live cell counts was observed for the BPA-treated cells with an average 

count of 2x105 cells/mL (an observable decrease from start, 4x105 cells/mL). 

Figure 17 - Cumulus cell morphology after 24 hours treatment. Control shows cells in 

DMEM + 0.1% FBS alone, vehicle shows cells treated with 0.1% ethanol, and BPA or BPS 

show cells treated at 0.05 mg/mL. Images were taken using the ThermoScientific EVOS digital 

inverted microscope provided by the Koch Lab. 

 

 
Figure 18 - Cumulus cell counts using TC10 Automated Cell counter.  Cumulus cells were 

counted when they were split (P2) and after they were treated with either 0.05 mg/mL BPA or 

BPS, 0.1% ethanol, and control DMEM + 0.1% FBS media for 24 hours. Bars represent +/- SEM 

at P<0.05. 

**** P<0.0001, n=13 
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Reference Gene Selection 

The most stable housekeeping genes in cultured cumulus cells treated under these 

specific conditions were determined using the same methods as previously described. For the 

primary miRNAs, the same four candidate genes were considered (GAPDH, PPIA, ACTB, and 

YWHAZ) and qPCR was performed. For microRNAs, the same six candidate genes were 

considered (Let7a, RNU6, miR-93-5p, miR-191-5p, miR-106-5p, and miR-16-5p). Reference 

stability was also analyzed using the gene stability software system, geNorm, where an M value 

below 0.5 represents stable genes and a V value below 0.15 indicates the minimum number of 

genes that should be used. The most stable genes for RNA expression normalization in in vitro 

cultured cumulus cells are shown in Figure 18 below. GAPDH and PPIA were the most stable 

genes for primary miRNA and mRNA normalization (Fig. 19A) (M=0.4, V=0.15). miR-191 and 

miR-106a were also the most stable genes for mature miRNA normalization (Fig. 19B) (M=0.3, 

V=0.1). 
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Figure 19 - Optimal reference gene selection for in vitro cultured cumulus cells using 

geNorm. A) Primary miRNA and mRNA reference gene stability show i) GAPDH and PPIA as 

the most stable genes and ii) two genes are the most stable number of genes to use. B) 

microRNA reference gene stability shows i) miR-191-5p and miR-106a-5p as the most stable 

genes and ii) two genes as the most stable number of genes to use. The green lines indicate the 

cutoff values (M=0.5 and V=0.15) for evaluating stability. 
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MicroRNA expression in BPA/BPS treated cumulus cells 

 

 Utilizing qPCR on at least three biological replicates, relative expression of four 

microRNAs of interest (miR-21, -34c, -155, and -146a) were quantified against two reference 

microRNAs (miR-191 and -106a) in order to determine the effects of BPA and BPS on miRNA 

expression during oocyte maturation. miR-21 was shown to be significantly increased in 

cumulus cells (P=0.04) in response to BPA treatment. This overexpression was not observed in 

response to BPS treatment (Fig. 20A). miR-155 was also significantly increased specifically in 

BPA-treated cumulus cells (P=0.04) and remained unchanged in response to BPS (Fig. 20C). 

miR-34c and miR-146a were not significantly altered in either BPA or BPS -treated cumulus 

cells (Fig. 20B,D). However, miR-146a appears to be more highly expressed in BPA-treated 

cells (Fig. 20D), which indicates a trend towards significance with a p value of 0.12. Including 

additional replicates would be necessary to confirm this.  

In order to further analyze the effects of BPA and BPS on the expression of these 

miRNAs, the expression of their precursors (primary miRNAs) was quantified. Pri-miR-34c and 

pri-miR-146a were also excluded from this study due to lack of detection and lack of significant 

changes, respectively. Pri-miR-21 showed no significant changes in expression after BPA and 

BPS treatment (Fig. 21A). In accordance with its mature counterpart, pri-miR-155 was 

significantly overexpressed in BPA-treated cumulus cells (P=0.02) and remained unchanged in 

BPS-treated cumulus cells (Fig. 21B). 
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Figure 20 - miRNA expression in Cumulus Cells.  A) miR-21 (n=3) B) miR-34c (n=4) C) 

miR-155 (n=3) and D) miR-146a (n=3) expression in serum restricted cumulus cells treated with 

0.05 mg/mL BPA or BPS, 0.1% ethanol, and control DMEM media for 24 hours. Bars represent 

+/- SEM at P<0.05. 

* P=0.04 

Figure 21 - Primary miRNA expression in Cumulus Cells.  A) pri-miR-21 (n=4) and B) pri-

miR-155 (n=3) expression in serum restricted cumulus cells treated with 0.05 mg/mL BPA or 

BPS, 0.1% ethanol, and control DMEM media for 24 hours. Bars represent +/- SEM at P<0.05. 

* P=0.02 
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Cumulus cell marker expression  

In order to confirm the identity of the cells that were cultured, gene specific primers to 

quantify genes exclusively expressed in cumulus cells were used and qPCR was employed. 

FSHR was used as a cumulus cell marker and CYP17A1 was used as a thecal cell marker.  

Expression was normalized against GAPDH and PPIA followed by statistical analysis on at least 

three biological replicates to determine the proportion of cumulus cells to theca cells. Relative 

qPCR expression suggested a cellular distribution of approximately 72% cumulus cells and 28% 

theca cells according to relative expression of FSHR and CYP17A1 (Fig. 22). This assay 

indicates the purity of the isolated granulosa cells by assessing the presence of FSHR and the 

absence of CYP17A1 (Gebremedhn et al., 2015).  

DNMT3A expression in BPA/BPS treated cumulus cells 

 

 In attempting to evaluate a potential downstream effect of aberrant miRNA expression 

induced by BPA or BPS, the putative target DNMT3A was quantified at both the transcript and 

protein levels. Using qPCR on at least three biological replicates, relative expression of 

DNMT3A was quantified against two reference genes (GAPDH and PPIA). DNMT3A mRNA 

was found to be significantly increased in cumulus cells (P=0.02) after BPA treatment and 

remains unaffected after BPS treatment (Fig. 23A). To further analyze the effects of BPA and 

BPS on DNMT3A expression, the protein levels were quantified using western blotting and β-

actin as a loading control, as it is an adequate loading control for BPA and BPS treatments 

(Ahmed & Atlas, 2016). The specificity of the antibody was confirmed with the presence of a 

specific band around 130 kDa using a molecular weight marker (Yang et al., 2015). Fig. 24 

shows a visual (A-western blot) and graphical representation (B-densitometry analysis) of 

protein expression. Densitometry analysis relative to β-actin revealed, in contrast to transcript 
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levels, DNMT3A protein as significantly decreased in cumulus cells (P=0.005) in response to 

BPA treatment. Although there are no significant changes after BPS treatment, there is a trend 

towards increased DNMT3A protein levels (P=0.13) in BPS-treated cumulus cells. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22 - Cell Marker Identification. Relative 

expression of cumulus-specific, FSHR and theca-

specific, CYP17A1 genes in in vitro cultured 

cumulus cells.  
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mRNA Levels 

 

 

 

Figure 23 - mRNA 

expression in Cumulus 

Cells. Relative 

DNMT3a mRNA 

expression (n=3) in 

serum restricted 

cumulus cells treated 

with 0.05 mg/mL BPA 

or BPS, 0.1% ethanol, 

and control DMEM 

media for 24 hours. 

Bars represent +/- SEM 

at P<0.05. 

* P=0.02 

 

 

 

Protein Levels 

 

Figure 24 - Protein expression in Cumulus Cells. A) Western blot demonstrating DNMT3a 

expression in serum restricted cumulus cells treated with 0.05 mg/mL BPA or BPS, 0.1% 

ethanol, and control DMEM media for 24 hours. B) Densitometry analysis of DNMT3a protein 

expression (n=3). Bars represent +/- SEM at P<0.05. 

* P=0.005 
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2.5 Discussion: 

 The work presented in this second thesis chapter aimed to establish the potential for a 

downstream effect of the BPA-influenced miRNA changes observed during in vitro 

development. This study was performed on a complementary model system than the first chapter 

in order to isolate effects on cumulus cells alone. The main purpose of shifting to a cultured 

system and establishing a serum-restricted protocol for bovine cumulus cells is the expected 

direction of future functional studies (ex. RNAi) that can be readily applied to cell culture 

systems. Another reason to support the use of cumulus cells without the oocyte is the evidence 

that microRNAs are some of the key nutrients transported to the oocyte from the cumulus cells 

during oocyte maturation, implicating these somatic cells in regulating efficient oocyte 

maturation (Macaulay et al., 2014). 

 Bovine cumulus cell lines serum restricted for 12 hours and treated with BPA or BPS at 

the LOAEL doses of 0.05 mg/mL exhibited extensive changes in cell morphology, flask 

confluency, viable cell counts, and expression patterns in all three levels: microRNA, mRNA, 

and protein levels. Cell identity was confirmed with a 72% population of cumulus cells and 28% 

population of theca cells (Fig. 22). These values indicate that the amount of theca cell in our 

culture model is negligible and that interpretations can be made on cumulus cells alone. 

Differences in cell morphology were observed in both BPA- and BPS-treated cells with larger 

flatter cytoplasms and an increase in thin filamentous dimensions (Fig. 17). In addition to cell 

shape, flask confluency decreased drastically and partially in the BPA and BPS groups, 

respectively. These findings are supported with similar morphologies observed in an in vitro 

study that treated human granulosa cells with BPA (Mansur et al., 2017). The significance of 

changes in cell shape after EDC exposure remains to be identified; however, early studies have 
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documented multiple relationships between cell shape and function in granulosa cells (Lawrence 

et al., 1979; Hue et al., 2001; Da Silva-Buttkus et al., 2008). Alterations in cell shape are 

commonly accompanied by alterations in nuclear composition thereby indicate potential 

disruptions in aspects of gene expression that may contribute to diseased phenotypes. BPA also 

significantly decreased the number of live cumulus cells with a p value less than 0.0001 (Fig. 

18). These results mirror those found in a study assessing effects of BPA on murine granulosa 

cells with reports of reduced cell viability (Xu et al., 2002). The previous finding of increased 

apoptosis in response to BPA in bovine development (Ferris et al., 2016) could result in 

increased cell death and in turn, decreased live cell count. This is a potential explanation that 

agrees with observations in this study and in the literature. 

Primary and mature forms of miRNA were also quantified in this objective to identify 

any differences in EDC effects in a different model system. MicroRNA-21 was the only miRNA 

that displayed similar expression patterns as their IVM counterparts. The mature form was also 

significantly increased after BPA treatment (Fig. 20A); however, the primary form remained 

unaffected. Additionally, pri-miR-155 and miR-155 were significantly increased in BPA-treated 

cells whereas their IVM counterparts were significantly increased in oocytes (Fig. 20C and 21B). 

Lastly, miR-34c was unaffected unlike its IVM counterpart and miR-146a was not significantly 

affected but there is an unexpected trend towards overexpression (Fig. 20D). The discrepancies 

in the above findings compared to Chapter 1 may likely be due to differences in experimental 

manipulation. Cumulus cells in this chapter were cultured in the absence of IVM hormones (LH, 

FSH, and estradiol) and without communication with the oocyte; thus, cells in this chapter did 

not experience changes associated with the maturation period.  
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It is assumed here that the cumulus cells cultured likely represent an alternate stage of 

cumulus cell development with pre-maturation expression patterns. This is an appropriate 

assumption considering the cumulus cells were removed prior to maturation, before any 

maturation associated factors were transported. In contrast, it is important to consider the 

possibility that gene expression can be altered over the course of cell culture (Ikari et al., 2015; 

Chen et al., 2013). This is taken into account using a control group that allows comparisons 

between groups but not amongst sample types. For this reason, this study does not aim to 

compare miRNA expression between the different models in chapter 1 and chapter 2, but rather, 

accounts for these combined observations when interpreting the data.  

The consistent overexpression of miR-21 was expected since miR-21 is implicated in 

folliculogenesis, not just oocyte maturation, and was previously altered in the studies presented 

in Chapter 1. It was surprising to observe no effect in the primary form of miR-21; supporting 

the possibility that microRNAs may be differentially processed during different stages of oocyte 

development (Assou et al., 2013). miR-21 was found to be highly abundant in cumulus cells of 

matured oocytes compared to immature oocytes (Virant-Klun et al., 2016); agreeing with our 

conclusion. Accordingly, BPA induced increase in the mature form alone suggests that BPA can 

also employ differential mechanisms during different stages; here we conclude that BPA unlikely 

alters miR-21 at the transcriptional level but at the posttranscriptional level in in vitro cultured 

cumulus cells. The significant increase in both pri-miR-155 and miR-155 in BPA-treated cells 

before maturation taken with their increased expression in BPA-treated oocytes after maturation 

is highly indicative of potentially active transport of miR-155 from the cumulus cells to the 

oocytes during maturation. This agrees with previous discussions on the roles of miR-155 and 

further implicates miR-155 as an important regulator of oocyte maturation. The changes in miR-
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21 and miR-155 levels in cumulus cells possesses great potential to interfere with oocyte 

maturation and embryo development which would support our hypothesis that BPA can alter key 

microRNAs during these stages.  

Similar to IVM, pri-miR-34c was undetectable in this culture model and dissimilar to 

IVM, mature miR-34c was unaffected by BPA. Previously discussed in Chapter 1, miR-34c is 

most likely processed early on during folliculogenesis and oogenesis which accounts for the 

absence of the primary form with the simultaneous presence of the mature form. These results 

also suggest that miR-34c is another microRNA that can be differentially regulated during 

oocyte maturation. Finally, miR-146a, which showed no changes in any data set discussed in the 

first chapter, trended towards overexpression in BPA-treated cells in the culture model. This 

result was surprising with regard to initial findings and simultaneously expected in regard to 

literature findings that reported overexpression of miR-146a in BPA-treated placental cell lines 

(Avissar-Whiting et al., 2010).  

It was previously speculated that miR-146a might be resistant to BPA interference during 

oocyte maturation. Although this has not been validated, the trend we observe here which occurs 

outside the window of oocyte maturation supports this conclusion. Additionally, the finding in 

literature of BPA-induced overexpression of miR-146a in a somatic cell agrees with our findings 

in cumulus somatic cells outside of oocyte maturation yet disagrees with our finding in IVM 

oocytes and somatic cells during oocyte maturation. This suggests differential processing in 

different cell types with the possible involvement of different proteins. Simply put, a protein 

exclusively involved in miR-146a processing in germ cells might be resistant to BPA 

interference whilst in somatic cells might be vulnerable to BPA. This could lead to different BPA 

effects on the same miRNA in different cell types.  
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MicroRNA-146a is highly recognized as an immune regulator in several species 

including bovines, humans, and mice (Avissar-Whiting et al., 2010; Gao et al., 2018). One 

example of miR-146a immune roles is the regulation of inflammatory cytokines (IL-6, TNFa, IL-

8) in bovines thereby controlling cellular response to abnormal states (Wang et al., 2017). The 

induction of miR-146a is documented in several diseases and stressed states including bovine 

mastitis (Wang et al., 2017), infections (Dai et al., 2016), and relevant to this study, after BPA 

exposure (Avissar-Whiting et al., 2010); thus, supporting its role as an immune regulator. The 

overexpression of miR-146a in response to BPA resulted in decreased proliferation and increased 

susceptibility to DNA damaging agents (Avissar-Whiting et al., 2010). Interestingly, miR-146a 

has complementary sequences to the 3’UTR seed site of the gene MED1, which is reported to be 

an important factor involved in hormone signaling pathways (De Felice et al., 2015). MED1 is 

capable of binding to ER, p53, and androgen receptors (ARs); all of which have been 

previously implicated in BPA effects. Thus, it is rational to suggest that miR-146a-mediated 

regulation of MED1 is a potential participant in the observed alterations on hormone signaling 

pathways induced by BPA exposure.  

This study observed no changes in cell count and microRNA expression for all genes in 

BPS-treated cumulus cells. The unchanged cell counts are not in agreement with the observation 

of reduced flask confluency. One plausible explanation for this is the possibility of stratified 

culture growth versus a single monolayer present in culture (Hendriks et al., 2006). This would 

imply that true cell numbers could be higher than they appear under a microscope. Alternatively, 

cell counts do complement the effects observed in the IVM developmental rates. In a recent 

study by Campen et al. (2019), they reported an identical result of no effect of BPS on cell count 

of in vitro cultured bovine granulosa cells. Despite of this, they still reported interference of BPS 
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with another aspect of development by altering estradiol synthesis (Campen et al., 2019). 

Another study treating pig oocytes with BPS reported spindle abnormalities and chromosome 

misalignments (Zalmanova et al., 2017). However, the exact mode of action for BPS is rarely 

discussed and must be elucidated. Taking into consideration previous findings in literature with 

those described in this thesis highlights the lack of sufficient research on BPS to assist 

researchers in arriving at an appropriate conclusion in terms of BPS safety.  

Further analysis on another epigenetic regulator, showed that BPA significantly altered 

DNMT3A mRNA and protein levels whilst BPS did not affect the mRNA yet trended towards 

increased expression for DNMT3A protein (Fig. 23-24). This is the first instance of BPS induced 

alterations, which supports previous conclusions that BPS does not likely work through 

microRNAs yet can still interfere with development. The DNMT3 family is a crucial set of 

enzymes for methylation during development and disruptions to this enzyme is linked to 

embryonic lethality (Liao et al., 2015), several cancers (Ramassone et al., 2018), and EDC 

exposures including BPA (Chao et al., 2012). BPA was found to negatively impact imprinting by 

suppressing all four DNMT proteins (1, 3A, 3B, and 3L) in oocytes (Chao et al., 2012). This 

study had similar observations for DNMT3A, transcripts were significantly increased whilst 

protein levels were significantly decreased in BPA-treated cells. These opposing results suggest 

that DNMT3A expression is likely highly regulated at the posttranscriptional level. This is the 

case with DNMT1 in bovine oocytes where BPA treatment had no effect on mRNA levels but 

significantly reduced DNMT1 protein levels (Kahlon et al., 2016). 

BPA-induced increases in DNMT3A mRNA have previously been reported in mice 

brains linked to aberrant methylation and behavioral changes (Kundakovic et al., 2012; Kumar & 

Thakur, 2017) and in rat prostates linked to carcinogenesis (Tang et al., 2012). Interestingly, one 
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study reported opposing results with an observation of BPA induced DNMT3A decreases at the 

transcript level in porcine embryos (Guo et al., 2017). However, this study not only used a 

different BPA dose but also treated at day 5 of embryonic development over the course of three 

days. These differences can potentially be explained by third party findings of both sex- and 

dose-specific effects of BPA on DNMT3A mRNA expression (Wolstenholme et al., 2011; Patel 

et al., 2013). These studies reported that DNMT3A mRNA was always increased in male BPA 

mice whereas females exhibited increased and decreased expression at low and high doses, 

respectively. This supports the possibility of contrasting results dependent on experimental 

conditions. 

With regard to BPS, no significant changes were observed at the mRNA level however 

this treatment showed an increasing trend at the protein level of DNMT3A. Even though a p 

value of 0.1 is not considered statistically significant, it is does merit a brief discussion.  This 

observation indicates that although BPS might not function via miRNAs, they can still be able to 

interfere with alternate epigenetic mechanisms and potentially impact fertility. The drastic 

opposite effects of BPA and BPS is an unexpected finding considering studies up to this point 

have mainly reported either no differences or similar effects. To the best of our knowledge, 

DNMT3A expression in response to BPS has not yet been investigated. Thus, this study presents 

a novel potential finding of the BPS influenced effects on DNMT3A, specifically in mammalian 

oocytes. This also presents current challenges in accurately discussing these results since several 

missing pieces of the puzzle still remain. Considering the result we do have, the overexpression 

of DNMT3A is correlated with hypermethylation patterns that may contribute to improper gene 

silencing and potentially contribute to developmental deficiencies. 
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A major potential consequence of changes in DNMT3A expression patterns during 

oocyte maturation is related to a critical role in establishing correct de novo methylation that lasts 

throughout an individual's lifetime. This means abnormal DNMT3A patterns could contribute to 

abnormal methylation patterns that can be preserved until adulthood and can contribute to the 

development of late onset diseases later in life. Furthermore, this could provide one explanation 

for the observed correlations with BPA exposure and late onset disorders such as cardiovascular 

and metabolic disorders (Susiarjo et al., 2013).  

In summary, this study further supports our hypothesis of alterations in miRNA 

expression after BPA treatment during bovine development. Further analysis enhanced our 

understanding of epigenetic effects of EDCs through investigating a player of DNA methylation, 

DNMT3A. This enzyme was inversely affected by both BPA and BPS, which indicates that BPS 

is not entirely similar to BPA as currently suggested. The exact mechanisms by which BPA and 

BPS affect DNMT3A need to be characterized to increase our understanding of the toxic effects 

of BPA. The results shown in this chapter, along with studies in literature suggest that they are 

regulated post transcriptionally, implying the involvement of microRNAs. 
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GENERAL DISCUSSION 

 

 Several EDCs have been reported to interfere with epigenetic functions in reproduction. 

MXC has been investigated in several epigenetic studies in the ovary (Uzumcu et al., 2012). One 

example includes an in vivo study on female rats treated with MXC, the epigenetic analysis 

showed over methylation (hypermethylation) in the promoter sequence for estrogen receptor beta 

(ERβ) (Zama & Uzumcu, 2013). Abnormal epigenetic control of this gene could alter its 

expression and in turn, may alter correct oocyte development. Other key genes in oogenesis, 

maturation, and ovulation were also shown to be hypermethylated and therefore suppressed (ex: 

PTEN & IGF signaling genes) (Zama & Uzumcu, 2013). Specific examples of EDCs affecting 

miRNAs have been reviewed: exposing mice to the EDC vinclozolin interfered with miR-23b 

and miR-let-7 (let-7) in PGCs with a trend towards increased expression (Brieno-Enriquez et al., 

2015). Other observations include a decrease in the number of PGCs produced with high rates of 

apoptosis and poor fertility (Brieno-Enriquez et al.,2015). Vinclozolin also induced changes in 

miR-23 in the subsequent second and third generations, suggesting a potential significant 

epigenetic impact of EDCs (Brieno-Enriquez et al., 2015). 

 With regard to the modes of action for BPA and BPS, they have been shown to alter 

several molecular mechanisms including nuclear receptors, non-steroidal receptors, ion channels, 

inflammatory cytokines (Gore et al., 2015), apoptotic genes (Peretz et al., 2012), and genes 

related to meiosis completion (Lawson et al., 2011). Early findings in this study also show BPA 

has significant effects on developmental rates as well as oocyte competence. BPA-treated 

oocytes showed severe disruptions in cumulus expansion. The molecular dynamics of BPA/BPS 

induced cumulus cell failure has been greatly investigated by evaluating expression profiles of 

expansion-related genes such as HAS2, TNFAI and CX37 and finding aberrant expression 
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associated with reduced oocyte maturation and development (Zalmanova et al., 2017; Mansur et 

al., 2017; Park, 2018). However, the mechanisms by which these genes are affected are still not 

well understood. It is plausible that disruptions in the regulatory functions of microRNAs may 

contribute, in part, to the failure of cumulus cell expansion. It was previously mentioned that 

miR-224 is an important regulator of cumulus cell expansion (Lite et al., 2019) and that rat 

granulosa cells treated with BPA resulted in aberrant miR-224 expression (Klinge, 2009; Veiga-

Lopez et al., 2013). These two observations suggest the possibility that BPA-induced failure of 

cumulus expansion could be partially mediated by microRNA regulation. 

The exact mechanisms by which BPA elicits these responses are not fully characterized 

and are of great interest for toxicological studies. Recently, studies have explored the epigenetic 

mechanisms employed by EDCs and the majority of studies are focused on DNA methylation 

and histone modifications with little attention on small RNAs, including microRNAs (Gore et al., 

2015). Nevertheless, BPA-induced disruptions in methylation patterns, abnormal imprinting, 

altered histone methylation, and pertinent to this research, altered microRNA expression have 

been reported (Chao et al., 2012; Veiga Lopez et al., 2014; De Felice et al., 2015). In most 

mammals, GV oocytes consist of acetylated histone regions around the centromeres that become 

deacetylated and trimethylated during meiosis I and II respectively to form heterochromatin 

necessary for adequate centromere stability for microtubule attachment during metaphase (Endo 

et al., 2005). BPA exposure was shown to negatively impact histone modifications in mouse 

oocytes and those with reduced trimethylation also exhibited unaligned chromosomes (Vogt et 

al., 2009). This could suggest that BPA-induced histone modifications may contribute to 

subsequent alterations in chromatin structure and methylation events that can explain, in part, 

chromosomal abnormalities observed in BPA-treated or exposed oocytes (Eichenlaub-Ritter & 
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Pacchierotti, 2015). EDCs effects on the epigenome are of significant potential concern due to 

their long-term negative effects on biological systems, particularly reproduction. 

EDCs, including BPA, can disrupt epigenetic processes in several ways including binding 

to nuclear receptors that can form active heterodimers that disrupt several downstream processes. 

These heterodimers can bind directly to responsive sites near gene promoters or they can bind to 

DNMTs, histone modifiers, or TETS/TDG (involved in DNA demethylation) (Jacobs et al., 

2017). Furthermore, the EDCs can bind to methylation and histone proteins independent of 

nuclear receptors and also disrupt epigenetic processes. These disruptions can include 

transcriptional changes of both coding and noncoding RNAs, methylation changes, and histone 

modifications (Jacobs et al., 2017). The disruption of particular EDCs, BPA and BPS, on a 

particular noncoding RNA, microRNAs, was the primary focus of this study. 

It is well-recognized that several microRNAs are dynamically expressed in different 

reproductive tissues and cells during different developmental stages (Assou et al., 2013) and 

have been correlated with crucial regulatory roles in the oocyte and embryo. There have been 

reports of BPA altering microRNA expression but in spite of this, there is still a gap in research 

to elucidate these effects within the female reproductive environment, particularly the oocyte and 

early embryo. To our knowledge, miRNA expression in mammalian oocytes has not been 

investigated in response to BPS. Therefore, it is credible to postulate that poor fertility induced 

by BPA or BPS is potentially partially mediated by microRNAs. This is supported in Chapter 1 

with the dysregulation of mi-21, -155, and 34c in response to BPA treatment during oocyte 

maturation. 

The overexpression of miR-21 was observed and possible consequences were previously 

discussed. The exact mechanisms by which BPA-induced miR-21 expression can contribute to 
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reproductive abnormalities is not well understood. One possibility is through an important role of 

miR-21 in tumor growth by promoting proliferation, migration, and invasion by regulating and 

inhibiting tumor suppressor gene, PTEN (Meng et al., 2007). Deletion of PTEN resulted in 

prominent tumor growth and inhibiting miR-21 resulted in complete tumor regression (Meng et 

al., 2007). Concurrently, supplementing cells with PTEN reversed the effects of miR-21 

implicating it as a direct target (Meng et al., 2007). With these observations and our findings, it 

is possible that the increase in miR-21 can contribute to the decline of PTEN and the subsequent 

development of reproductive cancers that have been associated with BPA exposure. Future 

research must be done to validate this connection that could be applied by using miR-21 as a 

potential diagnostic biomarker of toxic stress and potential tumorigenesis. This could lead to the 

development of therapeutic strategies to lower miR-21 levels and possibly ease the burden of 

environmental stress.  

The functions of miR-34c are not highlighted as well as miR-21; but knockdown 

experiments revealed dysregulations of known downstream targets including antiapoptotic gene 

B-cell lymphoma 2 (Bcl-2) in zebrafish oocytes (Soni et al., 2013). miR-34c has also been 

identified as a crucial miRNA in spermatogenesis; inhibiting this microRNA in testes resulted in 

inhibition of Bcl-2 repression and increased resistance to apoptosis (Liang et al., 2012). In mouse 

zygotes, miR-34c inhibition and subsequent Bcl-2 overexpression prevented the first cleavage 

event (Liu et al., 2012). These studies coincide with our findings of inhibited miR-34c 

expression in BPA-treated cumulus cells. In light of this, it is logical that the reduced cleavage 

observed in BPA-treated groups could be attributed, in part, to miR-34c decrease and subsequent 

dysregulation of its targets. The mechanisms of miR-155 in reproduction are possibly less 

understood than those of miR-34c; however, one suggested molecular role is assisting in meiotic 
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maturation by activating the AKT pathway, involved in meiotic progression (Tomek and 

Smiljakovic, 2005; Kalous et al., 2009) through inhibition of the target inositol polyphosphate-5-

phosphatase (INPP5D) (O’Connell et al., 2009). Examining the effects of BPA in INPP5D could 

serve as a first step in investigating a putative target of miR-155 to evaluate potential 

downstream effects on this miRNA.  

  The effects of BPA on microRNA expression are far from simple; the multistep 

processing pathway of miRNAs presents several possible routes of BPA interference. For 

example, BPA has the potential to regulate the activity of RNA pol II (RNAPII), which is 

responsible for the generation of primary transcripts of miRNAs, through estrogen signaling 

(Zheng et al., 2018). This mechanism could result in the transcriptional changes of miRNA 

expression and this is evident in our study with paralleled effects observed on the primary 

transcripts of miR-21 and miR-155. Additionally, several miRNAs including miR-21 and miR-

155 have been identified as direct targets of estrogen signaling pathways (Adams et al., 2007; 

Bhat Nakshatri et al., 2009; Wickramasinghe et al., 2009), and since BPA and BPS are estrogen 

agonists, they have the potential to interfere with miRNA expression, which could explain the 

altered expression of the miRNAs in this study.  

Furthermore, studies have reported that Drosha, crucial for miRNA expression, can also 

be regulated by estrogen signaling pathways (Rissman et al., 2014); therefore, BPA and BPS 

have the potential to interfere with Drosha expression and in turn miRNA expression. The 

unique and variable effects observed on different miRNAs in response to BPA indicates that 

BPA can possibly act in a miRNA-specific manner. This is observed with the increase in miR-21 

and miR-155 in cumulus cells and oocytes, respectively and the opposite effect on miR-34c in 

cumulus cells. The specific mechanisms of these effects are still not known, this study provides 
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the foundation for which future studies should elaborate on to enhance our understanding of 

environmental stressors and how they act on molecular mechanisms to contribute to poor 

fertility. 

In this study, we can only speculate on the possible events that lead to the aforementioned 

observations. One factor that can control BPA-mediated miRNA expression is the type of 

miRNA gene (i.e intronic or intergenic). Intronic genes can be regulated by two promoters; one 

belonging to the coding gene in which they reside, and another belongs to the miRNA gene itself 

(Schanen & Li, 2011). This can complicate the understanding of how intronic genes are 

regulated by EDCs since there is an additional regulatory pathway that can be affected. 

Additionally, polycistronic miRNAs are potentially more susceptible to EDC influence than 

monocistronic miRNAs since the interference of BPA with one polycistronic versus one 

monocistronic gene could alter multiple miRNAs versus one miRNA, respectively.  Lastly, the 

pathway by which the miRNA is processed plays a role in its expression. Canonically versus non 

canonically derived miRNAs can be affected by BPA differently since they can be regulated by 

different factors (O’Brien et al., 2018).  

Interestingly, our lab has previously identified STAT3 as a prominent activator of pri-

miR-21 expression in bovine cumulus cells (Tscherner, 2017). Another study also reported the 

altered activity of STAT3 in response to BPA treatment (Weinhouse et al., 2015). Therefore, 

there is a potential route of BPA-induced miR-21 expression that could be mediated by STAT3. 

Future functional studies would be necessary to confirm this link. No changes in miRNA 

expression were observed in early embryos with the exception of miR-34c which was increased 

in 8 - 16 cell stage embryos in response to BPA treatment of oocytes. These results could be 

attributed to the relatively low level of transcription during these stages with low levels of miR-
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21, -155, and -146a and any effect of EDC exposure could be extremely small to be statistically 

significant. This does not appear to be the case for miR-34c; one possible reason could be a 

surplus of miR-34c expression upon fertilization potentially originating from the paternal 

genome since previous studies have reported that the majority of embryonic levels of miR-34c 

are paternally derived (Liu et al., 2012). This does not detract from the significant effects 

observed in this study since only the oocytes were treated with BPA and the control group was 

fertilized with the same sperm samples. The exact consequences of all miRNA dysregulation in 

oocytes and embryos need to be uncovered in future research most commonly through target 

validation studies to help fill in the missing links in the roles of environmental stressors on 

reproductive biology. 

The observations that BPS did not share the same effects as BPA on microRNA 

expression supports the fact that BPS may serve as a suitable alternative that possibly does not 

interact with cellular mechanisms in the same manner as BPA. The reports of poor fertility 

associated with BPS; however, prevents this study from concluding that BPS is ‘safer’. Instead, 

BPS could be exerting its actions through other microRNAs, other non-coding RNAs, other 

epigenetic mechanisms, or independent of direct epigenetic alterations. Research on BPS is still 

in its infancy and a plethora of additional research is required before an appropriate decision is 

made on the safety of this chemical compared to its analog, BPA. 

 MicroRNAs are most commonly involved in the regulation of coding genes, thereby, 

directly controlling gene expression. Alternatively, it has been reported that microRNAs can 

regulate noncoding genes and instead may regulate the expression of other epigenetic regulators 

(Sato et al., 2011). The interconnection of epigenetic mechanisms has been reported and the 

different predicted models involve histone modifications regulating DNA methylation patterns 
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and miRNA expression, DNA methylation guidance of histone methylation and miRNA 

expression, and lastly microRNA regulation of histone modifications and DNA methylation by 

regulating crucial genes involved in these pathways (Sato et al., 2011). Evidence of this was 

reported as early as 2003 in a study in mice by Datta et al. (2003). They reported that the DNA 

methylation enzyme, DNMT3A, was consistently copurified with a histone deacetylase, 

HDAC1, and a histone methylation enzyme, HMTase. This proved a direct interaction between 

methylation and chromatin remodeling. 

Furthermore, several studies have reported specific microRNAs that are regulated by 

DNA methylation and histone modifications; miR-34a, miR-124, miR-148, miR-203, and let7a 

are some examples of this (Guil & Esteller, 2009; Veeck & Esteller, 2010; Berdasco & Esteller, 

2010; Taby & Issa, 2010). In contrast, some microRNAs are involved in regulating expression of 

DNMTs and HDACs; miR-21, miR-29a, miR-449, miR-1, and miR-206 are some examples of 

this (Fabbri et al., 2007; Williams et al., 2009; Zhang et al., 2011; Sato et al., 2011; Assou et al., 

2013). The exact interconnecting mechanisms of microRNAs and another epigenetics is greatly 

reviewed in Chuang & Jones (2007), Sato et al (2011), Bianchi et al. (2017), and Ramassone et 

al. (2018). These findings support the fact that epigenetic mechanisms could work 

independently, synergistically, and even antagonistically to adjust expression levels. This further 

complicates the regulatory network of miRNAs. Fig. 25 taken from Sato et al., (2011) shows a 

few examples of this interconnection suggesting that gene expression by epigenetic mechanisms 

may work through a regulatory feedback loop to control whole genome expression. 
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Figure 25 - Regulatory Feedback 

loops of epigenetic mechanisms. 

MicroRNA expression can either be 

regulated by or regulate other histone 

modifications and DNA methylation 

mechanisms. These three regulations 

work cooperatively to fine tune 

whole gene expression. Image 

modified from Sato et al., 2011.  

 

 

 

Based on the microRNA analysis in chapters 1 and 2, miR-21 seems to be one of the 

most potentially interesting and promising candidate for further analysis as well as future 

applications as biomarkers of toxic cellular stress in development. This is attributable to several 

factors; miR-21 is among the most studied and well characterized microRNAs, in terms of 

regulation, function, and targets, when compared to the other miRNAs in this study. One study 

also suggests that miR-21 has a higher probability of being a suitable biological marker of oocyte 

quality and competence in bovines as opposed to miR-34c (Tscherner et al., 2017). Lastly, miR-

21 was the only consistently increased miRNA across both in vitro matured and in vitro cultured 

bovine cumulus cells. These were the driving factors that prompted the second chapter to focus 

further analysis on miR-21. miR-21 is one of a few microRNAs that is capable of repressing 

translation of transcriptional regulators such as DNMTs and HDACs. Any disruptions in any 

component of the epigenetic regulatory loop could result in disarray of all epigenetic functions 

and potentially explains some of the negative phenotypes associated with poor fertility. 

Epigenetic disruption is evident in the findings from the second chapter where both miR-

21 and DNMT3A (a putative target of miR-21) protein were inversely altered in BPA-treated 
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bovine cumulus cells (Fig. 20A and 24). Based on this, one important postulate generated by the 

studies in this thesis is the presence of a potential direct functional link between BPA induced 

miR-21 overexpression and subsequent suppression of DNMT3A protein that could participate 

in BPA associated infertility in females. This is supported with findings in literature of increased 

DNMTs expression in mature human oocytes (Assou et al., 2013) that are predicted targets of 

miR-21 and miR-29a (Fabbri et al., 2007; Zhang et al., 2011). Also, Assou et al. (2013) reported 

the abundant expression of these two microRNAs within cumulus cells compared to mature 

oocytes. This provides justification for the relevance of employing a cumulus cell model in the 

second chapter. Furthermore, the studies presented here support our earlier findings of BPA 

induced miR-21 increases in both in vitro matured and in vitro cultured bovine cumulus cells and 

strengthens the circumstantial evidence of a causal association. Nevertheless, this speculation 

must be verified before being considered as a true pathway of BPA. This study was unable to 

validate the assumption that the downstream regulation of DNMT3A, under the influence of 

BPA, is mediated by miR-21. One way to do this would be through RNA interference (RNAi) 

techniques where miR-21 is blocked in BPA-treated cumulus cells and subsequent DNMT3A 

protein levels are quantified. This can result in three possible observations: significant recovery, 

partial recovery, or no change in DNMT3A protein. Significant and partial recovery would 

confirm the theory presented here and in the case of no recovery, the obvious explanation would 

be to reject the previous statement barring future research. However, a reasonable explanation 

would be that DNMT3A can be regulated by other factors, including other microRNAs (miR-

29a), that could have more vigorous regulatory activities that have the potential to either shadow 

or compensate miR-21 knockdowns. Again, the above arguments have not yet been validated by 

experimental research. 
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It should be emphasized here that DNMTs could be regulated by other epigenetic 

mechanisms in addition to miRNAs. DNMT3A can be regulated by another member of the 

DNMT3 family, DNMT3L (Jia et al., 2007) or by other classes of noncoding RNAs including 

piwi-interacting RNAs (piRNAs) which are responsible for transposon silencing (Iwasaki et al., 

2015). It has been suggested that piRNA-regulated transposon silencing involves 

DNMT3A/DNMT3B (Aravin et al., 2008). As mentioned above, DNMTs can also be regulated 

by microRNAs. The most well documented example is miR-29 directly targeting DNMT3A and 

DNMT3B. Overexpression of miR-29 resulted in a decrease in DNA methylation patterns and 

increase in gene expression in several cancers (Fabbri et al., 2007; Garzon et al., 2009).  

 In this study we observed similar results as with other miRNAs; overexpression of miR-

21 and a decrease in DNMT3A protein in BPA-treated cells are both present. Therefore, this 

research presents a possible pathway by which BPA affects epigenetic mechanisms. This is 

supported by the observation of opposing effects on DNMT3A mRNA and protein levels; 

implying the involvement of miRNA regulations. This is because miRNAs are post 

transcriptional regulators that can bind to mRNA transcripts and inhibit translation without 

degrading the transcripts (Kadri et al., 2009). The exact interaction between miR-21 and 

DNMT3A transcripts has not been identified and will be crucial in confirming these conclusions. 

The trend towards increases in DNMT3A protein in response to BPS was the only 

reported effect of BPS in this study and it stands in contrast to the significant decreases in 

response to BPA. The lack of changes in any miRNA, particularly miR-21, in response to BPS 

treatment suggests that these effects cannot be mediated by the microRNAs examined. This with 

the opposite effects in BPA, suggests the presence of alternative mechanisms sensitive to BPS 
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and possibly resistant to BPA and vice versa. This is supported by the overall findings of this 

study as well as studies in literature (Ho et al., 2017). 

Two issues that are not addressed in this study are the mechanisms behind the observed 

BPA-induced changes in miRNA levels and the direct consequences of those changes. We 

observed that BPA can differentially alter miRNA levels and that these changes have the 

potential to be miRNA- specific, cell-specific, and stage-specific. BPA can potentially act 

through ER-dependent pathways, which could explain, in part, the transcriptional differences 

observed in this study. Alternatively, differences in the levels of miRNAs and their precursors 

suggest modes of action for BPA that are independent of transcription. This raises additional 

questions such as how is BPA affecting the transcription machinery versus the processing 

machinery and how can this contribute to the magnitude of the observed effects? 

With respect to the second issue, the consequences of these changes are not easily 

elucidated, since miRNAs do not regulate expression in an ‘all-or-nothing’ manner but rather 

participate in fine-tuning translation levels to adjust expression requirements of a cell at a 

particular moment or in a specific state. This suggests that both BPA-induced miRNA 

dysregulation and subsequent miRNA mediated effects could be differently regulated over a 

range of activity (and concentration) levels as opposed to simply exhibiting increased or 

decreased expression. This is consistent with numerous studies suggesting that microRNAs are 

subtle regulators that could contribute to modest changes in the expression of targeted 

transcripts. MiRNA mediated detrimental effects of BPA are most likely to be the result of 

chronic exposure that may contribute small but persistent effects that are associated with the 

subtle responses linked to BPA exposure. Both BPA and microRNAs are likely exerting subtle 
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effects in order to regulate expression; this supports the possibility that BPA may in fact act, in 

part, through microRNA-mediated pathways. 
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SUMMARY AND FUTURE DIRECTIONS 

This research is the first of its kind showing that BPA is selectively and uniquely altering 

the expression of specific miRNAs and that BPS is not likely exerting its actions through these 

miRNAs during bovine oocyte maturation treated at the LOAEL dose. The first step in tackling 

this novel research was to determine the absence or presence of an observed effect, which was 

demonstrated in Chapter 1. The subsequent analysis of downstream effects on a predicted 

miRNA target was demonstrated in Chapter 2 to better our understanding of reproductive 

consequences. Investigating another epigenetic target proved more relevant to the scope of this 

research, since it allowed us to enhance our understanding of some epigenetic consequences on 

reproduction. Overall, the findings in this study lead to a partial acceptance of our initial 

hypothesis for BPA and BPS, respectively. The conclusion regarding BPS is that, although 

similar effects are observed in terms of oocyte quality and embryo development as BPA, 

(Zalmanova et al., 2017) the findings of this study suggest that BPS does not likely contribute to 

these effects through the same mechanistic pathways as BPA.  

 The presence of multiple effects and the distinct expression patterns observed in this 

research establish the groundwork upon which future research could be based on in order to 

advance our conception of epigenetic contribution to both environmental and reproductive 

diseases. Future directions of this research should focus on both the expansion of significant 

findings presented here and the continued investigation on alternative mechanisms. In particular, 

the previously discussed speculation of a link between BPA, miR-21, and DNMT3A is the most 

promising future research in order to establish a potential functional pathway that could have 

invaluable significance to research and clinical applications. The significant implications of 

cumulus-oocyte communication presented here, and in the literature, suggest the importance of 
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gap junctions, involved in communication, in regulation of microRNA transport. Elucidating the 

effects of BPA and its analogs on these gap junctions is a promising research focus as well as 

relating these effects to those observed on miRNA expression. 

This study has presented a specific approach focused on treating oocytes at one stage 

(oocyte maturation), with one dose (LOAEL- 0.05 mg/mL), one BPA analog (BPS), and 

examining four microRNAs (miR-21, -155, -34c, -146a), and one downstream target 

(DNMT3A). To better understand the larger mechanistic networks that are at play, including 

both genomic and epigenomic interactions, it will be crucial to expand on this study by either 

investigating different stages of female fertility, doses lower than the LOAEL, and other analogs 

of BPA. This should be carried out on the same miRNAs as well as new candidates from the 

exhaustive list of miRNAs implicated in development. Finally, other putative targets of 

microRNAs such as Bcl-2 (regulated by both BPA and miR-34c) (Liang et al., 2012; Liu et al., 

2012), should be investigated for potential functional links. In brief, establishing observed effects 

of EDCs on epigenetic regulations as well as downstream validation of novel and predicted 

pathways could greatly enhance our understanding of environmental contributions to female 

fertility. In turn, this could have particular significance for subsequent clinical applications to 

develop biomarkers that diagnose and combat the toxic effects of EDCs on developmental 

biology. 
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APPENDIX I 

 
All reagents made in the Lab 

In vitro Fertilization and Embryo culture Reagents: 

Table 1 – HEPES/Sperm Talp 

Chemical (MW) HEPES/SP Salts 

Sodium Chloride – NaCl 14.25 g 28.5 g 

Potassium Chloride – KCl 0.59 g 1.18 g 

Sodium Phosphate Monobasic (137.99) 0.12 g 0.24 g 

Calcium Chloride – CaCl2 0.735 g 1.47 g 

Magnesium Chloride 0.5 g 1.01 g 

Water 500 mL 1000 mL 

Table 2 – IVF Talp 
Component mM mg/L 

Sodium Chloride – NaCl 114 6669 

Potassium Chloride – KCl 3.2 238.4 

Sodium Phosphate Monobasic 

(137.99) 
0.4 55.2 

Calcium Chloride – CaCl2 2 222.2 

Magnesium Chloride 0.6 101.65 

Sodium Bicarbonate 25 2100 

Sodium Lactate 10 1.416 

 Volume  

Sodium Pyruvate 1 mL  

Gentamicin 100 uL  

Heparin 1 mL   

 

Western Blotting Reagents: 

 

Table 1 – 8% Gel Recipe from BioRad 
Component Volume 

MQ Water 4.6 mL 

30% Acrylamide 2.7 mL 

1.5M Tris 2.5 mL 

10% SDS 100 uL 

10% ammonium persulfate 100 uL 

TEMED 6 uL  

 

Table 2 – RIPA Buffer 
Reagent Concentration Volume/Mass 

Tris-HCl 50 mM 5 mL of 1M 

Triton X-100 1% 1 mL 

Na-deoxycholate 0.5% 0.5 g 

SDS 0.1% 1 mL of 10% 

NaCl 15 mM 3 mL of 5M 

EDTA 2 mM 0.4 mL of 0.5M 
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Table 3 – 5X Tris-Glycine Buffer (Running Buffer) – 1L 
Component Volume 

Tris 15.1 g 

Glycine 72.1 g 

20% SDS 5 mL 

MQ Water 955 mL 

 

Table 4 – 1X Towbins Buffer (Transfer Buffer) – 1L 
Component Volume 

Tris 3.02 g 

Glycine 14 g 

Methanol 200 mL 

MQ Water 800 mL 

 

Table 5 – 10X TBST 
Component Volume 

Tris 24.2 g 

NaCl 80 g 

HCl To pH 7.6 

MQ Water 1 L 

Tween-20 1 mL 

 

Table 6 – TRIS for Gels 
Component 1M TRIS 1.5M TRIS 

Tris 12.12 g 18.16 g 

MQ Water 80 mL 80 mL 

HCl pH to 6.8 pH to 8.8 

 

Table 7 – Reducing Buffer 
Component Volume 

20% SDS 1 mL 

Glycerol 1 mL 

1M Tris HCl 0.5 mL 

Bromeophenol Blue 10 mg 

MQ Water 9 mL 
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