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ABSTRACT 

THE EFFECTS OF DROSHA AND THE MICROPROCESSOR COMPLEX ON 
MICRORNAS DURING BOVINE OOCYTE MATURATION AND EARLY 

EMBRYO DEVELOPMENT 
 
 

Deirdre Angela Heather Stuart 
University of Guelph, 2021

Advisor: 
Professor J. LaMarre 

This thesis investigates localization and expression of RNA-binding protein Drosha within 

maturing bovine oocytes, and the effect of experimentally inhibiting Drosha on processing several 

microRNA precursors into mature forms in cumulus cells (CCs).  MicroRNAs regulate gene 

expression post-transcriptionally by binding messenger RNAs (mRNAs), causing translational 

suppression and degradation.  MicroRNA synthesis is mediated by the Microprocessor complex 

containing Drosha, which cleaves primary transcripts to precursor microRNAs.  Previous work 

demonstrated a marked increase in Drosha mRNA and protein within bovine oocytes over 

maturation and zygotic development.  To further characterize the role of Drosha, expression and 

localization during maturation were assessed using immunofluorescence microscopy, qRT-PCR, 

and meiotic inhibition. To address functional reproductive roles of Drosha, microRNA profiles in 

Drosha-siRNA-silenced CC culture were evaluated. Together, these studies suggest Drosha 

expression in the oocyte-surrounding environment is regulated at the gene expression level and by 

physical localization within oocytes, and participates in microRNA biogenesis in CCs. 
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CHAPTER 1.  INTRODUCTION 
The success of reproductive development, known as developmental competency, may be 

influenced by a wide variety of factors, both intrinsic and extrinsic.  However the cellular 

mechanics that affect developmental competency are still not entirely clear.  This is particularly 

important to consider when we compare multi-ovulatory or non-mammalian models commonly 

used in reproductive research with mono-ovulatory species such as bovine and human. In this 

context, distinct mechanisms that affect fertility have evolved and there are significant species-

specific differences that impact reproductive outcomes. 

In general, successful reproductive outcomes depend on a number of factors, however it is 

known that there is a highly active transcriptome present in reproductive cells, particularly in the 

mammalian follicle, that must undergo rapid significant changes throughout maturation,  

fertilization and development (Fair et al, 1996, 1997; Kocabas et al, 2006; Ferreira et al, 2009).  

The mechanisms involved in regulation of the transcriptome are therefore of great importance to 

understand and study. 

It is widely accepted that many post-transcriptional events in the reproductive system and 

elsewhere are regulated by the actions of small non-coding ribonucleic acids (sncRNA) through 

interactions with messenger RNAs (reviewed by Stefani and Slack, 2008). While endogenous 

small interfering RNA (endo-siRNA) formed in the cytoplasm are responsible for some of this 

action, the majority of regulation involves binding of a class of sncRNA, known as microRNAs 

(miRNAs) (Lee et al, 1993).  MiRNAs bind to mRNA transcripts with varying specificity resulting 

in translational suppression or transcript degradation (Lee et al, 1993).  By examining the 

processes involved in the biogenesis of miRNAs, it may be possible to elucidate what effects the 

miRNA biogenesis pathway may have on reproductive competence in mono-ovulatory species. 

1.1  OOGENESIS, CUMULUS CELL DEVELOPMENT AND MATURATION 

The reproductive process in many species initiates as part of cellular differentiation when 

the individual is still a fetus, and is a highly regulated process.  During development, embryonic 

stem cells migrate to the gonadal region and differentiate into germ cell lineage, either male or 

female, according to specific gene markers (Monk and McLaren, 1981; reviewed by Britt, 

2008).  They then undergo mitosis to generate tens of thousands of primordial germ cells, which 
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in females, form small nests of oogonia surrounded by pre-granulosa cells (Kezele and Skinner, 

2003).  These nests dissociate under the influence of growth factors and hormones, specifically 

estrogen, and individual oogonia become encased in a layer of granulosa cells (GCs) forming the 

primordial follicle (Chen et al, 2007).  The oocytes within primordial follicles enter the first stage 

of meiosis, arresting at the dictyotene stage of prophase until hormonal signaling for maturation 

or follicular atresia occurs (Yang and Fortune, 2008).   

At intervals throughout growth and development, some follicles will continue to develop, 

with GCs differentiating into mural or cumulus cell layers and forming fluid filled cavities which 

will subsequently become the antrum (Aerts and Bols, 2010; Dalbies-Tran et al, 2020).  At sexual 

maturity, the gonadotropins luteinizing hormone (LH) and follicle-stimulating hormone (FSH) are 

released from the pituitary and trigger completion of growth of selected follicles, forming the 

Graafian follicle containing a pre-ovulatory cumulus-oocyte complex (COC) (Gilbert, 2000; Aerts 

and Bols, 2010; reviewed by Roelen, 2020).  The antral fluid contains large amounts of different 

growth, hormone and nutrient factors that will support the growing oocyte and prepare it for 

maturation upon release from the follicle. 

1.2  CUMULUS CELLS IN OOCYTE DEVELOPMENT 

The cumulus cell layers, which are present around the oocyte from specialized GCs, have 

been shown to be essential to the oocyte in reaching full reproductive competence (Russell et al, 

2016).  Tight gap junctions and trans-zonal projections (TZPs) between the CCs and the oocyte 

provide signaling factors, such as cyclic adenosine monophosphate (cAMP) and natriuretic peptide 

C, to the oocyte to maintain meiotic arrest and halt the cellular changes that are necessary for 

maturation of the oocyte (Xi et al, 2017; Zhang et al, 2016, 2018).  Oocytes provide feedback 

signals to the CCs to further regulate this process (Li et al, 2000; Russell et al, 2016; Xi et al, 

2017; Zhang et al, 2016, 2018).  The CCs also produce hyaluronic acid over the course of meiosis 

to initiate expansion of the layers and release from the oocyte to allow for sperm transfer into the 

oocyte, in response to oocyte-secreted factors such as growth differentiation factor-9 (GDF-9) 

(Elvin et al, 2000).   

It remains unclear whether oocytes have all the mechanisms and pathways necessary to 

produce their own miRNAs, small nucleic acids which aid in the control of post-translational 

expression by degradation or silencing of mRNA, or simply accumulate these as maternal 
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transcripts.  Drosha is a processing component in the formation of miRNA, and has been shown 

to remain at a consistent level in the CCs throughout maturation (Tscherner, 2017).  The CCs were 

considered to transport not only signaling factors but also miRNA directly to the oocyte via gap 

junctions and TZPs to control the levels of maternal mRNA in the maturing and fertilized oocyte 

(Assou et al, 2013; MacAuley et al, 2014).  It has been speculated that in bovines and other larger 

mammals, CCs may transport primary miRNA (pri-miRNA) to the oocyte following meiotic 

resumption, and the oocyte then undergoes increased expression of the processing unit needed to 

form miRNA (Mondou et al, 2012; Gilchrist et al, 2016). 

1.3  THE OOCYTE MICROENVIRONMENT 
As oocytes approach maturity, transcription comes to a halt within the oocyte, meiosis 

resumes and the oocyte undergoes both nuclear and cytoplasmic maturation.  In the nucleus, the 

nuclear envelope is referred to as the germinal vesicle (GV) (Gilbert, 2000).  The GV breaks down, 

allowing condensation of deoxyribonucleic acid (DNA) into chromosomes.  Histones within the 

DNA become phosphorylated, acetylated or methylated, while rearrangement of the microtubules 

allows for spindle formation (Gu et al, 2010). At the end of the first meiosis stage (MI), the first 

polar body is formed outside of the cytoplasm, with a second appearing at the end of the second 

meiosis stage (MII).  During MII, the oocyte enters a second phase of arrest in which it remains 

until fertilization occurs. 

While nuclear maturation has been seen in the absence of cumulus cells, cytoplasmic 

maturation does not proceed normally (Combelles et al, 2002; Ferreira et al, 2009).  For optimal 

competence, the cytoplasm also undergoes maturation changes.  Maternal mRNA becomes de-

adenylated, which slows the transcription of proteins and nutrients (Brevini-Gandolfi et al, 1999; 

Thélie et al, 2007; Ferreira et al, 2009).  Organelles such as the Golgi and mitochondria are 

rearranged, and an overall expansion of the oocyte occurs to allow for fertilization (reviewed by 

Mao et al, 2014). All of these processes have significant impacts on fertility and, additionally, 

unknown processes involving the transcriptome are likely to impact fertilization and subsequent 

development. 
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1.4  OOCYTE MATURATION AND MEIOTIC ARREST 

The studies described in this thesis will rely in part on treatment with factors that alter 

oocyte maturation and meiosis so it is useful to discuss the normal processes and the choice of 

inhibitors utilized. During oocyte maturation, many key changes occur within both the nucleus and 

cytoplasm which ultimately determine developmental competence (Dominko and First, 1997; 

reviewed by Ferreira et al, 2009). How and when these changes take place affect the viability of 

the oocyte for fertilization and zygotic development (Sirard et al, 1989; Combelles et al, 2002).  

Oocytes that mature in vivo have been shown to have a higher blastocyst rate than those matured 

in vitro, despite being equivalent in fertilization potential (Sirard and Blondin, 1996).  

Additionally, differences in gene expression profiles have been identified in the surrounding 

cumulus cells, where in vivo matured COCs had higher expression of genes associated with 

maturation and expansion, while in vitro matured COCs showed profiles associated with stress 

(Tesfaye et al, 2009).  While nuclear maturation may proceed normally under standard culture 

conditions, cytoplasmic maturation often does not occur synchronously, resulting in decreased 

competency (Combelles et al, 2002; Ferreira et al, 2009). It has been speculated that coordinating 

the timing of these events during in vitro maturation (IVM) may favour improved reproductive 

potential, allowing the majority of oocytes to reach full maturation potential prior to in vitro 

fertilization (IVF) (Hashimoto et al, 2002; Zhang et al, 2018). 

During maturation, the oocyte undergoes nuclear and cytoplasmic reorganization to 

prepare the cell for fertilization.  In the nucleus, the nuclear envelope, or GV, breaks down and 

chromosome and spindle formation occur (Eppig, 1996; Roelen, 2019). This leads to the 

production of a haploid primary nucleus and the first polar body which is ejected from the ooplasm 

and remains a visible indicator of maturation within the zona pelucida (ZP) (Eppig, 1996; Roelen, 

2019).  In the cytoplasm, structural changes occur within the Golgi apparatus, along with 

redistribution of the mitochondria (reviewed by Mao et al, 2014).  De-adenylation of maternal 

mRNA limits transcription of cellular proteins, and the oocyte expands to provide sufficient space 

for fertilization (Thélie et al, 2007; Ferreira et al, 2009). 

Meiosis in the oocyte arrests at the diplotene phase of prophase I in the latent follicle while 

high rates of transcription occur to prepare the oocyte for further maturation and early zygotic 

development through the generation of maternally-inherited transcripts (Gilbert, 2000). At sexual 
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maturity, pituitary gonadotropins stimulate the release of LH and FSH, which act upon individual 

follicles to induce follicular maturation (Gilbert, 2000).  Once these follicles reach maturity at the 

Graafian follicle stage, the oocyte resumes its meiotic division following follicular release in 

response to increased levels of maturation-promoting factor (MPF) (Eppig, 1996; Sirard et al, 

2006). This increase is a result of changes in phosphorylation status of serines or threonines within 

a latent form of MPF, or p34cdc2 in association with cyclin B, leading to activation (Kubelka et al, 

2000; Le Beux et al, 2003).  The oocyte and its surrounding cumulus layers, which comprise the 

COC, exchange signals which govern subsequent maturation of the oocyte (Russell et al, 2016).   

Another factor that contributes to the maintenance of meiotic arrest is a balance of cyclic 

adenosine 3’, 5’-monophosphate (cAMP), cyclic guanosine 3’, 5’-monophosphate (cGMP) and 

natriuretic peptide receptor 2 (NPR2) within cumulus cells and oocytes (reviewed by Celik et al, 

2015).  Elevated levels of cAMP within the oocyte have been shown to initiate and maintain 

meiotic arrest (Franciosi et al, 2014; De Cesaro et al, 2015; Zhang et al, 2016, 2018; Pan and Li, 

2019).  Furthermore, it has been shown that there is a complex relationship between the cumulus 

cells and oocytes regulating these levels (Franciosi et al, 2014; De Cesaro et al, 2015; Zhang et al, 

2016, 2018; Xi et al, 2018).  cAMP is partially synthesized within the oocyte and also provided 

by the surrounding cumulus cells, but levels are controlled by elevated levels of cGMP in cumulus 

cells through inhibition of the intra-oocyte phosphodiesterases which degrade intracellular cAMP 

(Franciosi et al, 2014; De Cesaro et al, 2015; Zhang et al, 2016, 2018; Xi et al, 2018).  NPR2 is 

activated by natriuretic peptide precursor C from mural granulosa cells, which in turn increases 

cGMP in the cumulus cells.  The mural granulosa cells represent a dual role in this loop, as they 

also transduce the signal from the LH surge to the cumulus cells, which lack LH receptors 

(Franciosi et al, 2014).   

Several meiotic inhibitors with distinct mechanisms of action have been studied with 

regard to their efficacy, reversibility, effect on the viability of the oocytes and morphological 

changes.  Meiosis inhibitors can also be employed in the investigation of key molecular events 

during oocyte maturation, particularly for events that occur rapidly and/or asynchronously, 

preventing the acquisition of sufficient samples to reliably assess gene or protein expression 

(Lonergan et al; 2000, Adona et al, 2007). These may also be used as a tool to better coordinate 

the cell cycle when performing knockdown studies at early stages of oocyte maturation. 
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  Early studies examined the effect of protein synthesis inhibition on oocyte maturation and 

morphology using 6-dimethylaminopurine (6-DMAP).  6-DMAP is a kinase inhibitor which 

inhibits maturation-promoting factor (MPF) by phosphorylating tyrosine on p34cdc2 (Jessus et al, 

1991).  6-DMAP was shown to have a reversible effect on GVBD and chromosome condensation 

by altering protein phosphorylation (Rime et al, 1988), however, Avery et al (1998) also 

demonstrated a significant negative effect on morphology, viability post-fertilization and kinetics.  

A comparative study between four inhibitors done by Le Beux et al in 2001 also found reversible 

arrest in 6-DMAP treated oocytes, and discussed the detrimental effects on oocyte morphology 

but did not elaborate on the specifics beyond loss of nucleoli. 

Cycloheximide (CHX) has been shown in multiple studies to be highly effective as a 

reversible meiotic inhibitor by inhibiting protein synthesis in the GV oocyte (Tatemoto, Horiuchi 

and Terada, 1994; Park, Funahashi and Niwa, 1999; Le Beux, Richard and Sirard, 2003).  

Unfortunately, the cellular effects of CHX as an inhibitor would significantly confound the 

outcome in our proposed studies.  GVBD occurs at a much faster rate following removal from 

CHX, and oocytes being treated without cumulus cells exhibit significantly higher condensation 

of chromatin, while only some condensation occurs in the presence of CCs.  Additionally 

Tscherner (2017) found that CHX treatment resulted in significantly lower Drosha and miR-21 

levels within the oocyte, although it is unknown whether the decrease in Drosha is directly 

responsible, or if it may be related to decreased expression of transport proteins within gap 

junctions. 

 Roscovitine is a cyclin-dependent kinase (CDK) inhibitor that targets cyclin B kinase to 

prevent resumption of meiosis in the oocyte (Coy et al, 2005; reviewed by Cicenas et al, 2015).  It 

has been shown to maintain meiotic arrest for up to 48 hours with minimal effect on cellular 

morphology and developmental competence.  While Coy et al found some effect on granule 

formation and decreased nuclear maturation after longer treatment times, there were no significant 

differences seen in developmental competence.  Barretto et al (2007) found lesser effects on 

granule formation, however cells in that study were only treated for 24 hours versus 48 hours.  The 

consensus amongst these studies and reviews was that roscovitine offered reversible meiotic arrest 

in GV oocytes with few detrimental effects on resumption of meiosis, nuclear and cytoplasmic 

maturation and blastocyst formation. 
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 Butyrolactone-I (BL-I) is also a CDK inhibitor that competitively inhibits ATP binding at 

specific sites, yet does not act directly on other protein kinases (Kitigawa et al, 1993).  While it 

does appear to be concentration-dependent in action, this has allowed it to be an effective means 

of analyzing the role of specific kinases in oocyte maturation (Kubelka et al, 2000).  Hashimoto et 

al (2002) demonstrated that BL-I inhibition of oocyte maturation resulted in more positive 

outcomes for developmental competency over other meiotic arrest agents, in addition to an overall 

improved competency over control oocytes.  This concurs with previous findings that meiotic 

arrest and coordinated timing of nuclear maturation significantly improves reproductive success 

in bovine oocytes (Sirard et al, 1989; reviewed by Sirard, 2000). 

 Natriuretic peptide precursor type-C (NPPC), previously discussed as a naturally occurring 

meiotic control mechanism in the oocyte, has also been examined for in vitro use.  While not 

present in the cumulus cells surrounding the oocyte, NPPC is found in the mural granulosa cells 

of the follicle.  This is then transported to cumulus cells that express natriuretic peptide receptors 

type-2 (NPR2).  On activation of these receptors, intracellular levels of cGMP are elevated and 

transported via gap junctions to the oocyte, where they repress the action of phosphodiesterases 

that target cAMP for hydrolysis.  Franciosi et al (2014) examined the efficacy of NPPC meiotic 

arrest, recovery and gap junctions, finding that fully reversible meiotic arrest occurred with optimal 

effect after 6 hours of incubation.  It was also seen that NPPC increases the duration of 

communication between cumulus cells and oocytes by maintaining open gap junctions between 

the two.  Steroid interaction with NPPC has been attributed to its function in vitro, mimicking 

maturation conditions within the follicle (Soares et al, 2017).  Several other studies have reiterated 

some of these findings, either through incubation with NPPC or identification of NPR2 receptor 

localization (Zhang et al, 2016; Xi et al, 2017).  Zhang et al (2016; 2018) examined the effect of 

200 nM NPPC over six hour incubation in bovine oocytes, as well as multiple concentrations over 

four hours in sheep, and found 200 nM to be an optimal concentration in both species.  Both studies 

showed an improved quality and downstream competency of oocytes that had undergone meiotic 

arrest over control groups. 
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1.5  MICRORNAs AND THEIR POTENTIAL ROLES IN OOGENESIS, MATURATION 
AND REPRODUCTIVE POTENTIAL 

Post-transcriptional gene expression is tightly controlled in biological systems in order to 

optimize the function of those systems.  In the absence of transcription, gene expression must be 

controlled through an alternate means of silencing.  This is particularly important during the 

transition between maternal control of cellular function and zygotic control, known as the 

maternal-zygotic transition (MZT) (reviewed by Carthew et al, 2016; Cuthbert et al, 2019).  One 

of the primary mechanisms involved in the control of gene expression at this stage is miRNAs  

(Lee et al, 2002).   

MiRNAs are small non-coding nucleic acids that regulate gene expression post-

transcriptionally by binding to mRNA causing degradation or silencing through the formation of 

an miRNA-induced silencing complex (miRISC) (Chendrimada et al, 2005).  They are 

approximately 22-24 base pairs in length, formed from long primary transcripts of gene sequences 

usually found within coding introns or intergenic areas of coding sequences (Lee et al, 2002; 

Bhattacharyya et al, 2012). These transcripts can consist of more than one miRNA gene sequence, 

resulting in multiple miRNA being formed from a single primary transcript.  Following 

transcription by RNA polymerase II, the transcripts consisting of both double and single stranded 

regions forming a hairpin region are then cleaved by the nuclear component of the Microprocessor 

complex, which is composed of Drosha, Di George Syndrome Critical Region 8 (DGCR8) and 

RNA helicases (Figure 1.1) (Lee et al, 2003; Lee et al, 2004).  The resultant precursor miRNA, 

approximately 60-70 base-pairs in length, is then picked up by Exportin-5 and transported to the 

cytoplasm where it is further cleaved by Dicer into the mature miRNA sequence (Kim et al, 2004).  

This sequence then binds with an Argonaute protein to form a miRISC (Chendrimada et al, 2005).  

These complexes then bind with varying specificity to mRNA sequences, leading to either 

degradation of the transcript or silencing via disruption of translation (Denli et al, 2004).   

 The 5’ seed sequences of the miRNA are 5-7 nucleotides in length and bind to the 3’ 

untranslated region (UTR) of mRNA, however there can be less specific binding that occurs in 

other regions (reviewed by Bartel, 2009).  When there is a high level of complementarity between 

the miRNA and the target sequence of the mRNA, degradation of the mRNA results from 

deadenylation of the target sequence.  If there is less specific binding, the mRNA is translationally 

suppressed but remains intact. 
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While the study of miRNAs has been ongoing for several decades, there is still a significant 

level of uncertainty regarding their roles in biology, biogenesis and interactions with one another.  

To date, miRBase 22.1 has documented approximately 2650 miRNAs in humans, 1000 in bovines 

and almost 2000 in mice, amongst many other species (retrieved from mirbase.org).  There appears 

to be significant homology between many miRNAs, however conservation of gene sequences has 

been shown to occur primarily in the region of the miRNA and not in the surrounding sequences 

(Lee et al, 2003; Kwon et al, 2019; Treiber et al, 2019).  It is also unclear with many of these 

RNAs whether they function independently for specific functions, if there is a certain amount of 

redundancy in their action, or whether they function on such a targeted level that loss of function 

may not appear macroscopically, as reviewed by Alberti and Cochella (2017). 

 High rates of transcription during oogenesis and changes in transcriptional control 

following fertilization suggest the roles of post-transcriptional gene regulation, such as miRISC-

mediated mRNA degradation or suppression in the overall control of gene expression in this 

context.  Distinct miRNAs that comprise the unique expression profile of the ovary, oocyte and 

the surrounding cumulus cells have been identified in multiple species.  Studies in Drosophila, C. 

elegans, zebrafish and mice have shown significant alterations to developmental competence in 

the absence of certain miRNAs (Lee et al, 1993; Leaman et al, 2005; Otsuka et al, 2008).  One of 

the first miRNAs discovered in C. elegans, and identified in multiple other species including 

bovine, was the let-7 family (Lee and Ambrose, 1993; Bagga et al, 2005).  Knockdown studies of 

let-7 in C. elegans (Reinhart et al, 2000) resulted in lethality due to vulval rupture, while a study 

by Otsuka et al in 2008 showed that decreased levels of let-7b resulted in deficiencies in the corpus 

luteum of mice as a result of upregulation of anti-angiogenic factor TIMP1, or tissue inhibitor of 

metalloproteinase 1.  While this was initially examined with a Dicer-deficient model, both let-7b 

and miR-17-5p were identified as individual miRNAs responsible for regulation of angiogenesis 

in the mouse (Otsuka et al, 2008). These findings point to important roles for miRNAs and the 

proteins involved in their biogenesis in the follicle throughout the cycle. 
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Figure 1.1.  MicroRNA biogenesis pathway.  Transcription of intronic or intergenic miRNA gene creates 
primary transcript which is recognized and bound by DGCR8.  DDX-17 and DDX-5 unwind strand for 
Drosha to cleave into ~70 bp precursor with 2-3 nt overhang.  Overhang bound by Exportin-5, complexes 
with RanGTP to transport to cytoplasm.  Dicer complex with binding protein (TRBP) cleaves terminal loop, 
resulting in seed sequence and discarded complement sequence.  Seed sequence forms RISC with 
Argonaute protein AGO2, targets 3’UTR of target mRNA.  Highly specific sequence recognition results in 
deadenylation and degradation of mRNA.  Created with BioRender.com 

  

1.5.1  Identification and effects of suppression of key reproductive microRNAs 

Over 250 miRNAs have previously been identified in reproductive studies in oocytes and 

granulosa cells in various species; the most abundant miRNAs seen in the bovine oocyte are miR-

21, miR-155, miR-222 and let-7.  Hossain et al (2009) constructed an miRNA library for bovine 

ovaries which found the following:  24 miRNAs previously undiscovered in any species, and 38 

miRNAs previously undiscovered in bovines, of which 16 were specific to bovines and were not 

conserved in other species.  These included members of the let-7 family and miR-21 among others.  

A cDNA library construction for COCs also identified the let-7 family as a significant miRNA in 

bovine oocytes and CCs, in addition to miR-106a which was expressed more highly in oocytes 

than COCs or CCs (Miles et al, 2011).  Following library construction, microprocessor 
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components RNASEN (an alternate name for Drosha), DGCR8 and DICER1 were analyzed and 

found to be more highly expressed in oocytes than cumulus cells.  By analyzing levels of the let-7 

target MYC proto-oncogene (MYC), which controls cell cycle, growth and metabolism, and miR-

106a target Wee1a, a cell cycle checkpoint inhibitor, Miles et al proposed that let-7 and miR-106a 

are potential developmental regulators.  MYC has been previously implicated in embryonic 

progression in Xenopus embryos (Gusse et al, 1989).  MYC expression levels were also shown to 

be regulated by let-7a in human lymphoma and rat cell lines cultured in inhibitory conditions or 

MYC-knockout models (Sampson et al, 2007).  In early studies, levels of both mRNA and protein 

were detected by immunoblotting in oocytes, however protein levels did not appear until later 

stages of maturation (Taylor et al, 1986; Gusse et al, 1989).  The localization of MYC protein was 

analyzed using both immunocytochemistry and biochemistry over the maturation and fertilization 

of Xenopus oocytes (Gusse et al, 1989).  Results indicated a strong cytoplasmic presence prior to 

fertilization with a sudden translocation to the nuclei at the time of fertilization.  Once cleavage to 

the blastula state was completed, levels of MYC were found to be significantly reduced, leading 

the authors to postulate a relationship between cleavage activity and nuclear activation of the MYC 

protein.  It was further suggested that cytoplasmic let-7 regulated mRNA translation until 

fertilization triggered nuclear relocalization and activation.  Cytoplasmic and nuclear MYC has 

been further shown to regulate pluripotency and proliferation in murine embryonic stem cells, in 

addition to a wide range of embryonic developmental pathways (Stanton et al, 1992; Davis et al, 

1993; Knoepfler et al, 2002; Varlakhanova et al, 2010).   

Mondou et al (2012) identified the miRNA expression profile in bovine oocytes through 

maturation and early embryonic stages by use of microarray, followed by analysis of varying 

expression levels of miR-21 and miR-130a over the course of development.  In pools of 20 oocytes 

or zygotes from 2-cell to blastocyst stage they found increasing levels of both miR-21 and miR-

130a up to the 8-cell stage with a dramatic drop at blastocyst formation.  miR-21 has been 

associated with CC apoptosis through an oocyte-generated pathway (Figure 1.2A) and was 

increased by incubation with GDF-9 (Wright et al, 2016; Han et al, 2017), although other work 

has shown less clarity with respect to the potential mechanisms involved (Assou et al, 2013).  In 

another study, while the levels of miRNA were not assessed, increased levels of GDF-9 did 
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correlate to overall improvements in maturation and competence (Li et al, 2014), suggesting that 

GDF may act in part through miR-21 to facilitate oocyte maturation.   

With regard to miR-155, a study based on the effects of overexpression of miR-155 in 

humans with polycystic ovarian syndrome using murine models recently illustrated its impact on 

several aspects of maturation and blastocyst formation that are mediated through interactions with 

a number of genes including SMAD2, BCL2, MECP2, JARID2 and NOTCH1 (Dehghan et al, 

2020). MiRNA-222 has been implicated as a regulator of growth factors such as IGF1 and 

transcription factor ETS1 in bovines as well as a cell cycle regulator in humans (Donadeu et al, 

2016; Garafalo et al, 2012).  While these are not directly correlated with function in oocytes or 

granulosa cells, the functional targets in these cells are likely to be similar. Overall, Gilchrist 

(2015) analyzed a correlation of proteome abundance changes (Deutsch et al, 2014) with changes 

found in miRNA expression and found an inverse relationship between increased specific miRNA 

abundance and an overall decrease in predicted targets between the MII and PZ stages in all of the 

above mentioned miRNAs. 

Gilchrist et al (2015, 2016) and Tscherner (2017) both examined the role of these specific 

miRNAs, and Tscherner found some evidence to suggest that miR-21 may be associated with 

factors involved in oocyte development, making it a possible marker for reproductive potential.  

Tscherner evaluated miR-21 and its primary transcript in response to STAT3 activation and 

cycloheximide (CHX) treatment, as well as changes in microprocessor components over 

maturation and early zygotic development.  It was shown that both pri- and miR-21 levels in CCs 

increase significantly over the course of in vitro maturation.  A less dramatic yet still obvious 

change in pri-miR-21 levels was observed in maturing oocytes, with a corresponding drop in levels 

concurrent with a significant rise in mature miR-21 levels towards the end of the maturation cycle.  

These levels were correlated with changes in key factors involved in cumulus expansion, growth 

factors and cytokine activity.  STAT3 (signal transducer and activator of transcription 3), a well-

characterized cytokine regulator, was identified as a key factor in the regulation of pri-miR-21 

levels in the cumulus cells, while CHX is known to suppress expression of mature miRNA as well 

as regulating meiotic arrest. CHX treatments resulted in a suppression of mature miR-21 levels in 

CCs while pri-miR21 remained stable, however all forms of miR-21 were suppressed within the 

oocytes. 
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Gilchrist (2015) evaluated miR-155, miR-222 and members of the let-7 family, additional 

highly expressed miRNAs in bovine oocytes, over the course of maturation and up to the 

presumptive zygote stage.  The results showed a significant increase in these miRNAs between 

the GV and MII stages as well as between MII and PZ.  Primary transcripts for both miR-222 and 

miR-155 were evaluated in both GV and MII stage oocytes in the same study, however only pri-

miR-155 was detected in MII oocytes.  It was proposed that the increasing levels of primary 

transcript are likely the result of increased transcription of the miRNA precursors, relating to 

changes in ongoing cellular processes. Pri-let-7d, interestingly, showed a decreased expression 

level over maturation, which may have been correlated with increased intracellular processing or 

interactions with target mRNAs. 

1.6  THE MICROPROCESSOR 

As mentioned above, the biogenesis of miRNAs begins within the nucleus of somatic cells, 

and is mediated by a multi-protein complex known as the Microprocessor. The process begins with 

the transcription of pri-miRNA transcripts in the nucleus that average approximately 200 base 

pairs (bps) in length.  Pri-miRNA transcripts are most often encoded by sequences within 

intergenic regions or intronic clusters and transcribed by RNA polymerase II (Lee et al, 

2004).  Transcription can be regulated through promoter regions specific to the miRNA gene itself, 

or those incorporated within the coding regions of other genes (Rodriguez et al, 2004; Han et al, 

2006; Lee et al, 2006). The structure, which contains both double stranded and single stranded 

RNA, may form individual or multiple hairpins dependent on how many miRNA promotors have 

been activated, resulting in the formation of one or more primary miRNA transcripts (Baskerville 

and Bartel, 2005; O’Brien et al, 2018).  It is in these double stranded regions flanked by single 

strand overhangs that DiGeorge Critical Region 8 (DGCR8) identifies and binds the double 

stranded RNA and stabilizes it (Denli et al, 2004; Gregory et al, 2004; Han et al, 2006; Nguyen et 

al, 2015).  Prior to cleavage, several RNA helicases such as DEAD-box (DDX) helicase p68 

(DDX-5) and p72 (DDX-17) bind ATP after associating with the 3’ segment of the flanking 

regions and initiate unwinding of the double-stranded RNA at a conserved ACACCU sequence 

(Fukuda et al, 2007; Moy et al, 2014; Ngo et al, 2019).  Drosha, a type III RNAse nuclear protein, 

is then able to bind and cleave the hairpin into a ~60-70 bp long precursor miRNA with a 2-3 

nucleotide 3’ overhang (Gregory et al, 2004; Linder and Jankowsky, 2011).  The overhang at the 
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3’ end of the sequence is recognized by the transporter molecule Exportin 5, which picks up the 

precursor and transports it through nuclear pores to the cytoplasm in a complex with RanGTP (Yi 

et al, 2003; Kim, 2004).  Once released in the cytoplasm, the precursor sequence is then further 

processed into a mature miRNA by a second RNAse, Dicer, leading to the formation of a 22-24 

bp double stranded sequence (Gregory et al, 2004; Chendrimada et al, 2005).  Cytoplasmic RNA 

helicases separate the mature sequence into two independent strands, a mature miRNA or “guide” 

strand, and an anti-sense ‘passenger’ strand (MacFarlane and Murphy, 2010).  The guide strand is 

then incorporated with an Argonaute protein, Ago2, and forms the miRISC that ultimately targets 

mRNA for silencing, while the passenger strand is degraded within the cell (O’Brien et al, 2018). 

 In some murine studies, it was found that, while Dicer knockdown influenced mRNA 

silencing, Drosha knockdown did not.  Further investigation led to the discovery of an oocyte-

specific form of Dicer, Dicero, found in mice (Flemr et al, 2013).  Dicero processes pri-miRNA 

transcripts after bypassing the Microprocessor complex and forming endogenous small interfering 

RNAs (siRNAs), resulting in gene silencing.  Further research in larger species such as cows, pigs, 

sheep and humans has shown that this may not be the case, as this Dicer variant is only present in 

mouse and rat genomes, eliminating the bypass of the Microprocessor and making murine studies 

inapplicable to other species (Mondou et al, 2012; Assou et al, 2013; Macaulay et al, 2014).  As 

the inhibition studies described had suggested that Drosha was not essential for the post-

transcriptional events occurring in oocyte maturation and fertilization, this needs to be re-

investigated to establish the roles of Drosha in species that lack Dicero.  The location of Drosha 

also becomes important in determining the role of the Microprocessor within the oocyte itself, 

rather than its action within the cumulus layer, which may provide mature miRNAs to the oocyte 

for degradation of maternal mRNA during the MZT (Assou et al, 2013; MacAuley et al, 2014).  

Based on previous studies in our laboratory, this thesis focuses on confirmation of the expression 

and shift in localization of Drosha at the protein and RNA levels within the oocyte over the course 

of maturation, the effect of meiotic arrest on Drosha and the miRNA profile over maturation and 

fertilization, and the effect on certain key miRNA following Drosha suppression. 

Previous unpublished results (Tscherner, 2017) demonstrated that both protein levels and 

relative expression of Drosha increased within the oocyte over the course of maturation, and 

continued to rise post-fertilization until the 2-4 cell stage (Figure 1.2C).  By the time the zygote 
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reached blastocyst stage, Drosha levels were almost non-detectable. Early trials with 

immunofluorescence were also used to visualize localization and subjective concentration of 

Drosha between the GV and MII stages of oocyte development.  Those results aligned with the 

expression analysis but also indicated that there may be a physical relocation of Drosha over 

maturation. 

1.6.1  Drosha and the Microprocessor 

There are two forms of the Microprocessor, the large complex, which will be primarily 

addressed in this paper, and the small complex consisting of only Drosha and DiGeorge syndrome 

critical region 8 (DGCR8 or Pasha) (Gregory et al, 2004; Macias et al, 2012; Gromak et al, 2013).  

The large complex consists of Drosha, DGCR8 and several RNA helicases, particularly DDX5 

and DDX17, along with a variety of other factors.  It is believed that while the large complex is 

responsible for most pri-miRNA processing, the smaller complex may have a higher efficiency 

except for a small subset of miRNAs (Macias et al, 2012; Gromak et al, 2013).   

Examining the existing literature on the Microprocessor, it can be seen that while pri-

miRNA processing is considered to be Drosha’s primary function, there are also non-canonical 

functions of its various components that also act to control gene expression.  This may further 

reveal how Drosha and the Microprocessor function within the oocyte and contribute to the 

changes that occur over maturation and early embryonic development. 

1.7  THE ROLE OF DROSHA AND THE MICROPROCESSOR IN LATER EMBRYONIC 
DEVELOPMENT 

Multiple studies have examined the role of Drosha in the development of embryonic 

tissues, its role in stem cell pluripotency, and the effects of Drosha inhibition whether through 

direct interaction with specific targets or a decrease in miRNA levels.  While these lie outside the 

focus of this thesis, they are informative with respect to various roles and behaviours of Drosha 

that may apply in the context of early embryonic development. Knuckles et al (2012) found that 

Drosha had a direct miRNA-independent role in mice in the regulation of transcription factor 

Neurogenin 2 (Ngn2) that initiates basal neural progenitor differentiation and translocation from 

the ventricular region of the embryonic forebrain.  This was shown to be true of both Drosha and 

DGCR8, however, neither Dicer nor miRNAs were implicated in their results.  Similarly, it was 
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also found that Drosha maintains pluripotency in adult hippocampal stem cells that resulted in 

lower numbers of neuroblasts, and offspring from knockout mice also had lower numbers of 

neurons with an increase in astrocytes (Rolando et al, 2016).  This occurs through a direct 

interaction with transcription factors such as nuclear factor IB (NFIB) that regulates neurogenesis. 

The cells from the hippocampus are associated with cognition and reduction in the stemness of 

these cells is associated with disease (Santarelli et al, 2003).  Reduction of Drosha via increased 

neuronal activity has also been implicated in spinal muscular atrophy (SMA) in a mouse model, 

in which autophagy is occurring continually due to hyperactive depolarization (Gonçalves et al, 

2018).  While transient autophagy is beneficial to neuronal development by stimulating the growth 

of axons, extended autophagy results in abnormal cell activity and cell death due to reduced 

miRNA activity including miR-10b.  Interestingly, localization of Drosha was also examined in 

this study, and although control neurons exhibited Drosha in all regions of the cell including 

neurites, the SMA-affected neurons had reduced Drosha levels in all areas, particularly neurites. 

In human embryonic renal cells, a mutation in Drosha in which a glutamic acid residue is 

replaced by lysine within a metal-binding region was shown to suppress a number of key miRNAs 

and is believed to be associated with the development of Wilms tumours (Torrezan et al, 2014).  

These tumours are the most common renal tumours found in children and have a relatively high 

rate of recurrence and long-term effects.  Non-recurrent mutations were also found in other 

components of the Microprocessor including Dicer and DGCR8.  While the mutation was only 

identified in 10% of the tumour samples analyzed, similar mutations were not associated with other 

forms of kidney tumours.  Another study examined Drosha suppression in mice and found mild to 

marked dysfunction in renal development and functionality postnatally; however, they did not note 

tumour formation (Kruber et al, 2018).  Included in the miRNAs shown to be down-regulated were 

miR-10b and members of the let-7 family.  Corresponding pri-miRs for three miRNAs including 

pri-miR-10a were shown to accumulate.  It was speculated that given the severity of the 

dysfunctions in many cases that tumour development was not noted due to early mortality. 

Drosha has also been shown to have a critical role in the normal development of vascular 

endothelial tissue through interactions with transforming growth factor-beta (TGF-β), bone 

morphogenetic proteins (BMP), which are specific members of the TGF-β family, and Smad 

proteins (Jiang et al, 2018).  In short, TGF-βs and BMPs bind surface receptors and activate Smad 
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proteins, which then either regulate cytoplasmic targets or translocate to the nucleus where they 

are incorporated into the Microprocessor complex via p68/DDX-5 and DGCR8 (Figure 1.2B).  

Davis et al (2010) showed that Smad targets consensus sequences of TGF-β and BMP-induced 

pri-miRNAs, and mutations in these sequences leads to decreased pri-miRNA processing by the 

Microprocessor-Smad complex.  TGF-βs and BMPs have been implicated in the normal 

development of ovarian follicles as well as luteolysis following ovulation and can be found in 

granulosa cells and selectively in oocytes (Nillson and Skinner, 2003; Glister et al, 2004; Haas et 

al, 2019).  Similar interactions with the Microprocessor and Smads have also been seen with 

BRCA1 and have been shown to contribute to certain ovarian cancers when miRNA biogenesis is 

dysregulated (Kawai and Amano, 2012).  BRCA1 mutations are associated with abnormal miRNA 

expression profiles, including dysregulation of members of the let-7 and miR-34 family (Lee et al, 

2009).  The loss of Drosha in Jiang’s (2018) study showed phenotypes similar to that seen in 

human hereditary hemorrhagic telangectasia (HHT), which has been shown to result from 

disruption of the TGF-β/BMP pathway and results in chronic bleeding disorders in an array of 

body systems (Goumans et al, 2017).  Fan et al (2013) had previously shown that Drosha knockout 

in mice resulted in embryonic lethality associated with severe hemorrhage. 

Tissue localization of Drosha has been associated with functional development in 

embryonic chick lungs, primarily restricted to mesenchymal tissue rather than epithelial tissue 

(Moura et al, 2015).  The interaction of key miRNAs with various signaling pathways that are 

crucial to normal development is thought to be regulated in some regions of the lung by the 

Microprocessor and in Drosha-deficient areas of the lung by an alternate RNAi pathway mediated 

by Dicer, such as siRNAs or mirtron-precursor miRNAs.  It was proposed that, due to similarities 

in expression of Dicer and fibroblast growth factors between embryonic chick and mouse lungs, 

the mechanisms involved may be conserved between birds and mammals. 

Dicer has previously been implicated in the appearance of myelodysplastic features in mice 

(Raaijmakers et al, 2010), however it was also shown that human myelodysplastic syndrome 

patients also exhibited lower levels of both Dicer and Drosha (Santamaria et al, 2012).  Their 

findings showed a decrease in both components in addition to an abnormal miRNA expression 

profile, including miR-155 and miR-222.  They compared mesenchymal stromal cells (MSCs) 
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with mononuclear blood cells and found that the effects of miRNA biogenesis inhibition was 

specific to MSCs, which was consistent with previous murine studies. 

 

1.8  THE EFFECTS OF DROSHA SUPPRESSION ON EMBRYONIC VIABILITY AND 
MICRORNA EXPRESSION 

Much of the research to date investigating the roles of miRNAs in embryonic development 

has been performed in the murine model.  Using knockout models for Dicer, Drosha and DGCR8, 

it was determined that the absence of Drosha or DGCR8 was not a limiting factor in the 

suppression of mRNA levels nor did it affect fertility (Suh et al, 2010; Yuan et al, 2014).  The 

previously discussed discovery of the Dicero pathway in mice and rats (Flemr et al, 2013) allows 

them to specifically circumvent the potential need for miRNAs and, consequently, Drosha. This 

becomes a very significant factor when investigating miRNAs in reproduction in other species, 

where Drosha’s role has traditionally been downplayed based on findings in species that have 

evolved a unique pathway that happens not to use this protein.   

Previous analysis of Drosha protein levels and relative expression showed a marked rise in 

the oocyte over maturation and early embryonic development (Tscherner, 2017).  Peak expression 

occurred in the 2-cell zygote, with a dramatic decrease at the blastocyst stage.  Preliminary imaging 

results also showed increased expression and a potential shift in localization of Drosha during 

maturation, however this data was not confirmed.  This correlates with expression data for other 

microprocessor components that were previously investigated by Miles et al (2011).  This data 

may be examined in the context of previously described miRNA profile data, which similarly 

showed increases in mature miRNA levels up to the 8-cell stage, falling off after blastocyst 

formation (Mondou et al, 2012).  Interestingly, Mondou’s analysis of Drosha over maturation 

showed a peak at GV breakdown, with subsequent decreasing expression through maturation and 

early embryonic development. 

Tscherner (2017) also examined the effect of Drosha suppression on select miRNAs in 

embryos by microinjecting small interfering RNA targeting Drosha into one-cell zygotes and 

assessing both miRNA expression and the progression of embryonic development.  Microinjection 

involves the use of very fine needles, in this case to introduce short stranded RNAs with 
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complementary sequences to the mRNA targets that bind with Argonaute proteins to form RISC 

complexes in a manner analogous to miRNA-mediated targeting.  These then result in degradation 

of the mRNA and loss of transcription.  A significant decrease in the cleavage rates of the Drosha-

siRNA group compared to the control and scrambled oligonucleotide treated groups was 

detected.  However, when taken on to the blastocyst stage, while there was some difference 

between the control and Drosha-inhibited groups, none was seen between the Drosha-inhibited 

and scrambled oligonucleotide treated groups.  

1.9  NON-CANONICAL ROLES OF DROSHA 

Drosha is one of the major components of the microprocessor complex as it cleaves the 

transcripts into shorter hairpin pre-miRNA segments.  However, while it has been suggested that 

this canonical function of Drosha may be its primary activity, there have been other non-canonical 

activities attributed to Drosha, which may contribute additional roles in the developing embryo.   

In human cell lines, Drosha was shown to bind promoter regions increasing transcription 

of specific genes.  This interaction occurs between the N-terminal domain of Drosha and two other 

proteins, RNA-binding protein CBP80 and RNA Polymerase II (RNAPolII) (Gromak et al, 2013; 

Lee and Shin, 2018).  Gromak et al (2013) showed that with a decrease in the levels of Drosha 

there was a resultant decrease in the transcription of pre-mRNA and lower levels of certain mature 

mRNAs.  By using CHIP-on-CHIP assays, they noted an abundance of genes that showed binding 

at transcription start sites (TSS) by Drosha. 

DNA-damage induced small RNAs (DDRNAs) are also controlled by Drosha in 

conjunction with Dicer (Francia et al, 2012; Johanson et al, 2013).  It has been demonstrated that  

inactivation of either of these components resulted in a decrease in the formation of these small 

RNAs, and an increase in abnormal cell activity following DNA damage.  The cellular response 

to DNA damage lead to the formation of senescence-associated heterochromatic foci (SAHF), 

which were not functionally altered by ribonuclease suppression, but instead occurred less 

frequently.  Cells with suppressed ribonuclease activity showed evidence of resumption of meiosis 

and DNA replication.  This was further shown to be independent of effects on miRNAs, thus it 

was concluded that the roles of Drosha and Dicer in the DNA damage response is not associated 

with their roles in miRNA biogenesis. 
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Drosha also plays a role in genomic stability by suppressing retrotransposon expression 

that would otherwise lead to harmful mutations.  Drosha does not cleave these sequences, but 

instead “clamps” certain hairpin structures located within the sequences and prevents transposition 

(Lee and Shin, 2018).  Retrotransposons, and other TEs (transposable elements) have been 

identified in mammalian oocytes and disease, often being regulated by PIWI-interacting RNAs 

(piRNAs) (Beck et al, 2011; Malki et al, 2014; Russell et al, 2017).   While Drosha has been shown 

to have little functional influence on piRNA levels (Li et al, 2015), it has been shown that Drosha 

is able to bind RNA from retrotransposons directly and aid in the regulation of expression (Heras 

et al, 2013).  This interaction may result from the conserved stem-loop sequence present in certain 

LINE retrotransposons such as L1 and Alu (Grechishnikova and Poptsova, 2016).  In addition to 

the interaction of Drosha with TEs, there have also been several studies which showed a direct link 

between LINE-1, one of the most common and highly active TEs, and let-7 expression particularly 

in relation to human cancer (Ohms et al, 2014; Tristán-Ramos et al, 2020).  As let-7 has been 

previously established as highly expressed in the oocyte and follicular cells, this interaction is of 

interest in a reproductive context as well. 

A similar “clamping” effect of Drosha is also seen in its antiviral activity, wherein 

cytoplasmic Drosha binds viral hairpins and renders them inert through steric effects (Lin and 

Sullivan, 2011).  Certain viruses such as the Kaposin virus stimulate the relocation of Drosha from 

the nucleus to the cytoplasm, where it may be utilized by the virus or act as a protective factor to 

maintain the latent phase of viral infection (Lin and Sullivan, 2011; Johanson et al, 2013).  This is 

accomplished by the cleavage and suppression of the Kaposin B gene, as well as targeting a 

number of other virus-associated genes through the production of viral miRNA.  It has been 

demonstrated that the levels of Drosha bound to the gene are significantly lower during the lytic 

phase of viral activity, supporting the evidence that Drosha does in fact contribute to viral latency.  

Interestingly, Drosha is not the only component of the Microprocessor that has shown anti-viral 

activity, as DDX-17 has also been shown to identify and “clamp” hairpin structures within two 

bunyaviruses, Rift Valley fever virus (RVFV) and La Crosse virus (LACV) in both Drosophila 

and human cells (Moy et al, 2014). 

Drosha has also been shown to directly target certain RNAs that have similar hairpin 

sequences to those found within pri-miRNA transcripts (Johanson et al, 2013).  This results in a 
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suppression of these genes.  The most notable of these targets is the DGCR8 mRNA.  Cleavage 

and suppression of DGCR8 mRNA results in auto-regulation of the Microprocessor, decreasing 

activity of pri-miRNA processing (Han et al, 2008; Johanson et al, 2013).  The majority of targets 

of direct cleavage appear to be expressed in either stem cells or progenitor cells, particularly neural 

and myelocyte progenitors.  In neural stem cells, Drosha cleaves the Neurogenin 2 (Neurog2) 

mRNA that controls differentiation of progenitor cells into mature cell types (Knuckles et al, 

2012).  This was demonstrated using knockout studies on Drosha, DGCR8 and Dicer.  While loss 

of both Drosha and DGCR8 resulted in lower Ngn2 levels, the Dicer knockout group showed little 

effect.  The same study further examined whether this was controlled by loss of miRNA in the 

knockout lines, however both affected knockout groups had similar miRNA profiles to the wild-

type groups. 

While the effects of Drosha cleavage independent of miRNA biogenesis have been 

examined, further investigation into how Drosha recognizes these sites on mRNA has also been 

performed.  Traditional ultraviolet-crosslinking, immunoprecipitation and sequencing (CLIP-seq) 

was found to be less effective due to decreased binding between double-stranded RNA and its 

target proteins (Liu et al, 1996; Wheeler et al, 2018).  Formaldehyde-crosslinking has been shown 

to be more effective and was utilized to determine cleavage sites on non-canonical targets of 

Drosha (Au et al, 2014; Ricci et al, 2014; Kim et al, 2017).  Mapping of canonical sites in 

HEK293T and HeLa cells was performed initially to confirm sequencing results, followed by 

identification of numerous non-canonical substrates.  In the results presented, there was noted to 

be significantly less stability in non-canonical structures, resulting in a much lower production of 

small RNAs (Kim et al, 2017).  Whether production of small RNAs or physical cleavage of non-

canonical targets resulted in loss of function was not addressed, and suggests a need for further 

investigation. 

One element of the non-canonical functions of Drosha appears to involve a shift from 

nuclear to cytoplasmic locations under specific conditions.  In the case of viral infection, as noted 

previously, Drosha is recruited to the cytoplasm in order to regulate levels of viral mRNA (Lin 

and Sullivan, 2011; Shapiro et al, 2012).  Additionally, investigation of the stress response has 

shown that phosphorylation of Drosha occurs through p38 MAPK activity (Yang et al, 2015).  

Phosphorylation destabilizes Drosha’s association with DGCR8 and allows it to be localized to 
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the cytoplasm.  In this instance, however, rather than utilization for cytoplasmic cleavage of RNAs, 

Drosha is degraded down by calpain as part of the cell death pathway (Yang et al, 2015).  

Nevertheless, it provides an example of intracellular redistribution of the protein that highlights 

the potential for cellular location to be linked with overall Drosha function. 

1.10  NON-CANONICAL FUNCTIONS OF DGCR8 

In addition to Drosha, its partner in the microprocessor, DGCR8, has been shown to have 

alternative functions outside of the miRNA biogenesis.  Primarily a structural identifier and 

stabilizer during pri-miRNA processing, DGCR8 recognizes the junction between single and 

double stranded RNA and binds the apical loop of the hairpin structure on pri-miRNAs, allowing 

Drosha to bind to the basal region and cleave the hairpin with flanking sequences (Zeng and 

Cullen, 2005; Kim et al, 2017). 

In several of the studies examining non-canonical functions of Drosha, a DGCR8 knockout 

or silencing model was also examined, which led to similar effects as those seen in Drosha 

depletion.  This included the self-regulation of the Microprocessor by binding with DGCR8 

mRNA and resultant cleavage to suppress DGCR8 (Han et al, 2008), and the inhibition of Ngn2 

expression (Knuckles et al, 2012).  Through the use of high-throughput sequencing and cross-

linking immunoprecipitation (HITS-CLIP), it was determined that DGCR8 actually targeted non-

miRNAs more frequently than miRNAs (Macias et al, 2011).  Some of these targets were not 

found to be associated with Drosha, thus it was proposed that DGCR8 interacts with alternate 

proteins in order to effect these results.   

The less complex class I ribonuclease proteins (RNPs) found in bacteria and yeast were 

once thought to process many double-stranded RNAs, including the small non-coding RNAs, 

while more complex RNPs did not.  However, it was more recently found that some of these 

interactions were evolutionarily conserved in class II and III RNPs, Drosha and Dicer (Johanson 

et al, 2013).  Similarly, DGCR8 was shown to interact with mRNAs, long non-coding RNAs 

(lncRNAs) and small nucleolar RNAs (snoRNAs).  The snoRNAs in particular were shown to be 

cleaved independently of Drosha, supporting an alternate interaction of DGCR8 with other 

proteins.   

In association with Drosha, it was also found that DGCR8 controlled levels of the lncRNA 

MALAT1 (metastasis-associated lung adenocarcinoma transcript 1).  In HeLa cells where Drosha 
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was depleted, there was a significant increase in the level of MALAT1.  This was then examined 

in mouse embryonic stem cells (mESCs) that had undergone DGCR8 knockout with similar 

results.  Dicer knockout did not result in an increase of MALAT1, thus it was concluded that this 

was independent of miRNA function.   

An additional Drosha-independent function of DGCR8 was found to be associated with its 

phosphorylation state and its interaction with TCF7L1 (Cirera-Salinas et al, 2017).  TCF7L1 is 

necessary for the differentiation of mESCs and their pluripotent status through control of factors 

DNMT3B, SOX, OCT4 and NANOG.  In both DGCR8 knockout models, as well as those in which 

DGCR8 phosphorylation sites were mutated to mimic wild-type phosphorylation, mESCs were 

unable to differentiate.  The phospho-mutant DGCR8 model was still capable of producing 

miRNA profiles similar to that of WT models, thus it was concluded that the effects were 

independent of miRNA biogenesis.  It was further shown that cells expressing a long-form 

TCF7L1, when upregulated, led to increased differentiation, while those with a short-form 

TCF7L1 showed a decrease or complete loss of differentiation potential.  It was determined 

through the use of a minigene vector that DGCR8 bound to a stem-loop within the TCF7L1 mRNA 

and resulted in alternative splicing to form the two isoforms. 

SUMMARY AND RATIONALE 

 By reviewing the current literature on the functions of Drosha in the biogenesis of miRNAs 

and other functions, it is clear that there is a large variety of potential roles it may play in 

reproduction.  miRNAs are essential to post-transcriptional gene expression in both the developing 

oocyte and follicle as well as the early embryo to facilitate the MZT.  Apart from oocyte 

development, miRNAs have been shown to influence inter-cellular communication, interactions 

with neighbouring cells and fate of the follicles.  Additionally, miRNAs and the Microprocessor 

have been shown to influence embryonic development in a wide range of other tissue types.  Since 

there is a highly complex relationship of control between the follicular cells, the cumulus oophorus 

cells, and the oocyte itself, the timing of which is further regulated by hormones it is important to 

consider miRNA biogenesis as part of this process.  Additionally, as coordination of 

developmental timing has also been shown to improve reproductive outcome, this continues to be 

an area of interest not only for improving in vitro fertilization, but also establishing consistent 

conditions for functional studies. The canonical miRNA pathway is reliant on the Microprocessor, 
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and in mono-ovulatory species, Drosha.  This brings into question where the Microprocessor is 

primarily functioning in oocytes and granulosa cells and what effects alterations in the levels of 

the protein have on overall miRNA expression and subsequent mRNA regulation.  Many studies 

have looked at the overall expression profiles for specific miRNAs in the maturing oocyte and 

zygote, however Drosha’s full role has yet to be elucidated.  As alternate functions of Drosha have 

also been observed, along with nuclear to cytoplasmic shifts in localization, there are likely to be 

additional roles for Drosha in optimizing reproductive competence. Overall, the role of miRNA 

and the Microprocessor in reproduction is likely multifaceted and increased basic understanding 

of Drosha’s basic expression and localization behaviour will be important in unraveling the 

complexities of its functions. 
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Figure 1.2.  Functions of Drosha in the ovarian follicle.  While Drosha is involved in many aspects of 
follicular development, oocyte maturation and zygotic development, some of the key areas are seen in 
regulation of miRNA biogenesis and feedback loops.  A.  Primordial germ cells (PGCs) undergo waves of 
apoptosis regulated by miR-21, a highly important miRNA found in the follicle, cumulus cells and 
developing oocyte.  This is also seen in regulation of cumulus cell apoptosis via oocyte-secreted factors.  
MiR-21 biogenesis is initiated by Drosha and the Microprocessor.  B.  Follicular development has been 
shown to be regulated by growth factors TGF-ß and BMP.  These two factors activate Smad proteins which 
in turn bind with the Microprocessor to recognize and process primary transcripts for TGF-ß and BMP, 
initiating cleavage to mature forms.  C.  Drosha expression increases over maturation and early embryonic 
development, concurrently with an increase in mature miRNA which aid in the regulation and silencing of 
stored maternal mRNA transcripts to prepare for the maternal-zygotic transition (MZT).  Created with 
BioRender.com. 
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HYPOTHESIS AND OBJECTIVES  
Previous work performed within our laboratory found significant changes in miRNA 

expression that included increased expression of miRNA involved in cell cycle regulation, 

apoptosis and metabolism (Gilchrist, 2015; Tscherner, 2017).  Concurrently, zygotic cleavage rates 

were observed to be decreased in comparison to control cells.  Investigation into the primary 

transcripts of these key miRNA showed variable presence with increasing pri-miRNA expression 

during maturation but decreasing just prior to full maturation.   

It has been postulated that the biogenesis and subsequent actions of miRNA may come 

from other regions of the ovarian follicle or surrounding cumulus layer.  While the origin of pri-

miRNA localized within the oocyte is not clear, it may be that the mechanisms required for pri-

miRNA processing may function within the oocyte either in tandem with or independent of the 

surrounding cell layers. 

The literature reviewed above, coupled with these in-house observations, led to the 

following hypothesis:  Drosha expression in oocytes and cumulus cells coupled with cellular 

redistribution during oocyte maturation facilitates microRNA processing and contributes to the 

regulation of gene expression in the early bovine embryo. 

To address this hypothesis, we developed the following specific objectives: 

1) Determine the levels of Drosha expression in maturing oocytes and surrounding cumulus 

cells during oocyte maturation in vitro. 

2) Develop strategies to extend the maturation period/prolong meiotic arrest to facilitate 

molecular studies on Drosha-dependent miRNA processing in the maturing oocyte. 

3) Assess the effects of Drosha suppression on miRNA processing in cumulus cells and 

oocytes. 
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CHAPTER 2.  MATERIALS AND METHODS 

EXPERIMENTAL DESIGN AND MODIFICATIONS 

 In order to determine both the presence of Drosha and its role in bovine oocyte maturation 

and fertilization, we began with visualization of Drosha within the oocytes from immature GV-

stage oocytes, in vitro matured MII-stage oocytes and, where possible, 24-hour post-fertilization 

presumptive zygotes (PZs).  To achieve this, a reproducible, representative group of 

immunofluorescent images was attained using confocal microscopy to confirm the shift in Drosha 

localization and expression over the course of maturation.  As silencing of Drosha had only been 

previously completed in 1-cell zygotes, a reproducible means of silencing in immature oocytes 

was considered in order to assess its effects over maturation and early embryonic development.  

To enable silencing in the smaller GV-stage oocytes without the use of microinjection, gapmeR 

antisense oligonucleotide transfection would provide highly specific silencing, however due to the 

density of the CC layers around the oocyte, transfection would require increased exposure time.  

To provide sufficient transfection time, investigation into meiotic arrest was performed prior to 

silencing work.  As some meiotic arrest agents have been shown to have adverse effects on oocyte 

maturation and reproductive potential, it was necessary to identify the optimal agent that showed 

little or no observable effects on cellular structure, normal progression of maturation changes, and 

Drosha and miRNA expression profiles.   

To further assess what effect silencing of Drosha had on several of the key miRNAs found 

in the oocyte over maturation and post-fertilization, qRT-PCR was used to obtain relative 

expression profiles between pri-miRNAs and miRNAs.  Targets included pri- and miRNA-21, -

155 and -222.  In order to augment the information gained, it was proposed to also assess the 

expression of the microprocessor components, Drosha, DiGeorge syndrome critical region gene 8 

(DGCR8) and DEAD-box helicase protein p72 (DDX-17). 

Due to a shortage of ovaries during the COVID-19 pandemic, the focus ultimately shifted 

to investigate Drosha suppression using small interfering RNAs (siRNAs) in bovine cumulus cells 

in order to model some aspects of their function in a cell type relevant to the follicle.  Established 

passage-6 cell lines from previously cryopreserved GCs were re-established over 72 hours then 

treated for 48 hours with Drosha siRNA, scramble siRNA or OptiMEM control.  RNA extraction 
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and cDNA synthesis were performed, followed by qRT-PCR for pri-and miRNA-21, -10b and -

let7d to determine relative expression between silenced and control groups. 

2.1  OOCYTE COLLECTION AND PREPARATION 

 Bovine ovaries were collected from Cargill Meats Solutions, Guelph, immediately 

following slaughter and placed into 37°C isotonic saline.  They were transported to the laboratory 

and incubated at 37°C until aspiration within 2 hours of collection.  Follicles were vacuum 

aspirated into 37°C F-10 collection media.  Ambient room temperature was maintained between 

30 and 32°C.  Only follicles between 2-8 mm were selected for aspiration.  Follicular contents 

were then collected into 50 mL conical tubes and allowed to settle for 5-10 minutes prior to 

separation. 

 After cell settling, the supernatant was aspirated, leaving cells in 4-5 mL of solution.  

Contents of the tubes were swirled to mix, then poured into 2 prepared 100 mm petri dishes.  Dishes 

were topped up with enough F-10 media to cover surface of dish to approximately 2 mm depth.  

Two 35 mm dishes were prepared with 2-3 mm F-10 media for transfer of cumulus-oocyte 

complexes (COCs). 

 Using a warmed microscope at ~38°C to maintain cell viability, plates were systematically 

searched over scored channels to select viable COCs.  Criteria for viability included uniform 

density of the cumulus layer, minimal expansion visible in the cumulus layer, a minimum of 3-4 

cell layers surrounding the oocyte, uniform oocyte appearance (not darkened or “moth-eaten”) and 

adherence of the cumulus layer around the oocyte surface.  Two full scans were performed on each 

plate, and COCs were collected with a wiretrol and transferred to a secondary dish. 

2.2  OOCYTE PROCESSING 

 Collected COCs were divided into groups according to the experimental design.  For the 

meiotic arrest optimization, these were further subdivided as described below.  Primary division 

of COCs for all experiments are shown in Figure 2.1. 
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Figure 2.1.  Distribution of COCs to experimental groupings.  Following collection, oocytes were 
divided into 4 primary groups for processing as either GV oocytes, meiotically arrested GV oocytes, MII 
oocytes, meiotically arrested MII oocytes, or 24 hr post-fertilization presumptive zygotes.  Processed cells 
were then either immunofluorescently imaged or RNA-extracted.  Created with BioRender.com. 

For GV oocytes, COCs were transferred into the first well of a 4-well plate in which 700 

µL of pre-made phosphate-buffered saline (PBS) + 0.1% polyvinyl alcohol (PVA) had been added 

to wells 1, 2 and 4.  Cumulus cells were removed by physical disruption using a glass pipette and 

suction bulb or 200 µL pipette, gently vortexing the suspension while visualizing to assess the 

degree of dispersion.  Cells were denuded through two wells, followed by incubation for 10 min 

at 38.5°C in the third well of 2mg/mL warmed hyaluronidase.  Cells were gently vortexed, then 

transferred to PBS/PVA solution for washing in the fourth well. 

 For MII oocytes, IVM media was prepared prior to collection.  The media contained 5 mL 

S-IVM media, 5 µL LH [1 µg/mL], 6.25 µL FSH [0.5 µg/mL] and 5 µL estradiol [1 µg/mL].  Plates 
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for IVM were prepared by pipetting 5-6 evenly spaced anchor drops onto a 35 mm dish, covering 

with 3.5 mL sterile-filtered mineral oil and adding an additional 75 µL of IVM media to each 

anchor drop.  COCs were washed twice in S-IVM then once in IVM prepared media.  Using a 

wiretrol, 15-20 COCs were transferred into each droplet while visualizing to ensure transfer.  

Plates were incubated for 22 hours at 38.5°C and 5% CO2.  Following maturation, COCs were 

transferred into 700 µL of PBS/PVA in a 4-well plate and oocytes were denuded as previously 

described, or prepared for fertilization.  Denuded oocytes were visualized prior to further 

processing using the Leica MZ95 microscope to assess polar body formation and maturation ratio. 

2.3  IMMUNOFLOURESCENCE STAINING AND CONFOCAL MICROSCOPY 

 GV oocytes were denuded following collection, assessment and washing, while MII 

oocytes were incubated to maturation for 22 hours prior to processing.  Following denuding, 

oocytes were transferred to a fresh 4-well plate containing PBS/PVA in wells 1, 2 and 4.  Oocytes 

were washed twice, then fixed in 1% PFA in third well for 20 minutes at room temperature.  As 

GV oocytes were processed ~24 hours prior to MII oocytes, they were transferred to PBS/PVA 

immediately following fixation and stored overnight at 4°C in stasis until MII oocytes were ready 

for staining.  MII oocytes and GV oocytes were washed in fresh PBS/PVA immediately prior to 

immunostaining. 

 Following the final wash, oocytes were separated into groups of maximum ten oocytes in 

10 µL blocking buffer (BB - 1X PBS, 0.01% Triton-X100 and 5% NDS) for one hour at room 

temperature in a 96-well microwell plate.  Working in low light, test oocytes were then transferred 

to 10 µL Drosha antibody (CST#3364) at a concentration of 1:200, while negative and secondary 

control oocytes were transferred to 10 µL antibody dilution buffer (ADB - 1X PBS, 0.005% Triton-

X100 and 0.05% NDS) without Drosha antibody.  Negative controls were only exposed to ADB 

or PBS throughout incubation, while secondary controls were treated with secondary antibody but 

no primary Drosha antibody.  The plate was placed inside a light-shielded humidified chamber and 

incubated for 16 hours at 4°C. 

 Following incubation, cells were washed three times in ADB for 30 minutes each wash at 

38.5°C.  Test and secondary control cells were treated with secondary antibody (anti-rabbit 

AlexaFluor488, CST#4412) while negative control cells were transferred to 1X PBS.  All were 
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incubated for one hour at 38.5°C.  Oocytes were washed in 1X PBS three times for 30 minutes per 

wash at 38.5°C.  All oocytes were then counterstained in 10 µL per group of pre-mixed rhodamine 

phalloidin (ThermoFisher) [1:200] + 4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI, 

Sigma-Aldrich) [1:2000] and incubated for 30 minutes at 38.5°C.  All groups were then washed 

two times in 1X PBS for 30 minutes per wash at 38.5°C.  The above steps were all performed in 

the light-shielded humidified chamber. 

 Slides were prepared for each group as follows:  Using plastic coated reinforcement circles 

on 22x22 mm coverslips, 20 µL of 0.01% poly-L-lysine was pipetted into centre of ring and 

allowed to sit for 5-10 minutes.  Excess liquid was pipetted off and coverslips were dried in covered 

box for one hour.  Oocytes were transferred through two 10 µL drops of Vectashield mounting 

medium, then transferred onto prepared coverslip.  Once positioning had been visualized for 

optimal mounting, slides were allowed to sit for two minutes to allow oocytes to adhere prior to 

adding 7-8 µL of Vectashield evenly over surface to cover oocytes.  Slides were laid over coverslip 

and visualization of oocytes and positions was confirmed.  Slides were inverted and allowed to set 

for 5-10 minutes before sealing coverslip with clear nail polish.  Slides were dried for 20 minutes 

lying flat in the dark, then transferred flat to 4°C until next day for microscopy. 

 Oocytes were visualized using the Olympus FV1200 confocal microscope and Fluoview 

software.  Analysis was done at an aspect ratio of 1024x1024 and speed of 4 µsec/pixel.  Minimum 

saturation of image was identified using DAPI filter, then the image was optimized for Drosha 

visualization and minimal saturation.  The final frame was optimized for visualization of 

rhodamine phalloidin.  XY image capture was run with the Kalman filter.  Negative and secondary 

controls were then visualized using the same settings for Drosha as test slides.  Analysis of images 

was done subjectively by direct visual comparison. 

2.4  IN VITRO FERTILIZATION 

 Prior to in vitro fertilization, Hepes-Sperm Tyrode’s albumin lactate pyruvate medium (24 

mL pre-prepared HP/SP TALP + 1 mL 15% BSA in HP/SP TALP) and IVF TALP (9.6 mL pre-

prepared IVF TALP + 400 µL 15% BSA in HP/SP TALP) were prepared to allow for equilibration 

at 38.5°C and 5% CO2.  Two 35 mm wash dishes of each were prepared, and droplet dishes were 

prepared for IVF TALP using the same protocol as for IVM droplets (six droplets total per dish).  
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Sperm tubes were prepared using 1.5 mL into two 4 mL plastic capped sterile tubes and allowed 

to incubate at the same conditions for two hours prior to thawing of semen.  A 15 mL conical tube 

was filled with 7 mL of HP/SP TALP to be used for sperm wash. 

 At 21.25 hours after initiation of IVM, one straw of semen was thawed in a warm water 

bath for 30-45 seconds.  Semen was placed in empty tube, then 80 µL of semen were pipetted into 

the bottom of each of the two prepared sperm tubes, ensuring minimal mixing.  Tubes were 

incubated for 45 minutes at 38.5°C and 5% CO2 to allow for sperm swim-up.  Just prior to 

completion of incubation, matured COCs were washed twice in HP/SP TALP and twice in IVF 

TALP.  At completion of swim-up, 1.2 mL of supernatant was removed from each tube, placed in 

sperm wash and centrifuged at 200 g for 7 minutes.  During centrifugation, COCs were transferred 

to outer droplets in groups of 20.  Once centrifugation was complete, supernatant was removed 

leaving 100-200 µL, ensuring solution was kept warm.  20 µL of solution was pipetted into the 

central droplet to assess sperm quality, then 20 µL was added to each of the remaining droplets 

and incubated at 38.5°C and 5% carbon dioxide (CO2) for 18 hours. 

 At 24 hours post-IVF, all presumptive zygotes were collected into 2 mL HP/SP TALP in a 

conical tube.  Samples were denuded by vortexing for 90 seconds at medium speed.  PZs and wash 

fluid were pipetted into 2-3 wells of a 4-well plate along with a small amount of HP/SP TALP 

used to wash the tube.  Further denuding was performed by manual vortexing with a pipette, then 

PZs were transferred to two HP/SP TALP washes followed by two PBS washes.  PZs were not 

cultured further for the purposes of this work. 

2.5  FREEZING OF OOCYTES, PZs AND CCs FOR RNA ANALYSIS 

 For each treatment group, 40 oocytes or zygotes were collected and frozen for RNA 

analysis cohorts.  These cohorts were processed simultaneously to those collected for IF imaging, 

but in separate plates to allow collection of the accompanying cumulus cells for each cohort. 

 Following denuding of the oocytes or PZs, these were then transferred to a pre-labelled 1.0 

mL tube using a minimal amount of wash and flash frozen in liquid nitrogen.  The CCs and wash 

liquid from the first two wash wells and the hyaluronidase well was transferred to a 1.0 mL tube.  

The tube was centrifuged for six minutes at 600 g, the supernatant pipetted off, and 800 µL of pre-

prepared PBS/PVA added to the tube.  The mixture was vortexed to mix and re-centrifuged.  The 
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supernatant was again pipetted off and the pellet flash frozen.  All samples were stored at -80°C 

until RNA extraction was performed. 

2.6  RNA EXTRACTION, cDNA SYNTHESIS AND qRT-PCR OF OOCYTES AND 
ZYGOTES 

 RNA extraction and cDNA synthesis were performed as follows:  Total RNA extraction 

was performed using Qiagen microRNEasy® extraction kit as per manufacturer’s instructions.  

Following RNA extraction, Nanodrop was not performed due to the previously established low 

concentration of RNA in oocytes and zygotes.  Samples were stored at -80°C until cDNA 

synthesis. 

 For cDNA synthesis of samples for pri-miRs and mRNA, the samples were processed using 

qScript® cDNA Synthesis Kit (QuantaBio) as per manufacturer’s guidelines, however 

thermocycler temperature settings were adjusted as per previously established protocols within the 

lab group.  Pre-incubation cycle temperature was increased from 22°C to 25°C, but no other 

changes were made.  MiRNA cDNA synthesis was performed using qScript® microRNA cDNA 

Synthesis Kit (QuantaBio) according to manufacturer’s guidelines.  No changes were made to the 

manufacturer’s protocol for miRNA.  For each treatment group, no-reverse-transcriptase (NRT) 

and no-template-control (NTC) samples were made to act as negative controls for the synthesis 

step during qRT-PCR. 

 qRT-PCR was performed on all samples using SensiFASTTM SYBR® No-ROX Kit 

(Bioline) as per manufacturer’s guidelines.  A master mix was made for each target using primers 

(Table 2.1) obtained from University of Guelph Lab Services Oligo Synthesis service.  Primers 

were diluted to 10 µM with nuclease-free water (NFW) and added to the master mix in the 

recommended volumes for a final concentration of 5 µM per reaction for pri-miRNA and mRNA 

and 2 µM for miRNA.  NFW and SYBR volumes were also calculated for the number of sample 

wells at a 10 µL final well volume.  cDNA for each sample was added to the corresponding well 

in triplicate at 2 µL per well.  Housekeeping genes which had been previously used within our lab 

and validated as being stably expressed in oocytes through in-house work or external source 

literature were selected as reference genes (discussed further in Discussion page 58).  GAPDH and 

YWHAZ were used for normalization of pri-miRNA and mRNA targets, and miRNA-106a and -
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191 were used for normalization of miRNA targets (Goosens et al, 2005; Buratini et al, 2007; 

Tscherner, 2017; Hooper, 2018; Sabry, 2019).   qRT-PCR was performed using the BioRad CFX 

ConnectTM Real-Time PCR Detection System and the CFX96 TouchTM Real-Time PCR System.  

Pri-miRNA and mRNA samples were run at an annealing temperature of 60°C in a two-step 

procedure of 45 repeat cycles, and miRNA samples were run at an annealing temperature of 65°C 

in a three-step procedure of 45 repeat cycles.  Data was analyzed and recorded using the BioRad 

CFX Maestro qPCR Analysis software. 

 

Table 2.1.  Targets and primer sequences used for qRT-PCR analysis in oocytes and zygotes. 

Gene 
symbol Gene name NCBI Reference 

Sequence Primer/set sequences (5’-3’) Efficiency 
(%) 

Product 
Length 

(nt) 
Reference 

miR-21 microRNA-21-5p NR_030880.1 GCTAGCTTATCAGACTGATGTTGACTAAA 92.4 71 Tscherner, 
2017 

pri-miR-21 Primary microRNA-21 MF966934                        
MF966935 

F:  ATGGCTGTACCACCTTGTCG                                
R:  GTGCCACTAGACCTAAGGACC 102.7 192 Tscherner, 

2017 

miR-155 microRNA-155 MIMAT0000646 TGCTAATCGTGATAGGGGTAAA 93.1    Lawless et al, 
2014 

pri-miR-155 Primary microRNA-155 MI0009752 F:  GTGGGCTGTGTGCTGTTAATG                              
R:  TGGTTCCATGTGAATGCGTG  98.1 113 Gilchrist et al, 

2016 

miR-222 microRNA-222-3p NR_030882.1 TACCCTCAATGGCTCAGTAGC 101.4 78  Gilchrist et al, 
2016 

pri-miR-222 Primary microRNA-222-
3p MI0004744 F:  ATCTAGCTGCTGGAATGTGTAG                           

R:  ATCTCACTCAGGACACAGTAAC 109.8 110 Gilchrist et al, 
2016 

miR-106a microRNA-106a MIMAT0000103 CGCCAAAAGTGCTTACAGTGC 104.9 81 Hooper, 2018  

miR-191 microRNA-191 NR_031348.1 CAACGGAATCCCAAAAGCAGCTG 93.5 91 Hooper, 2018 

GAPDH Glyceraldehyde-3-
phosphate dehydrogenase NM_001034034 F:  TGTTGTGGATCTGACCTGCC                                

R:  TGTCGTACCAGGAAATGAGCTT 106.5 224 Buratini et al, 
2007  

YWHAZ 

Tyrosine 3-
monooxygenase/         

tryptophan 5-
monooxygenase 

activation protein zeta 

BM446307                           
XM_019973801 

F:  GCATCCCACAGACTATTTCC                                
R:  GCAAAGACAATGACAGACCA 100.3 120 Goosens et al, 

2005 
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 2.7  MEIOTIC ARREST OPTIMIZATION AND TREATMENT 

Based on previous work on the efficacy and effects of meiotic arrest agents, 6-DMAP 

(Rime et al, 1988; Avery et al, 1998; LeBeux et al 2001) and cycloheximide (Tatemoto et al, 1994; 

Park et al, 1999; Tscherner, 2017) were eliminated as possible choices for this study. BL-I, 

roscovitine and NPPC have been shown to reversibly inhibit meiosis in GV stage oocytes with 

significant reduction in downstream effect (Kubelka et al, 2000; Hashimoto et al, 2002; Coy et al, 

2005; Barretto et al, 2007; Franciosi et al, 2014; Zhang et al, 2016; Xi et al, 2017; Zhang et al, 

2018).  As the primary focus of this study was the effect of silencing Drosha function, it was 

important to ensure that any meiotic arrest agent would not alter Drosha or miRNA expression.  

Concentrations and incubation time were extrapolated from previous studies (Kubelka et al, 2000; 

Hashimoto et al, 2002; Le Beux, Richard and Sirard, 2003; Coy et al, 2005; Barretto et al, 2007; 

Lee et al, 2014; Zhang et al, 2016; Xi et al, 2017), and where multiple conditions were considered, 

those with the best outcome or an average value was used.  Immediately following final processing, 

all groups were transferred to 1% PFA and immunostained as described in section 2.3, including 

negative and secondary controls for control, vehicle and treatment groups.  Oocytes were mounted 

and images collected for subjective comparison with controls and other treatment groups. 

2.7.1  Natriuretic peptide precursor type-C (NPPC) treatment 

COCs were collected and processed as previously described in section 2.1.  Following 

isolation of good quality COCs, these were divided into groups as follows: GV control, GV 

vehicle, GV following meiotic arrest, IVM to MII control, IVM following vehicle only to MII, and 

IVM following meiotic arrest to MII.  Control COCs were prepared as described in section 3.2, 

with vehicle control groups being incubated in Milli-Q water for 30 minutes at 38.5°C prior to 

denuding (GVs) or introduction into IVM droplets.  After incubation, vehicle controls were either 

washed in PBS/PVA and frozen, or washed in S-IVM media and transferred to IVM droplets.  

Treatment group COCs were transferred from F-10 wash into 200 nM NPPC (Sigma) in Milli-Q 

water and incubated for 6 hours at 38.5°C and 5% CO2 (protocol adapted from Zhang et al, 2016, 

2018; Xi et al, 2017).  Following incubation, COCs were washed and processed as GV oocytes or 

IVM COCs as previously described for immunofluorescent imaging.   
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2.7.2 Roscovitine treatment 
COCs were collected, processed and divided into groups as for NPPC samples.  Vehicle 

control samples for roscovitine were incubated in 0.02% DMSO for 30 minutes at 38.5°C prior to 

denuding (GVs) or introduction into IVM droplets, then processed as above.  Treatment group 

COCs were transferred from F-10 into 50 µM roscovitine (Sigma) in DMSO for 24 hours at 38.5°C 

and 5% CO2 (protocol adapted from Le Beux, Richard and Sirard, 2003; Coy et al, 2005; Barretto 

et al, 2006; Lee et al, 2014).  Following incubation, COCs were washed and processed as GV 

oocytes or IVM COCs as previously described for immunofluorescent imaging.   

2.7.3 Butyrolactone I treatment 

COCs were collected, processed and divided into groups as for above samples.  Vehicle 

control samples for BL-I were incubated in 1.5% ethanol (EtOH) for 30 minutes at 38.5°C prior 

to denuding (GVs) or introduction into IVM droplets, then processed as above.  Treatment group 

COCs were transferred from F-10 into 100 µM BL-I (EMD Millipore) in DMSO for 24 hours at 

38.5°C and 5% CO2 (protocol adapted from Kubelka et al, 2000; Hashimoto et al, 2002; Le Beux, 

Richard and Sirard, 2003; Lee et al, 2014).  Following incubation, COCs were washed and 

processed as GV oocytes or IVM COCs as previously described for immunofluorescent imaging 

or RNA extraction.    

2.8  CUMULUS CELL CULTURE 

Cumulus cell culture was established using previously cryopreserved cell lines which had 

been cultured to passage six within the lab from freshly collected bovine CCs, as per protocol 

described by Sabry (2019).  Cells were thawed in a 38°C water bath for three minutes, washed in 

stock high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM, Wisent) supplemented with 4 

mM L-glutamine (Life Technologies) and 1% penicillin-streptomycin (Sigma-Aldrich) and 

resuspended in supplemented DMEM plus 20% fetal bovine serum (FBS, ThermoFisher).  Cells 

were pipetted into a T75 flask, swirled for distribution and incubated for 72 hours at 38.5°C and 

5% CO2.  For untreated standard samples and cryopreserved samples, cells were trypsinized and 

split into four T75 flasks or 100 mm culture dishes and further incubated for 48 hours.  Cells were 
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then washed once with DMEM, trypsinized and centrifuged in trypsin and DMEM plus 10% FBS.  

For standards, the cell pellet was washed once in sterile PBS in a 1.5 mL microcentrifuge tube, 

centrifuged at 10,000 rpm for 5 minutes and pellet was flash frozen in liquid nitrogen (LN2).  

Samples were stored at -80°C until RNA extraction.  For cells being cryopreserved for subsequent 

revival, following trypsinization and centrifugation, cells were resuspended in DMEM plus 20% 

FBS plus 10% dimethyl sulfoxide (DMSO, ThermoFisher) and slow cooled at -80°C.  Samples 

were transferred to LN2 for long-term storage. 

2.9  siRNA TRANSFECTION AND HARVEST OF CELLS INCLUDING FREEZING 

Cumulus cells were revived and cultured for 72 hours as described above.  Once a 

subjective and qualitative visual confirmation of 70-75% confluence had been reached, cells were 

counted using the TC10 Automated Cell Counter (BioRad).  Cells were seeded onto 6-well tissue 

culture plates at a concentration of 2.5 x 105 per well in 2 mL supplemented DMEM plus 10% 

FBS.  Plates were incubated at 38.5°C and 5% CO2 for 24 hours until 70% confluence was reached.  

Media was replaced with 5% FBS-DMEM 30 minutes prior to siRNA transfection.  Sequences for 

Drosha siRNA (sense 5’CAGUCCUCCCUGCUGUCCAAGAUUU’3, and anti-sense 

5’AAAUCUUGGACAGCAGG GAGGACUG’3) and Drosha scramble siRNA (sense 

5’CAGCUCUCCUCGCUGAACAG UCUUU’3, and anti-sense 

5’AAAGACUGUUCAGGAGGAGAGCUG’3) were previously obtained through Invitrogen’s 

BLOCK-iT RNAi Designer and purchased through Sigma-Aldrich.  Lyophilized siRNA was 

diluted to 20 µM in TE buffer upon receipt and stored at -20°C.  As per previously established 

concentration protocols (Tscherner, 2017), 100 pmol of siRNA was used per well.  siRNA and 

Lipofectamine 2000 (ThermoFisher), as per manufacturer’s directions, were diluted in Opti-MEM 

(ThermoFisher), mixed 1:1 and incubated for 20 minutes at room temperature prior to transfection.  

250 µL of siRNA mixture was added to each treatment well, and 250 µL of Opti-MEM was added 

to control wells.  Cells were incubated at 38.5°C and 5% CO2 for 48 hours for previously optimized 

knockdown.   

Following incubation, wells were washed with standard DMEM, trypsinized and 10% 

FBS-DMEM added.  Contents were collected in 1.5 mL tubes, centrifuged at 10,000 rpm for five 
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minutes, then washed once in sterile PBS and recentrifuged.  Supernatant was removed and cell 

pellets were flash frozen in LN2 and stored at -80°C until RNA extraction. 

2.10  RNA EXTRACTION, cDNA SYNTHESIS AND qRT-PCR OF CUMULUS CELLS 

RNA extraction and cDNA synthesis were performed on paired treatment groups for 

consistency when performing qRT-PCR.  Total RNA extraction was performed using Qiagen 

microRNEasy® extraction kit as per manufacturer’s instructions.  Due to the presence of genomic 

DNA contamination in the initial cohorts, samples were treated with DNase using Qiagen RNA-

free DNase Kit as per the manufacturer’s protocol during column washing.  Following RNA 

extraction, Nanodrop was performed to obtain concentrations for the RNA samples.  Samples were 

stored at -80°C until cDNA synthesis. 

 For cDNA synthesis of samples for pri-miR and mRNA analysis, 1 µg of each sample was 

processed using qScript® cDNA Synthesis Kit (QuantaBio) as per manufacturer’s guidelines and 

as previously described in section 2.6.  Similarly, miRNA cDNA synthesis was performed using 

qScript® microRNA cDNA Synthesis Kit (QuantaBio) according to manufacturer’s guidelines.  

For each pair of treatment groups, no-reverse-transcriptase (NRT) and no-template-control (NTC) 

samples were made to act as negative controls for the synthesis step during qRT-PCR. 

 qRT-PCR was performed on all samples using No-ROX Kit (FroggaBio) as per 

manufacturer’s guidelines and as previously described in section 2.6.  A master mix was made for 

each target using primers (Table 2.2).  Primers were diluted to 10 µM with NFW and added to the 

master mix in the recommended volumes.  cDNA for each sample was added to the corresponding 

well in triplicate at 2 µL per well.  Pri-miRNA and mRNA levels were normalized to GAPDH and 

YWHAZ, and miRNA levels were normalized to miRNA-106a and -191 (see section 2.6 and 

Discussion page 58).  qRT-PCR was performed using the BioRad CFX ConnectTM Real-Time PCR 

Detection System and the CFX96 TouchTM Real-Time PCR System.  Following temperature 

gradient analysis for all primers, annealing temperatures were adjusted as follows:  Drosha mRNA 

was run at 60°C, pri-miRNA-21-5p and -Let-7d were run at 61°C, and pri-miRNA-10b was run at 

55.5°C.  miRNA samples were run as previously described in section 2.6.  Data was analyzed and 

recorded using the BioRad CFX Maestro qPCR Analysis software. 
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Table 2.2.  Targets and primer sequences used for qRT-PCR analysis in cumulus cells. 

Gene 
symbol Gene name NCBI Reference 

Sequence Primer/set sequences (5’-3’) Efficiency 
(%) 

Product 
Length 

(nt) 
Reference 

Drosha Drosha XM_005221630.4  F:  TGTATGACTGGAATCTCAAAGGTCC                            
R:  CGGGAACAAGGGCTTTGCTA 106.5  171 Tscherner, 

2017  

miR-21 microRNA-21-5p NR_030880.1 GCTAGCTTATCAGACTGATGTTGACTAAA 92.4 71 Tscherner, 
2017 

pri-miR-21 Primary microRNA-21 MF966934                        
MF966935 

F:  ATGGCTGTACCACCTTGTCG                                
R:  GTGCCACTAGACCTAAGGACC 102.7 192 Tscherner, 

2017 

miR-10b microRNA-10b NR_030976.1 CGTACCCTGTAGAACCGAATTTGT 95.6 74 Gilchrist, 
2015 

pri-miR-
10b Primary microRNA-10b NR_030976.1  F:  TGTGAAGTTTTTGCATCGACC                              

R:  GGAGGCAGTGACGTTGTCTAT  96.6 110  

let-7d microRNA-let-7d NR_031369.1 AGAGGTAGTAGGTTGCATAGTT 93.1 70 Gilchrist et 
al, 2016  

pri-let-7d Primary microRNA-let-
7d NR_029481.1 F:  TTTGCCCACAAGGAGGTAAC                                

R:  CACCAAAGCAAGGTACCAAGG 96.6 93 Gilchrist et 
al, 2016 

miR-106a microRNA-106a MIMAT0000103 CGCCAAAAGTGCTTACAGTGC 104.9 81 Hooper, 
2018  

miR-191 microRNA-191 NR_031348.1 CAACGGAATCCCAAAAGCAGCTG 93.5 91  Hooper, 
2018 

GAPDH 
Glyceraldehyde-3-

phosphate 
dehydrogenase 

NM_001034034 F:  TGTTGTGGATCTGACCTGCC                                
R:  TGTCGTACCAGGAAATGAGCTT 106.5 224 Buratini et al, 

2007  

YWHAZ 

Tyrosine 3-
monooxygenase/         

tryptophan 5-
monooxygenase 

activation protein zeta 

BM446307                           
XM_019973801 

F:  GCATCCCACAGACTATTTCC                                
R:  GCAAAGACAATGACAGACCA 100.3 120 Goosens et 

al, 2005 

 

  2.11  STANDARD CURVES AND TEMPERATURE GRADIENTS FOR PRIMERS 

Standard curves were performed for all primers.  Samples used were from untreated 

cumulus cells cultured to passage eight as previously described in section 2.9.  RNA extraction 

and cDNA synthesis were performed as described in sections 2.6 and 2.11, however 2 µg of RNA 

was used for cDNA to provide a higher final concentration, then stock cDNA was diluted 1 in 2 

with NFW.  Dilutions for the standard curves were prepared starting at 200 ng/µL and diluted 1:1 

in series for a total of eight dilutions.  Master mix for qRT-PCR was prepared for each primer as 

described in section 2.6.  Samples and master mix for each primer were plated in triplicate for all 
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dilutions plus a negative control and run using the same protocol described for each target in 

sections 2.6 and 2.11.  Following amplification, results were adjusted to no fewer than five data 

points to optimize efficiency, slope and R2 value. 

For temperature gradients, RNA was extracted from untreated passage eight granulosa cells 

and cDNA synthesized as previously described in sections 2.6 and 2.11 after which the cDNA was 

diluted 1 in 10 with NFW.  Master mix for qRT-PCR was prepared for each primer as described 

in section 2.6.  Samples and master mix for each primer were plated in triplicate for all primers 

plus a negative control in all eight rows of the plate and run using a vertical temperature gradient 

protocol from 55.0°C to 65.0°C.  On completion of amplification, Cq values and melt curve peaks 

were analyzed for optimal annealing temperature for each primer of interest. 

2.13  qRT-PCR AND GEL ELECTROPHORESIS FOR VALIDATION OF pri-miR10b 
PRIMER 

As no sequence information could be found in the literature for bovine pri-miR-10b primer, 

the primer design tool in NCBI’s database was used with the nucleotide sequence for mature 

bovine miR-10b.  The resultant sequence was incorporated within an intron of the coding sequence 

for homeobox D4 (HOXD4) (Lin et al, 2019), and BLAST results returned HOXD4 variants as 

predicted unintended amplification targets.  Three sequence pairs were chosen which flanked both 

ends of the miRNA sequence to provide an approximate 110 base pair (bp) product as the variant 

lengths are all in excess of 2000 bp.   

Pooled samples of previously collected cumulus cells from GV and MII oocytes were used 

for validation of primers.  RNA extraction and cDNA synthesis were performed on pools of 40 

CCs as described in section 2.6 and 2.11.  Samples were diluted 1 in 5 with NFW and stored at (-

20)°C.  qRT-PCR was performed in triplicate on three unique samples for each of the three primer 

sets.  Following PCR, approximate amplicon size was confirmed using gel electrophoresis.  A 

1.5% agarose gel with ethidium bromide was prepared using a 10-well comb.  Following 

submersion in an electrophoretic chamber filled with 1X TAE, a 1 Kb DNA Ladder RTU 

(GeneDireX) and O’RangeRuler 10 bp DNA Ladder (ThermoFisher) were placed in the lateral 

wells, and 10 µL of sample, two representative wells per primer, was pipetted into the six central 

wells with a 6x DNA gel loading dye (ThermoFisher).  A current of 97 volts was applied for 75 

minutes, and the gel removed. 
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Gel imaging was performed using the BioRad Gel Doc EZ System on a blue sample tray 

for SYBR detection and Image Lab software.  Results have been included in Supplemental Data 

S1. 

2.14  STATISTICAL ANALYSIS 

 Expression data obtained from the CFX software (Biorad) following qRT-PCR was 

assessed for normality using a Shapiro-Wilk test and found to be normally distributed, thus a one-

way ANOVA test was then used to evaluate statistical significance.  GraphPad Prism 9.2.0 was 

used to perform ANOVA testing followed by a post-hoc Tukey’s multiple comparison test between 

groups.  Error bars in graphical representation were represented by the average standard error of 

means (SEM).   

 All imaging data was subjective and therefore not subjected to statistical comparison. 
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CHAPTER 3. RESULTS 
3.1  IVM AND IVF  

 Oocytes were assessed at GV, MII and 24 hour post-fertilization stages for quality of 

appearance, identification of maturation and presumptive zygote formation.  Only COCs that were 

subjectively assessed to have compact CC layers of at least 3-4 cell layers, visual homogeneity of 

the oocyte and minimal separation of the CC layer from the oocyte were selected for denuding at 

the GV stage and further maturation and fertilization, as described in section 2.1.  Following IVM, 

oocytes were subjectively assessed for expansion of CCs, increase in oocyte diameter and the 

formation of the first polar body. All MIIs in each cohort were further processed for either IVF or 

confocal imaging.  Presumptive zygotes were assessed at 24 hours post-fertilization for presence 

of second polar bodies, cleavage and visible evidence of degeneration, including cellular rupture, 

granular or vacuolated appearance of the nucleus, or shrinkage of the nucleus.  PZs which showed 

evidence of fertilization were preferentially processed for RNA extraction. 

3.2  CONFOCAL IMAGING OF DROSHA LOCALIZATION 

 In order to evaluate the cellular distribution of Drosha in maturing oocytes, we performed 

confocal imaging at different stages of maturation.  Due to the spherical nature of oocytes and the 

unique microenvironment of each cell, expression could not be effectively visualized in all oocytes 

from any given group. Z-stack imaging was attempted for a 3-dimensional representation of the 

oocytes, however images were compromised by cellular collapse, lack of reproducibility between 

unique cells and loss of resolution, thus it was decided to revert to the optimized 2-dimensional 

images.  Therefore, imaging was repeated with four cohorts of three to five oocytes per group to 

validate results in multiple replicates.  Initial runs showed collapse of many of the oocytes and 

poor visualization of the components, however following optimization of confocal settings images 

were obtained for both GV and MII oocytes.  As seen in Figure 3.1, a shift in localization and 

density of the Drosha protein was noted between stages.  In GV oocytes, minimal Drosha signal 

was scattered throughout the cytoplasm with some localization around the periphery. Drosha 

distribution appeared to be more homogenous with a more intense signal in the MII oocytes.  The 

shift in DNA positioning was also noted from a visibly more diffuse nuclear signal in the GV stage 
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to a peripheral localization and condensation visible in the MII stage (see Figure 3.2), which aided 

in visual assessment of maturation. 

 

 

Figure 3.1.  Immunofluorescence staining of GV and MII oocytes showing localization of Drosha 
protein.  Confocal microscopy images taken of oocytes at GV and MII stages using rhodamine-phalloidin 
(red) for F-actin staining, DAPI (blue) for DNA staining and primary Drosha antibody plus secondary 
AlexaFluor 488 anti-rabbit antibody (green) for Drosha staining.  (a-d):  GV oocytes with primary and 
secondary antibody.  (e-h):  MII oocytes at 22 hr maturation with primary and secondary antibody.  (i-l): 
Control MII oocytes, secondary antibody only.  (m-p): Control GV oocytes, no primary or secondary 
antibody. 
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Figure 3.2.  Positional shifting and reorganization of DNA over oocyte maturation.  DNA has been 
immunofluorescently stained with Hoescht blue, indicated by white arrows.  Image adapted from Camlin 
et al, 2017, created with BioRender.com. 

 

3.3  MEIOTIC ARREST OPTIMIZATION 

In order to further investigate the changes in Drosha expression and distribution during 

maturation, we next sought to extend the maturation period by subjecting oocytes to agents that 

cause reversible maturation arrest.  To determine the effects of these agents on Drosha expression, 

prior to imaging, we subjectively assessed cells for overall cellular quality, including collapse, 

cytoplasmic membrane integrity and deterioration during processing. Cumulus layer expansion 

and polar body formation were the initial criteria for assessing detrimental effects of the meiotic 

arrest agents.  Table 3.1 shows average values for polar body formation and cumulus expansion.  

Cumulus expansion was comparable between treated cells and controls in both NPPC and BL-I, 

but few of the COCs in the roscovitine group showed any expansion.  Polar body formation was 

similar to controls in roscovitine and NPPC, while BL-I had a notable increase in PBs over the 

control group. 

Table 3.1.  Polar body formation and cumulus expansion compared between NPPC, roscovitine and 
BL- I.  Numbers shown represent percentages of all oocytes remaining in groups at time of denuding and 
immunostaining. 

 Treatment MII Control Vehicle 

 
NPPC 
(n=72) 

Roscovitine 
(n=58) 

BL-I 
(n=96) 

NPPC 
(n=61) 

Roscovitine 
(n=60) 

BL-I 
(n=58) 

NPPC 
(n=26) 

Roscovitine 
(n=21) 

BL-I 
(n=18) 

% Polar body 
formation 78.5% 62.4% 87.5% 75.4% 69.6% 68.6% 84.6% 90.0% 66.7% 

Cumulus 
expansion 97.6% <1% 90.0% 89.2% 92.8% 94.0% 92.3% 80.0% 83.3%  
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Following immunostaining and imaging of meiotically-arrested oocytes, the criterion for 

optimal meiotic arrest (in the context of Drosha) was intensity of Drosha signal observed.  Many 

of the cells exhibited collapse independent of treatment groups, as they posed challenges when 

mounting due to their spherical nature.  As shown in Figure 3.3, Drosha signal intensity of the BL-

I treated MII sample was qualitatively similar to the MII positive control, while oocytes treated 

with NPPC and roscovitine did not fluoresce as strongly.  Overall, given the similarities observed 

between control and BL-I treated groups with respect to polar body and cumulus expansion, in 

addition to evidence of an optimal fluorescence signal for Drosha, BL-I was considered the optimal 

agent to extend the maturation period and effect meiotic arrest for this study. 

 
 

 

Figure 3.3.  Immunofluorescence imaging of meiotic arrest and control oocytes.  Confocal imaging of 
Drosha expression in control (a) GV and (b,c) MII oocytes and meiotic-arrested MII oocytes following (d) 
6 hrs in 200nM natriuretic peptide C, (e) 24 hrs in 50µM roscovitine or (f) 100µM butyrolactone-I followed 
by 22 hr IVM. 

 

3.4  RNA EXTRACTION DATA 

 RNA extracted from oocytes and presumptive zygotes was not assessed by 

spectrophotometric analysis to avoid sample loss.  RNA levels were analyzed for standard curve 

and calibration samples which consisted of pools of 40 oocytes, either GV or MII.  It is understood 

that oocytes and presumptive zygotes contain very low levels of RNA, thus the maximum amount 

was used for cDNA synthesis.  As there may be substantial variation in the level of RNA between 

individual cells, pooled samples were used to average out those differences. It was then expected 

that the total RNA concentration within each pool would be approximately equal.   
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3.5  qRT-PCR FOR MEIOTIC ARREST OOCYTES 

 Once meiotic arrest had been optimized, COCs were treated with BL-I as described in 

section 3.7.3 and GV, MII and 24 hour PZs were collected for RNA extraction.  Polar body 

formation was confirmed for BL-I treated oocytes with an average of 85.5%, increased over MII 

controls with 67%.  cDNA was prepared for each treatment group and qRT-PCR was performed 

on all groups for miRNA targets miR-21-5p, miR-155 and miR-222-3p.  Results were normalized 

to housekeeping genes miR-106a and miR-191.  Baseline relative expression results showed a 

subjective increase in miR-222 between GV and MII stages, with slightly more expression in the 

BL-I treated groups (Figure 3.4).  miR-222 then declined at the PZ stage, but only in the samples 

which had undergone meiotic arrest prior to maturation. Untreated MII oocytes showed a possible 

increased expression of miR-222 which was consistent with previous studies (Gilchrist, 2015).  

Statistical analysis of both targets confirmed no significant difference between any of the groups 

or treatments for both miR-21 and miR-222.  While there appeared to be subjective differences in 

some groups in the miR-222 samples, the lack of statistical significance may be due to a wide 

variance in sample expression and low sample numbers. 

A    B  

Figure 3.4. Relative expression of miR-21 and miR-222 over maturation with meiotic arrest.  
Expression profiles for (a) miR-21 and (b) miR-222 showing relative abundance of targets in control and 
BL-I 24-hour-arrested GV, MII and PZ oocytes. BL-I arrested samples are represented by GB = GV BL-I, 
MB = MII BL-I, and PB = PZ BL-I. Error bars represent average corrected SEM.  Statistical analysis and 
normality was assessed as described in section 2.14. 

  
 miR-155 and the primary transcript analyses were unfortunately incomplete as the samples 

did not amplify well or consistently for these targets with the initial primers chosen.  In order to 

determine whether this was truly representative of the targets within the samples, and statistically 
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verify the results of the other miRNAs, further investigation was planned involving re-collection 

of samples and re-processing, however this was not possible due to the lack of available ovaries. 

3.7  CUMULUS CELL CULTURE AND siRNA TRANSFECTION 

 While ovaries became unavailable during the course of this project, cumulus cells had been 

previously frozen and provided a model system whereby several key questions related to Drosha’s 

roles could be addressed in a context relevant to reproduction.  This cell type was therefore utilized 

as a model for Drosha suppression to analyze relative expression of unique and shared microRNAs 

and their precursors with those expressed in oocytes.  This was seen as one key component in the 

evaluation of Drosha function in the bovine follicle.  The underlying assumption is that Drosha’s 

activity and function in cumulus cells shares at least some common features with those in oocytes. 

To begin to investigate Drosha function in the follicle, untreated cumulus cells were 

cultured for 96 hours and collected for RNA extraction and cDNA synthesis of standardized 

concentration samples, calibrator samples and for use in temperature gradient PCR.  Three 

technical replicates of cells were then cultured for 72 hours and transfected with siRNAs targeting 

Drosha or scrambled siRNA to establish optimal timing for suppression.  A comparison was 

performed between 24-hour and 48-hour transfection, with greater evidence of Drosha suppression 

at 48 hours.  Subsequently, cells were transfected for 48 hours followed by analysis of pri-miRNA 

and miRNA expression. 

 siRNA transfection was performed on eight technical replicates of treatment groups.  

Following transfection, cells were subjectively assessed for evidence of cell death amongst the 

groups and differences between them.  Microscopic evaluation of the culture wells looked for 

increased vacuolation, darkening or loss of cells, and morphological changes in the cells between 

treatment groups.  Slight differences in the Drosha suppression and scramble groups from the 

control group were noted, however all groups were 100% confluent at time of collection (Figure 

3.5).  RNA extraction was performed on all groups, and spectrophotometric analysis showed 

consistent levels of RNA between all groups, with small variations between treatments and 

controls.   
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Figure 3.5.  Comparison of cumulus cell morphology 48 hours after transfection.  CCs were examined 
microscopically and images captured directly through oculars with a 12 MP wide angle lens (Samsung).  
(a) control CCs in 5% FBS-DMEM with OptiMEM; (b) scramble group in 5% FBS-DMEM with Drosha 
scramble siRNA; and (c) Drosha-silenced group in 5% FBS-DMEM with Drosha siRNA. 

 

3.8  qRT-PCR ANALYSIS OF DROSHA AND miRNA EXPRESSION AFTER DROSHA 
INHIBITION 

 An initial comparison was performed between 24- and 48-hour samples to determine 

optimal experimental timing for suppression and to confirm previous siRNA validation and effects 

on CCs in culture.  Samples that had been transfected for either 24 or 48 hours were collected and 

processed for qRT-PCR analysis of Drosha levels.  Analysis showed decreased expression in the 

24-hour group of approximately 70%, while the 48-hour group showed approximately 88% 

suppression.  Previous findings in this lab had confirmed decreased expression of Drosha through 

Western blot in cultured bovine fibroblasts using the same culture and transfection conditions 

(Tscherner, 2017). 

 After establishing the timing for transfection, eight technical replicates of CCs were 

cultured, transfected and prepared for qRT-PCR.  When analyzing pri-miRNA data, amplification 

in all of the NRT and most NTC or negative controls was observed.  As the likelihood of genomic 

DNA contamination was considered most likely, a new cohort of samples was cultured and RNA-

extraction columns were treated with DNase.  Negative, NTC and NRT samples were successfully 

run to confirm absence of contamination.  Eight additional replicates of CCs were transfected, and 

DNase-treated RNA prepared.   

 Samples were analyzed for miRs-10b, -21, and let-7d expression and their pri-miRNA 

precursors in paired groups.  Initial results were confounded by annealing temperature issues in 

pri-miR-10b samples, however following temperature optimization, variability between runs was 

reduced.  Expression data were collected through CFX Maestro software (BioRad) and exported 
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into Excel for graphing, with statistical analysis in Prism.  For the primary transcripts, relative 

expression of pri-miR-10b, pri-miR-21 and pri-let-7d all showed significantly increased 

expression (p<0.05) in the Drosha knockdown groups compared to both control and scrambled 

siRNA-treated samples (Figure 3.6).  Interestingly, there was no significant decrease seen in 

relative expression of any of the mature miRNAs, although relative expression in both let-7d and 

miR-10b were trending lower in Drosha siRNA-treated groups than controls.   

 

 

 
Figure 3.6.  Relative expression of primary and mature miRNA following Drosha inhibition.  
Quantification of three key primary transcripts (A-C) and mature miRNAs (D-F), miR-21, miR-10b and 
let-7d, by qRT-PCR analysis following transfection with Drosha siRNA, scramble siRNA or control 
OptiMEM media.  Expression has been normalized to miR-106a and -191 for miRNA, and GAPDH and 
YWHAZ for pri-miRNA. Error bars represent corrected SEM (*p<0.05, ***p<0.0005, ****p<0.0001).  
Created with BioRender.com. 
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CHAPTER 4.  DISCUSSION 
Many different aspects of the oocyte-ovarian miRNA profile have already been examined, 

yet there remain significant gaps in the understanding of which factors may provide us with the 

key to optimizing reproductive outcomes.  By identifying miRNAs that are most prevalent 

throughout the follicle and COCs, in addition to their validated targets, we may begin to understand 

further the mechanisms that control ovarian gene expression and the downstream biological 

effects.  Due to the complexity of the system and its many redundancies, it is vital to understand 

not only the individual components but also the pathways in which they participate. 

The primary focus of this thesis was to characterize potential functional roles of Drosha in 

oocytes during maturation and, subsequently, in CCs as an additional functional cell type that 

could be studied in the absence of available oocytes.  CCs are a highly useful model for miRNA 

activity within the oocyte environment as they share bidirectional communication with the oocyte, 

as well as many of the same key miRNAs.  Some of the regulation of miRNA does not directly 

mirror what occurs within the oocyte, but may elucidate miRNA activity within the oocyte as a 

result of CC miRNA expression levels.  Since the most widely characterized role of Drosha is as 

a mediator in the miRNA biogenesis pathway, the contribution of Drosha to the biogenesis of 

miRNAs implicated in follicular function was examined.  The mechanics of oocyte developmental 

competence have been examined in terms of miRNA, meiotic arrest and regulation of mRNA, 

however the roles of the miRNA biogenesis pathway and its implications is less understood.  

Mondou et al (2012) analyzed Drosha levels in developing bovine oocytes and embryos as part of 

their study on pri- and miRNA.  Variations in the level of this protein have been seen over the 

course of maturation, with a dramatic rise evident between the GV and 2-cell stage (Tscherner, 

2017), in contradiction to Mondou’s findings of a peak at GVBD.  Correlations between Drosha 

levels and changes in miRNA and pri-miRNA expression have been precursorily examined, 

however the overall impact of Drosha’s presence in the bovine oocyte is not as clear.  As older 

studies have focused on murine models, which are both less complex and poly-ovulatory systems, 

it was believed that Drosha was not a necessary part of mRNA silencing.  The discovery of a 

murine oocyte-specific Dicer, Dicero, initiated re-evaluation of the Microprocessor in larger mono-

ovulatory species (Flemr et al, 2013; Tscherner, 2017).  Tscherner also performed preliminary 

visualization of the protein in oocytes over maturation and early embryogenesis.  The results 
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correlated to protein analysis, showing an increased fluorescent signal and apparent relocalization 

of Drosha throughout the cytoplasm.  Drosha was also evaluated by Miles et al (2012) in both 

oocytes and cumulus cells to characterize key miRNA and its processor components, showing a 

marked presence in oocytes over CCs and COCs. 

MiRNAs and the Microprocessor have been implicated in the control and outcome of 

embryonic development in many tissue types.  Neurological development, axonal growth and 

maintenance of pluripotency has been seen in both embryonic and adult brains in direct 

relationship with Drosha.  Previously discussed findings have also showed miRNAs and the 

Microprocessor to be involved in abnormal renal development, vascular tissue formation, ovarian 

follicle development and contribution to ovarian cancers (Nillson and Skinner, 2003; Glister et al, 

2004; Kawai and Amano, 2012; Torrezan et al, 2014; Kruber et al, 2018; Jiang et al, 2018; Haas 

et al, 2019).  Both Dicer and Drosha have been found to be downregulated in myelodysplastic 

syndrome in humans, resulting in abnormal miRNA expression in mesenchymal stromal cells 

(Santamaria et al, 2012).  This correlated to earlier studies using a murine model by Raaijmakers 

et al (2010).  Localization of Drosha in certain tissues has also been postulated to be a regulatory 

mechanism in embryonic development, such as mesenchymal distribution of Drosha in embryonic 

chick lungs with minimal distribution in epithelial tissue (Moura et al, 2015).  When reviewed 

together, in addition to the miRNAs of note that are regulated in many of these pathways, it can 

be seen that miRNA regulation and the Microprocessor components have been identified as key 

components of development in many embryonic tissues.  Additionally, many of the pathways and 

miRNAs involved have been shown to be expressed in or regulate ovarian development.  This 

reaffirms our interest in examining Drosha-specific roles within the bovine ovary, maturing oocyte 

and embryo. 

Returning to the oocyte, it has been noted that timing of the cell cycle, in particular 

coordination of nuclear maturation, may lead to a significant improvement in reproductive success.  

Multiple studies using meiotic arrest for the coordinated timing of in vitro maturation showed 

evidence of equal or improved nuclear maturation, earlier GVBD and blastocyst formation 

(Kubelka et al, 2000; Lonergan et al, 2000; Mermillod et al, 2000; Hashimoto et al, 2002).  While 

different meiotic arrest agents show varied effect in oocyte competence and physiological changes, 

the use of these agents has been proposed as beneficial to in vitro maturation and fertilization in 
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several species.  Since these improvements may reflect optimal miRNA processing, and could also 

provide additional opportunities to experimentally alter processing events, we elected to evaluate 

the effects of meiotic inhibitors on Drosha expression and disposition in the maturing oocytes.  

The results of these studies demonstrate that Drosha expression was qualitatively reduced 

following meiotic inhibition with both roscovitine and natriuretic peptide type-C (NPPC), however 

expression appeared highly similar to the untreated MII oocytes in the butyrolactone-I (BLI) 

group.  None of the treatment groups appeared to differ in distribution of Drosha throughout the 

cytoplasm following inhibition, although the reduced fluorescence in the roscovitine and NPPC 

group made evaluation of distribution more challenging.  Given these results, it would appear that 

none of the meiotic inhibitors affected the relocalization of Drosha, however as they may have 

reduced overall expression within the oocytes, the BLI was determined to be the optimal agent. 

The selection of miRNAs to investigate in this thesis was informed by previous research 

in our laboratory which demonstrated that of the most prevalent miRNAs, miR-21, miR-155, miR-

222 and the let-7 family are of particular interest as potential indicators of oocyte competence and 

possible biomarkers for optimal IVF candidates (Gilchrist et al, 2016). We postulated that, if 

Drosha is ultimately implicated in specific miRNA-dependent processes in the oocyte and follicle, 

these effects will likely be reflected in changes in the levels of these specific miRNAs.  

Since Drosha and other Microprocessor proteins have a number of putative functions in 

addition to miRNA processing, it is important to consider these functions and the implications that 

they may have in developmental competence.  Drosha has been shown to bind promotor regions 

and transcriptional start sites in conjunction with CBP80 and RNAPolII, resulting in increased 

precursor and mature mRNA levels (Gromak et al, 2013; Lee and Shin, 2018).  Alternative binding 

and cleavage also occurs at hairpin formations that are sequentially similar to pri-miRNA 

transcripts.  This is observed under a variety of circumstances, but most notably in a feedback 

control mechanism with DGCR8 (Han et al, 2008; Johanson et al, 2013).  Binding of similar 

hairpins in the neuroprogenitor regulator Neurog2 was shown to decrease differentiation of neural 

stem cells (Knuckles et al, 2012).  Decreased levels of Ngn2 were only found in Drosha and 

DGCR8 knockdown cells, not those in which Dicer was suppressed.  Furthermore, no change was 

evident in miRNA expression in these cells.  Cellular protection mechanisms such as DDRNAs, 

which suppress damage-related abnormal cell activity, have also been shown to be directly 
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associated to levels of both Drosha and Dicer independent of miRNA activity (Francia et al, 2012; 

Johanson et al, 2013).  With the suppression of either component, DDRNA levels decreased and 

resulted in increased cell division.   

With respect to additional functions of Drosha, transposable elements pose a health risk in 

mammals if they do not undergo transcriptional or post-transcriptional silencing (Beck et al, 2011; 

Heras et al, 2013).  Through binding and “clamping” of target sequences within TEs, Drosha and 

DGCR8 have been shown to elicit post-transcriptional regulation (Heras et al, 2013; Lee and Shin, 

2018).  Similarly, binding by Drosha without RNA cleavage has been seen in viral infections such 

as Kaposin virus, where Drosha is released from DGCR8 and recruited to the cytoplasm to bind 

the viral gene and maintain latency (Lin and Sullivan, 2011; Johanson et al, 2013).  Drosha 

relocalization has also been noted in stress responses resulting in p38 MAPK phosphorylation and 

destabilization of the bond to DGCR8; in this circumstance, Drosha is degraded and cell death 

occurs (Yang et al, 2015). 

Subsequent to previous investigations in our laboratory (Gilchrist, 2015; Tscherner, 2017), 

it was necessary to extend our evaluation of Drosha and develop methods which would allow 

optimal assessment of key factors in developmental competence and the effects of over- or under-

expression on those factors.  By re-evaluating the localization of Drosha throughout oocyte 

maturation, reproducible images were obtained which show a considerable increase in fluorescent 

signal in mature oocytes over GV counterparts, consistent with previous preliminary studies 

(Tscherner, 2017).  Drosha was also observed to relocalize homogenously throughout the 

cytoplasm in 2-D images.  The mechanism behind this shift is unclear at this time, however further 

examination of the mechanisms involved in non-fatal relocalization such as that in viral infections 

may provide more clarity.  Redistribution may be related to phosphorylation status which is known 

to be important for several Drosha functions (Treiber et al, 2019). 

Previous work in the lab (Tscherner, 2017) had utilized microinjection of siRNA for 

Drosha silencing studies, but due to the size difference between GV and presumptive zygotes and 

the presence of cumulus cells around the GV oocyte, it was not possible to perform silencing in 

GV stage in these studies.  siRNAs normally provide a targeted knockdown by binding to target 

mRNAs in a manner similar to miRNAs, and can be readily delivered via transfection in culture 

with a transfection reagent.  There can however be issues with specificity, off-target binding, 
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decreased efficiency and lower stability.  The process is challenging in oocytes, where cumulus 

cells and a thick zona pellucida partially occlude cellular entry.  However, primary granulosa cell 

cultures can be efficiently transfected.  In order to transfect suppressive miRNAs into the cells 

prior to maturation, gapmeRs were considered.  GapmeRs, or anti-sense oligonucleotides, are 

designed for sequence-accessibility on their target and bind with Watson-Crick pairing (Chery, 

2016).  While more stable than siRNA, a major disadvantage is the need to cross the cell 

membrane, which is a challenge in CC-bound oocytes.  This had been briefly examined prior to 

this work, however uptake of gapmeRs through the CC layer was not effective without oocyte 

advancement to maturation.  To potentially enhance both siRNA transfection efficiency and the 

downstream suppression of Drosha expression by extending maturation, we elected to employ 

meiotic arrest protocols.  Since Drosha distribution was one of the issues under study, it was vital 

to ensure meiotic arrest agents would not further interfere with the miRNA profile, expression or 

localization of Drosha, and no adverse effects would be seen within the oocyte-zygote.  

Preliminary testing with a laboratory stock solution of a gapmeR targeting Drosha was also 

performed, however, results were inconclusive and further studies became impossible due to the 

loss of access to ovaries.  

Both 6-DMAP and cyclohexamide have been shown to reversibly arrest meiosis in oocytes, 

however significant effects on morphology, cytoplasmic maturation and zygotic viability were 

seen with 6-DMAP while inhibition with cyclohexamide resulted in a significant decrease in 

expression of Drosha and miR-21 (Avery et al, 1998; Le Beux et al, 2003; Tscherner, 2017).  

Roscovitine was also found to reversibly arrest meiosis in bovine oocytes with minimal negative 

effects seen on developmental competence (Mermillod et al, 2000; Coy et al, 2005).  Coy et al 

(2005) did note a higher rate of cortical granule relocalization to the oolemma typical at later stages 

of cytoplasmic maturation, however this was following 48 hours of incubation in roscovitine.  A 

later study by Barretto et al (2007) examined granule patterns at 16 and 24 hours of arrest and 

found no differences compared to controls.  Our results showed no effect on cumulus expansion 

in the roscovitine-treated group, however polar body formation and immunofluorescent expression 

of Drosha was qualitatively decreased relative to the controls. NPPC was shown to induce a 

significant increase in oocyte competence based on numbers of expanded and hatching blastocysts 

as well as cell numbers in blastocysts relative to controls (Hashimoto et al, 2002; Franciosi et al, 
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2014).  Communication between the oocytes and surrounding cumulus cells via gap junctions was 

also found to be successfully maintained during meiotic inhibition over that of controls (Franciosi 

et al, 2014).  When comparing inhibitory agents for the present study, there were no differences 

noted in cumulus expansion or PB formation in the NPPC-treated oocytes, however there was 

again a qualitative decrease in immunofluorescent expression of Drosha.  Fewer apparent 

developmental effects and no obvious changes in Drosha expression or distribution was seen in 

oocytes treated with butyrolactone I.  BL-I has been previously found to increase the rate of 

blastocyst progression, germinal vesicle break-down and maturation to MII stage (Kubelka et al, 

2000; Hashimoto et al, 2002).  An increase in chromosomal bivalents has also been noted, 

indicating that while GVBD had not occurred, there had been some progression of nuclear 

maturation that may be related to the lack of suppression of MAP kinases (Kubelka et al, 2000; 

Hashimoto et al, 2002).  Fair et al (2002) did find significant negative effects of BL-I inhibition 

on the presence of nucleoli, degradation of cortical granules and loss of cumulus-oocyte contact, 

however their study was utilizing a 40-hour incubation in BL-I, and these effects were not seen in 

other studies with a shorter incubation period.  On review of the previous literature and 

comparisons of meiotic-inhibitory agents, it was determined that BL-I would provide the necessary 

reversible inhibition of meiosis and allow for a potentially coordinated return to maturation with 

minimal effect on the miRNA expression profile and Drosha expression. 

Following BL-I-induced meiotic arrest in GV and IVM cultured oocytes, qRT-PCR 

analysis of key target miRNAs and their primary transcripts was performed.  Initial analysis of 

miR-21 and miR-222 revealed minimal changes over different stages in miR-21 expression, 

however there appeared to be a rise in miR-222 over the course of maturation to the MII and PZ 

stages.  It is interesting to note that while miR-21 expression had shown a significant increase over 

maturation and early embryonic development in previous work (Gilchrist, 2015), no significant 

difference was noted during the work performed here.  Slight qualitative differences were noted 

between the BL-I groups and controls, however statistical analysis revealed only minimal change 

with no significant differences.  Due to the small sample size, the effects of any outliers would be 

far more impactful than in a more representative grouping.  miR-155 and the various pri-miRNAs 

examined did not amplify consistently or measurably, thus repeat analysis was planned for the 

entire group.  Challenges during both visualization and qRT-PCR sample preparation primarily 
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arose from difficulty in obtaining sufficient numbers of cells at the same stage for both IVM and 

IVF.  Due to the unforeseen circumstances associated with loss of ovary access, further analysis 

was not possible using oocytes prior to completion of this study. 

As further work with oocytes was not possible, it was decided to utilize CCs as a model to 

better understand some functional aspects of Drosha activity in cells relevant to the ovarian follicle.  

CCs provide an excellent model for work within the oocyte due to their close proximity to the 

oocyte, bidirectional communication through TZPs and gap junctions, and a shared pool of 

miRNAs and their precursors.  There are clearly differences in the miRNA profiles reported 

between the two cell types, however, key miRNAs are found in both such as miR-21 and let-7d.  

While miR-10b has been shown to have a role in cell proliferation in granulosa cells (Peng et al, 

2015), it has also been noted to be highly expressed in oocytes (Xiong et al, 2016) and follicles 

(Gebremedhn et al, 2015), thus represented a suitable third candidate.  Granulosa cell culture also 

allowed for more reproducible transfection with a previously validated siRNA for Drosha 

silencing.  Confirmation of Drosha suppression at 48 hours showed approximately 88% reduction 

compared to controls, with expression in scrambled siRNA transfected cells slightly higher than 

controls.  This was consistent with previous validation performed in fibroblasts (Tscherner, 2017).  

Initial assessment of granulosa cells 24 hours after siRNA transfection also showed a moderate 

reduction in Drosha levels. The 48 hour time point was chosen for further analysis.  Analysis of 

miRNA from both time points was initially performed, but due to genomic DNA contamination, 

some background expression was observed in one sample replicate and repeat culture was only 

performed with the 48 hour post-transfection protocol.  Cell morphology was assessed 

immediately prior to both transfection and collection, with little to no qualitative differences 

observed between treatment groups.   

The results of the qRT-PCR analysis support our hypothesis that siRNA-mediated Drosha 

suppression in CCs inhibits Microprocessor activity and pri-miRNAs do not undergo processing, 

increasing their relative concentration.  While a corresponding drop in specific mature miRNA 

levels was not observed, these mediators are known to have relatively long cellular half-lives and 

a high dependency on the presence of target sequences in order to undergo decay (Kingston and 

Bartel, 2019).  Therefore, the presence of relatively high levels of these key miRNAs that are 

present in CCs may not have been significantly affected by the relatively small contribution of 
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microprocessor-mediated miRNA processing over the experimental time course.  An alternative 

explanation for the absence of changes in mature miRNA levels following Drosha suppression is 

the use of miRNAs -106 and -191 as housekeeping (control) genes for the calculation of relative 

expression.  As Drosha mediates the formation of mature miRNAs, its suppression could also 

affect the level of these genes, thus masking the actual change in expression of the targets.  In 

future it will likely be necessary to examine these changes using non-Drosha dependent sncRNAs 

as reference transcripts for loading control. 

The absence of concomitant changes in miRNA levels with decreased pri-miRNA 

processing may also be partially explained by the disruption of the normal relationship between  

cumulus granulosa cells and both oocytes and mural granulosa cells.  It has been postulated that 

granulosa cells may perform primary processing for pri-miRNAs and shuttle mature transcripts 

into oocytes for mRNA degradation.  As such, the excess in pri-miRNAs may be a reflection of 

those normally directed for processing and transport to the oocyte which accumulate in excess in 

culture.  Mural granulosa cells have also been shown to transport numerous factors to cumulus 

cells in the absence of receptors or mechanisms to produce them autonomously (Franciosi et al, 

2014).  It is possible that miRNAs are also shared between cell types in order to accommodate for 

sudden losses.  Alternatively, it is also possible that cumulus cells normally shuttle primary 

transcripts into the oocyte for processing, which would correspond temporally to the increased 

expression and relocalization of Drosha observed within maturing oocytes.  Absent these 

redistribution pathways in isolated cumulus cells, levels of pri-miRNAs may increase more rapidly 

than the corresponding change in mature miRNAs. 

It should also be noted that the selection of reference genes, particularly for the pri-miRNA 

and mRNA, may impact the overall analysis of these results.  As discussed in section 2.6, reference 

genes were selected based on previous work within the lab as well as supplementary data from 

external sources (Goosens et al, 2005; Buratini et al, 2007; Tscherner, 2017; Hooper, 2018; Sabry, 

2019).  In retrospect, while GAPDH had been found to be stably expressed in oocytes, CCs of rats 

and in follicular wall GCs, ACTB was shown in several studies to be more stably expressed in 

bovine CCs (Buratini et al, 2007; Tscherner, 2017; Hooper, 2018; Sabry, 2019).  Given its stability 

in follicular GCs as well as rat CCs, it is possible this may not significantly affect the reference 

pool, however it must be noted when analyzing the results.  Further analysis of potential 
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housekeeping genes utilizing one or more reference gene softwares should be performed prior to 

ongoing qRT-PCR analysis.  

Given the data obtained here, further analysis of Drosha levels and miRNA expression 

levels in oocytes and mural granulosa cells may help clarify these results if they support one or 

more of the mechanisms discussed above.  As target mRNAs are present in all of these cell types, 

they provide an excellent model system for experimental comparisons.  miR-10b has been shown 

to be highly expressed throughout oocyte maturation, thus would be an effective stable control, 

while dynamic changes previously identified for miR-21 and let-7d may potentially show greater 

changes in the absence of Drosha.  Drosha siRNA or gapmeR transfection could be used in 

conjunction with meiotic arrest in order to coordinate cell cycles, optimize oocyte maturation and 

provide maximum transfection at GV stage.  This would eliminate the need for microinjection and 

potentially allow highly effective transfection of gapmeRs or siRNAs to inhibit important 

components of the miRNA processing pathways.  Large pools of COCs would be required due to 

the previously encountered difficulty in obtaining consistent numbers of cells at equal 

developmental stages, which will not be possible until access to ovaries resumes. 

In examining Drosha’s roles in the follicles, it will also be important to consider alternative 

functions at an experimental level.  Direct Drosha-dependent regulation of gene expression may 

be difficult to assess independently of its roles in miRNA processing, which are clearly also 

important.  Such studies may involve cross-linking and immunoprecipitation of target sites to 

determine interactions, or in situ editing of Drosha or its targets to observe miRNA-independent 

effects.  In particular, recent work has focused on the role of TEs, particularly LINE-1, and piRNAs 

in reproduction, and Drosha has been identified as a regulator of TEs.  Both Drosha and DGCR8 

have also been shown to interact with the pluripotent stem cell transcriptomes in a miRNA-

independent manner, and in some cases, independent of one another.  An additional consideration 

in Drosha suppression studies is alternate downstream effects independent of early reproductive 

potential (e.g. cleavage, blastocyst formation).  In knockout models or with mutations that maintain 

developmental competence, there may be unseen consequences later in development such as the 

loss of competency pluripotent differentiation.   

Detailing the mechanisms involved in miRNA or pri-miRNA transport between CCs and 

oocytes, as well as relocalization of Drosha, may also provide a clearer picture of a complex 
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relationship.  Based on the results outlined in this thesis and previous research, it is proposed that 

Drosha does have a significant role in bovine reproductive outcome.  There are many questions 

that require further examination, which may include some of the following:   

- what is the source of the pri-miRNA found in the oocytes?;  

- what role might translocation of pri-miRNA or mature miRNA have in regulation of 

maturation and post-fertilization outcome?; 

- does Drosha’s relocalization within the oocyte impact regulation and timing of miRNA 

expression and mRNA levels?; and 

- does Drosha have a non-canonical role in post-transcriptional gene regulation?  

However, the previous suggestion that Drosha is a non-essential regulator of post-transcriptional 

gene expression in the mouse does not appear consistent with recent evidence in several other 

mammalian species including bovines.  While it was not possible to fully address the initial 

hypothesis proposed, further work utilizing the protocols and data included here should help reveal 

the roles of Drosha in oocyte maturation and improved developmental competence.  Due to 

homologies observed between bovines, humans and other mono-ovulatory species, the 

comparative research may be extended to other species.  By optimizing selection of oocytes and 

embryos with highest chances of reproductive success, fully understanding the roles of miRNA 

and its processing components in the follicle may ultimately lead to improved outcomes and well-

being for both agricultural and human fertility applications. 
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SUPPLEMENTAL DATA 
 

S1.  PRIMER VALIDATION FOR pri-miR-10b 

 As we were unable to find previously validated primer sequences for pri-miR-10b, 

sequences were designed using NCBI Primer Blast.  The results were non-specific for pri-miR-

10b, instead eliciting sequences within the genome of HOXD4.  The miR-10b gene is located 

within exon 4 of the HOXD4 sequence in bovines, and primer selection was designed such as to 

overlap both ends of the primary sequence.  In order to validate the primer was consistently 

amplifying within the expected length of a primary transcript, PCR amplification and gel 

electrophoresis validation was performed.  Three pairs of sequences were selected: pair 1 sense 

5’- TGTGAAGTTTTTGCATCGACCA-3’ and antisense 5’- GGAGGCAGTGACGTTG    

TCTA-3’, pair 3 sense 5’-TGTGAAGTTTTTGCATCGACC-3’ and antisense 5’- GGAGG 

CAGTGACGTTGTCTAT-3’, and pair 6 sense 5’- GTGAAGTTTTTGCATCGACCAT-3’ and 

antisense 5’- CCTGGAGGCAGTGACGTTG-3’.  Pooled samples of 40 oocytes or CCs from 40 

oocytes were used, and qRT-PCR results were analyzed for best quantification cycle (Cq) range 

and melt curve.  While Cq results were fairly consistent between all three pairs, melt curves 

appeared optimal for pair 3. 

Following PCR amplification, CC samples for all 3 pairs, one pool of oocytes for pair 3 

and a negative control for each were plated on an ethidium bromide-agarose gel.  Predicted product 

length was 109-110 bps, thus a 10 bp and 1 kbp ladder were used to visualize approximate size of 

amplicons.  As seen in Figure 6, all primer pairs resulted in products of approximately equal size 

which align between the 100 and 150 bp markers of the 10 bp ladder.  Pair 3 provided consistent 

results between both wells with a stronger signal than pair 6 and less saturation than pair 1.  It was 

determined that this primer would be a suitable candidate for qRT-PCR of pri-miR-10b. 

During qRT-PCR of samples, it was discovered that PCR results were not consistent or 

showing clean melt curves even after DNase treatment.  A temperature gradient was performed 

for all primers including pri-miR-10b pairs 1 and 6.  While pri-miR21 and pri-let-7d annealed 

close to the standard protocol temperature of 60°C, they were optimized at 61°C.  Pri-miR-10b 

had a much lower annealing temperature, optimized at 55.5°C.  Interestingly, the validation PCR 
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had been run using the miRNA protocol, a 2-step protocol annealing at 65°C, yet showed better 

results than those run at 60°C.  Further qRT-PCR for pri-miR-10b was run at 55.5°C with more 

consistent results. 

 

Figure S1.1.  Primers for pri-miR-10b validated at predicted sequence length.  Using PCR-generated 
amplicons and gel electrophoresis, expected sequence length of approximately 110 bp for miR-10b primary 
transcripts was confirmed.  A 10 bp DNA ladder (ThermoFisher) is seen in the first well with a range up to 
150 bp, while a 1 Kb ladder (GeneDireX) is placed in the last well.  PCR-amplified samples from all primer 
pairs along with negative controls were placed in sample wells. 1-, 6-, and 3-CC are cumulus cells from 
groups of 40 MII oocytes, 3-MII is 40 pooled MII oocytes, and 1-, 6-, and 3-Neg are from negative control 
wells. 
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